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Campus, Eskişehir 26555, Turkey; eacikkalp@gmail.com

* Correspondence: apalmero@fe.up.pt; Tel.: +351-222-052-185

Abstract: This study investigates the implementation of passive design strategies to improve the
thermal environment in the extremely hot climates of Brazil, Portugal, and Turkey. Given the rising
cooling demands due to climate change, optimizing energy efficiency in buildings is essential. Using
the Trace 3D Plus v6.00.106 software, typical residential buildings for each country were simulated to
assess various passive solutions, such as building orientation, wall and roof modifications, glazing
optimization options, window-to-wall ratio (WTWR) reduction, shading, and natural ventilation. The
findings highlight that Brazil experienced the higher discomfort temperatures compared to Mediter-
ranean climates, with indoor air temperatures exceeding 28 ◦C all year round and remaining between
34 ◦C and 37 ◦C for nearly 40% of the time. Building orientation had a minimal impact near the equa-
tor, while Mediterranean climates benefited from an up to 10% variation in energy demand. Thermal
insulation combined with white exterior paint resulted in Şanlıurfa experiencing annual energy sav-
ings of up to 26%. Optimal roof solutions yielded a 19% demand reduction in Évora, while WTWR re-
duction and double-colored glazing achieved up to a 35% reduction in Évora and 19% in other regions.
Combined strategies achieved energy demand reductions of 44% for Évora, 40% for Şanlıurfa, and
32% for Teresina. The study emphasizes the need for integrated, climate-specific passive solutions,
showing their potential to enhance both energy efficiency and the thermal environment in residential
buildings across diverse hot climates.

Keywords: climate change; thermal environment; residential buildings; Mediterranean climate;
tropical climate; solar passive solutions

1. Introduction

Climate change, with rising temperatures and frequent heatwaves, significantly im-
pacts thermal comfort and energy consumption in residential buildings [1]. Global warming
is leading to more intense and prolonged heatwaves, exposing populations to extreme heat
and increasing the risk of heat-related mortality [2]. This issue is worsened in cities by
the urban heat island effect, where localized areas experience elevated temperatures [3].
Ensuring thermal comfort is vital, not only for well-being and productivity but also to
mitigate health risks, particularly for vulnerable populations facing energy poverty [4].

Energy poverty is a growing concern in various regions. In Europe, over 50 million
households are unable to meet basic energy needs, severely impacting their ability to
achieve thermal comfort during extreme temperatures [5]. Portugal, for example, faces
one of the highest rates of energy poverty in the European Union, with 22.5% of the
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population affected [6]. Similarly, in Turkey, about a quarter of households are energy
poor, although recent trends show some improvement [7]. Brazil also struggles with this
issue, with 27.8% of households living in energy poverty, with many lacking access to basic
cooling mechanisms like fans [8]. In Portugal, as in other European countries, building
refurbishment has been steadily increasing in the last few years [9].

The rising global demand for cooling is another critical challenge. Space cooling
alone accounts for nearly 17% of global electricity consumption, and this figure is rapidly
increasing due to higher temperatures and heatwaves [10]. In 2022, energy consumption for
cooling rose by more than 5% compared to the previous year [11]. This growing demand
not only complicates efforts to decarbonize but also strains power grids during peak hours,
leading to potential outages and increased energy costs for consumers [12]. Consequently,
countries are under pressure to adopt measures to reduce energy consumption and achieve
carbon neutrality, as seen in Europe’s goal of becoming climate-neutral by 2050 [13].

In light of these challenges, passive design strategies have emerged as a crucial ap-
proach to reducing energy dependence. These strategies utilize natural elements and
architectural techniques to maintain indoor comfort without relying on active mechanical
systems like air conditioning [14]. Research indicates that passive solutions, when tailored
to specific climates, can significantly lower energy demand. For instance, in Portugal’s
Mediterranean temperate climate, near-zero-energy buildings can be achieved using ap-
propriate passive measures [1]. As heating and cooling account for a substantial share of
global energy use and CO2 emissions [15], adopting passive design is a critical step towards
sustainable building practices and achieving long-term energy goals.

Natural ventilation, one of the key passive strategies, plays a significant role in im-
proving energy efficiency by allowing fresh air to circulate and reducing the need for
mechanical cooling. However, the effectiveness of natural ventilation can vary, especially
in urban environments with high pollution levels [16]. In areas with significant outdoor air
pollution, the potential benefits of natural ventilation must be carefully evaluated. While
natural ventilation is a highly effective passive cooling strategy in low-pollution areas, its
application in polluted urban settings may require additional considerations [17], such
as the integration of air filtration systems or hybrid ventilation solutions. These systems
allow for the use of natural ventilation when air quality is acceptable while switching to
mechanical filtration when pollution levels are high. Therefore, the role of natural ventila-
tion is context-dependent, and its application must be tailored to the specific environmental
conditions of each location. This study explores natural ventilation as part of a broader set
of passive strategies, recognizing that its effectiveness may need to be adjusted based on
local air quality conditions.

Furthermore, this study focuses on evaluating passive solar solutions to enhance the
thermal environment and reduce energy demands in hot climates. The thermal environment
is the physical environment that can affect heat transfer indoors. It influences the thermal
perception of an individual and, through that, the thermal comfort of occupants [18]. Using
the “Trace 3D Plus” software, this study simulates the energy performance of typical houses
in Brazil, Portugal, and Turkey, assessing how passive solutions can reduce dependence on
air conditioning.

Several studies have explored different passive and adaptive design strategies to
improve building energy efficiency under changing climate conditions. Rodrigues et al. [19]
analyzed the impact of thermal transmittance (U-values) on building energy demands for
various climates in Brazil, determining that ideal U-values follow region-specific trends and
require adaptive design strategies to address future climate changes. Similarly, Pajek and
Košir [1] investigated the effectiveness of passive design measures, such as window-to-floor
ratios and ventilation, on European residential buildings, highlighting that while some
measures are universally applicable, others depend on specific climates and timeframes.
These studies underline the difficulty in fully mitigating climate change impacts through
passive designs alone.
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Simões et al. [20] examined the behavior of solar and Trombe walls in Mediterranean
climates, showing that tailored shading devices and night ventilation can reduce energy
demands, especially in warmer regions. The solar wall consists mainly of a storage wall,
external glazing, and an air layer between them. The Trombe wall also incorporates vents
installed in the storage wall and sometimes in the external glazing frame. In parallel, Za-
faranchi and Sozer [21] emphasized the complexity of optimizing passive interventions, not-
ing the necessity of hourly energy consumption analyses to mitigate potential inefficiencies.

Adaptive facades, as explored by Tabadkani et al. [22], also demonstrate the im-
portance of climate-responsive building envelopes, where control mechanisms, such as
automated shading systems, significantly impact energy performance depending on cli-
matic conditions. In a complementary approach, Jay et al. [23] investigated the thermal
behavior of an experimental house, demonstrating how passive solutions like thermal
inertia and natural ventilation can enhance the indoor environment while minimizing
energy use during both summer and winter months.

Additionally, research by Elaouzy and El Fadar [24,25] on bioclimatic design strategies
across different climates found that strategies like thermal insulation, natural ventilation,
and Trombe walls yielded substantial energy savings, particularly in arid and temperate
climates. These studies found that combining multiple strategies tailored to the specific
climate of each location yielded the greatest energy savings. Uçtuğ and Yükseltan [26]
applied optimization techniques to identify cost-effective energy-saving methods, such as
installing double-glazed windows and photovoltaic panels, further supporting the role of
financial considerations in decision making.

Finally, Karmellos et al. [27] and Eskander et al. [28] focused on the prioritization of
energy-efficiency measures and retrofitting strategies, respectively, using multi-objective
optimization to balance cost and energy savings in diverse climates. Their work provided
essential methodologies for evaluating the effectiveness of various interventions.

These works collectively highlight that achieving energy efficiency in buildings re-
quires a combination of passive, adaptive, and bioclimatic strategies tailored to regional
climates, future weather projections, and economic constraints.

This study developed a simulation model using the “Trace 3D Plus” software to specif-
ically focus on the thermal environment and energy efficiency in residential buildings
located in hot climates. While other studies, as discussed earlier, have analyzed passive
design strategies or adaptive solutions, this research takes a comprehensive approach by
testing a wide range of passive solutions—such as building orientation, roof and wall mod-
ifications, glazing options, shading techniques, and natural ventilation—across different
urban settings and house types. Additionally, the study assesses the cumulative effects
of combining these solutions, offering a holistic understanding of their impacts on both
the thermal environment and energy demand. This comprehensive approach has not been
previously explored in such depth. As a result, the findings presented in this work offer a
novel contribution to the field.

The relevance of this research lies in its focus on practical, location-specific solutions
for hot climates, where thermal environment challenges are particularly pronounced.
Moreover, the inclusion of an energy demand analysis—evaluating how much thermal
energy still needs to be managed after applying passive measures—makes this study highly
actionable for real-world applications in sustainable building design. The methodology of
selecting cities with the highest air temperatures ensures that the findings are applicable to
other thermally stressed regions.

2. Methodology and Modeling

To analyze the effectiveness of passive solutions for achieving a suitable thermal
environment in a single-family dwelling, simulations were conducted using the Trace
3D Plus v6.00.106 software by Trane [29]. This software utilizes EnergyPlus [30]—which
applies the heat balance method [31,32]—for annual energy simulation and was selected
for its advanced capabilities in modeling and simulating thermal performance in buildings.
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Three countries with distinct climates (Portugal, Brazil, and Turkey), each presenting the
challenge of high air temperatures for the thermal environment, were chosen for this study.
By examining these diverse climatic conditions, the study aims to provide a comprehensive
understanding of how passive design strategies can be optimized to improve the thermal
environment across different geographical locations and also reduce electrical energy
consumption associated with the use of air conditioning units.

Some initial parameters were common to all simulations, as shown in Table 1. The
chosen method integrates both load and energy considerations, offering a comprehensive
understanding of how the building’s thermal performance affects overall energy demand,
in addition to calculating the thermal load.

The Conduction Transfer Function (CTF) algorithm offers a simple approach and is
suitable for most residential building applications [33]. A ceiling height of 3 m reflects the
design of older houses, which were built with higher ceilings.

Table 1. Initial simulation parameters in Trace 3D Plus.

Method Load and Energy
Time Step 60 min
Algorithm Conduction Transfer Function

Ceiling Elevation 3 m
Wall Thickness 0.15 m

Theme Residential

The simulation model incorporates several key variables, including external wall,
window, and roof materials, infiltration rate, window-to-wall ratio, building orientation,
and shading. These parameters are varied to assess their impact on the thermal environment
in residential buildings.

The methodology developed in this study is designed to be adaptable for diverse
climatic conditions and building types beyond the specific locations analyzed (Brazil,
Portugal, and Turkey). By allowing modifications to input parameters—such as building
orientation, insulation levels, glazing properties, and ventilation rates—the simulation
model can be adjusted to reflect a variety of climate zones and structural characteristics.
This flexibility enables its application in other geographic and climatic contexts, where
specific values for thermal environment ranges, U-values, the solar heat gain coefficient
(SHGC), and air changes per hour (ACH) can be input according to local standards or
research needs. As such, this model serves as a scalable framework for evaluating passive
design strategies in regions facing different temperature extremes, building regulations,
and energy efficiency goals.

2.1. Weather

In each country, cities with the highest annual air temperatures were selected, since
the primary concern with climate change is the cooling load, as highlighted in Pajek and
Košir [1].

For Portugal, available house plans from Eskander et al. [28] for each region—Lisbon,
Évora, Porto, and Bragança—were analyzed. Évora was chosen from these options due to
its more severe summer, classified as V3. The climatic data used in the simulation were
sourced from the International Weather for Energy Calculation (IWEC) database, obtained
through the software library.

For Brazil, climate data from INMET [34] were used to generate maps for the most
recent period, 1991 to 2020, displaying annual maximum air temperatures and annual
average compensated temperatures—values that have been adjusted to account for specific
factors that influence the results. Analyzing the maps, Teresina, the capital of the state of
Piauí, was selected for its high annual air temperatures.

Since the software did not include climate data for this city, the EPW (EnergyPlus
Weather Format) file, which can be imported into the software, was obtained from a global
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climate data repository, Climate.OneBuilding [35]. Among the options for Teresina, the file
provided by the Brazilian National Institute of Meteorology (INMET) for the period from
2001 to 2010 was selected.

To determine which location in Turkey was the warmest, Iyigun et al. [36] was used to
identify the country’s climate zones. Additionally, the Climate Change Knowledge Portal [37]
website, which provides maps for the period between 1991 and 2020 for average mean
surface air temperature and average maximum surface air temperature, was consulted.

Analyzing the maps for all locations, Şanlıurfa was chosen as it has the highest air tem-
peratures in Turkey and is characterized by a dry summer subtropical semihumid/semiarid
continental Mediterranean climate [36]. Since this location was not available in the software,
the EPW file for the period from 2008 to 2015 was obtained from Climate.OneBuilding [35].

The selected locations in each country are summarized in Table 2, with their geographic
coordinates—latitude (Lat.) and longitude (Long.)—and their respective average altitudes
above sea level (Alt.), obtained from Weather Spark [38]. The climate zones were obtained
from the EPW files.

Table 2. Locations used in simulations and their climate classifications: ASHRAE climate zone and
Koppen–Geiger (K-G) climate classification.

Country Location Lat./Long. Alt. ASHRAE
Climate Zone

K-G Climate
Type Description

Brazil Teresina 5.1° S/42.8° W 75 m 0A Aw Tropical, savannah
Portugal Évora 38.6° N/7.9° W 261 m 3A Csa Mediterranean climate
Turkey Şanlıurfa 37.2° N/38.8° E 546 m 3A Csa Mediterranean climate

Air Quality

For Évora, air quality data from the 2022 State of the Environment Report (REA) [39],
provided by the QualAr system and managed by the Portuguese Environment Agency
(APA), indicate good air quality throughout the year, based on the most recent records.

For Brazil, data were obtained from the Environmental Health Surveillance and Air
Quality (Vigiar) program [40], which publishes annual air quality reports. In 2023, Teresina
displayed a moderate air quality index.

In Turkey, according to Dogan et al. [41], provinces in the southeastern Anatolia region,
including Şanlıurfa, are affected by particulate matter transported from the Sahara, Syrian,
and Arabian deserts. In Şanlıurfa, PM10 and PM2.5 levels frequently exceed the World
Health Organization (WHO) daily health limits.

Therefore, while natural ventilation strategies were tested in this study to evaluate
their efficacy, real-world implementation may face limitations in regions with compromised
air quality.

2.2. Building Plan

The building plans were designed to reflect the average residential construction
characteristics typical of each location (Brazil, Portugal, and Turkey). This approach
ensured that the simulated models were representative of the architectural styles, material
availability, and construction norms prevalent in each region. By aligning the plans with
regional building averages, the study aimed to provide realistic assessments of passive
design interventions in settings that closely mirrored real-world residential conditions.

For Portugal, the floor plan presented in Eskander et al. [28] was used to guide the
design of the residence in the software. The resulting layout is shown in Figure 1, with the
resulting area being 58 m2, with a glazed area of 25 m2.
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Figure 1. House plan for Évora, Portugal.

For Brazil, the floor plan outlined in Labaki and Kowaltowski [42] was followed. The
house areas that Brazilians can finance, as detailed in Fipe [43], served as a guide for the
design. Consequently, an area of 58 m2 was used, which was the Brazilian average in 2018
and is intermediate between the current national average (66 m2) and the average for Piauí
(44.3 m2). The resulting glazed area was 18 m2 and the final layout is shown in Figure 2.

Figure 2. House plan for Teresina, Brazil.

For Turkey, the house layout was adapted from the Celal Gülpinar house [44], mod-
ifying the anteroom to be exterior, which is more typical in hot regions. Uşma [44] also
indicates that Turkish houses generally have a single storey or two storeys.

According to Erbay et al. [45], the average area of Turkish houses from 1991 to
the present, particularly those with multi-purpose living rooms, is 101.32 m2. Addition-
ally, Dalkılıç and Nabikoğlu [46] notes that kitchens are located on the ground floor, have
direct access to the courtyard, are partly open, and are large enough to accommodate
several people working and cooking inside.

Using these parameters as a guide, the final house floor plan for the Turkish home in
the simulation is presented in Figure 3, where the covered area (excluding the anteroom) is
67 m2 with 15 m2 of glazed area. It is not visible in the figure, but to represent the east and
west walls that demarcate the anteroom, which is the uncovered part of the house, vertical
fins were created on the glazing that borders this space, as shown in Figure 4.
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Figure 3. House plan for Şanlıurfa, Turkey.

Figure 4. A 3D view of the house for Şanlıurfa, Turkey.

The summarized values are presented in Table 3, which also includes the resulting
window-to-wall ratio (WTWR) for each location.

Table 3. Dimensional characteristics of the houses.

Location Floor Area [m2] Glazed Area [m2] WTWR [%]

Teresina 58 18 14.38
Évora 58 25 19.44

Şanlıurfa 67 15 7.15

2.3. Simulation Zone

The indoor thermal environment parameters were defined based on standards from
different regions. In Brazil, BRASIL [47] outlines acceptable indoor air quality for air-
conditioned environments, specifying a summer range of 23–26 ◦C and a winter range of
20–22 ◦C. Accordingly, the system setpoints were set to 26 ◦C for cooling and 20 ◦C for
heating, aligning with the dead band from ASHRAE Standard 55 [48].
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For Portugal, energy performance regulations for residential buildings consider 18 ◦C
during the heating season and 25 ◦C for cooling [49]. Setpoints of 20 ◦C and 25 ◦C were
thus adopted, consistent with the EN16798 [50] guidelines.

In Turkey, comfort setpoints were defined in the absence of specific national guide-
lines [51], following EN16798 [50] and ASHRAE and ANSI [48], with values of 20 ◦C for
heating and 26 ◦C for cooling.

2.4. Building Construction

Given that constructions vary for each location, as well as cultural factors, needs, and
available materials, an attempt was made to define typical materials for each location. How-
ever, some of the construction parameters shown may have been used in all simulations.
The elements that are characterized include the roof, slab, windows, and exterior walls.

A summary of the construction elements and their respective parameters is presented
in Table 4.

Table 4. U-values, in W/(m2·K), for the constructive elements used in each location.

Element U, Brazil U, Portugal U, Turkey References

Exterior wall 1.69 1.38 0.87 [42,46,51–57]
Roof 1.27 1.27 0.71 [42,46,51,52,56,58]

Ground contact slabs 0.19 0.19 0.59 [42,46,51,59]
Exterior windows 5.89 5.89 5.89 [51,52]

2.5. Infiltration

For residential airflow, since there are no mechanical ventilation systems, only infiltra-
tion was considered. The software defines infiltration for a residence by default as 0.3 air
changes per hour (ACH). According to DGEG [49], although there is no specific guideline
for residences, it indicates that for commercial and service buildings the worst-case scenario
is 0.3 ACH for spaces with two or more exposed facades and windows with class 0 or
1 framing. Therefore, this value was used in the base simulations for all locations.

2.6. Passive Solution Tests

Starting from the base simulation, various parameters were modified to evaluate
different passive solutions individually for the building under study. The tested solutions
and the altered parameters are presented in this section, where the alternatives in each
subsection are independent of each other.

2.6.1. Building Orientation

Based on the floor plans in Section 2.2, initially aligned with true north (0◦), the
buildings were rotated clockwise in 45◦ increments, resulting in orientations of 0◦, 45◦, 90◦,
135◦, 180◦, 225◦, 270◦, and 315◦. The rotation angle is measured clockwise from true north
to plan north [60], as seen in Figure 5.

Figure 5. True north rotation from plan north.
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2.6.2. Exterior Wall Modification

Although wall compositions vary by country, the modifications applied were consis-
tent across alternatives. Exterior plaster, either brown or white, was added to assess the
thermal impact. In Brazil, where the base walls already included plaster, this layer was
replaced; in Portugal and Turkey, the new coatings were applied as additional layers.

Alternative 1 served as the base case, while alternatives 2 and 3 tested brown and white
coatings, respectively, using 3/4-inch cement plaster from the Trace library. Absorptance
values for radiation parameters were adjusted based on Solacoat [61] and Uemoto et al. [62].

For alternatives 4–6, XPS insulation of varying thicknesses (4 cm, 8 cm, and 12 cm)
was added between the structural material and the white plaster, using properties from dos
Santos and Matias [52]. The U-values for each alternative are summarized in Table 5.

Table 5. U-values, in W/(m2·K), for each exterior wall solution and location: Brazil (BR), Portugal
(PT), and Turkey (TK).

Alternative Description U, BR U, PT U, TK

Alt. 1_ExtWall Base 1.69 1.38 0.87
Alt. 2_ExtWall Exterior brown plaster 1.69 1.33 0.85
Alt. 3_ExtWall Exterior white plaster 1.69 1.33 0.85
Alt. 4_ExtWall 4 cm of XPS with exterior white plaster 0.6 0.55 0.44
Alt. 5_ExtWall 8 cm of XPS with exterior white plaster 0.36 0.34 0.3
Alt. 6_ExtWall 12 cm of XPS with exterior white plaster 0.26 0.25 0.23

2.6.3. Roofs and Ceilings

The effect of roofing on the thermal environment was analyzed for both flat and
inclined roof types, with tests consistent across locations. Brazil and Portugal shared the
same base roof, while Turkey’s roof differed. A total of nine tests across ten alternatives
were conducted, starting with alternative 1 as the base.

In alternative 2, a green roof was added to the flat roof, while in alternative 3 it was
white plaster. In alternative 4, 8 cm of XPS insulation was introduced between the base roof
and the white plaster. Inclined roof tests began in alternative 5, adding an unconditioned
space above the conditioned areas. The interzone slab was made of 100 mm heavyweight
concrete with a U-value of 1.26 W/(m2·K), and the inclined roof construction resulted in
a U-value of 3.21 W/(m2·K). Alternatives 6 and 7 introduced XPS insulation either in the
slab or roof. Alternatives 8 to 10 replicated these configurations but replaced the concrete
slab with a gypsum board (U-value 3.10 W/(m2·K)).

The U-values for each configuration are summarized in Table 6.

Table 6. U-values (W/(m2·K)) for roof solutions across locations: Brazil (BR), Portugal (PT), and
Turkey (TK).

Alternative Description U, BR U, PT U, TK

Alt. 1_Roof Base 1.27 1.27 0.71
Alt. 2_Roof Flat green roof 1.27 1.27 0.71
Alt. 3_Roof Flat, white exterior 1.23 1.23 0.69
Alt. 4_Roof Flat, 8 cm of XPS with white exterior 0.34 0.34 0.28
Alt. 5_Roof Inclined roof, concrete ceiling 3.21/1.26 3.21/1.26 3.21/1.26
Alt. 6_Roof Inclined, concrete, 8 cm of XPS (slab) 0.34 (slab) 0.34 (slab) 0.34 (slab)
Alt. 7_Roof Inclined, concrete, 8 cm of XPS (roof) 0.40 (roof) 0.40 (roof) 0.40 (roof)
Alt. 8_Roof Inclined roof, gypsum ceiling 3.21/3.10 3.21/3.10 3.21/3.10
Alt. 9_Roof Inclined, gypsum, 8 cm of XPS (slab) 0.40 (slab) 0.40 (slab) 0.40 (slab)

Alt. 10_Roof Inclined, gypsum, 8 cm of XPS (roof) 0.40 (roof) 0.40 (roof) 0.40 (roof)

To account for ventilation requirements, the infiltration rates for inclined roofs were
adjusted according to Walker et al. [63] based on average wind speeds [38]. The infiltration
rates for the unconditioned spaces are summarized in Table 7.
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Table 7. Infiltration rates and average wind speeds (u) for each location applied to inclined roofs.

Location u [km/h] u [m/s] Infiltration Rate [ACH]

Évora 14 3.89 2
Şanlıurfa 12 3.33 1.5
Teresina 5 1.39 1

2.6.4. Windows

This section evaluates the impact of glazing type on the thermal environment across
all three locations. In addition to the base glazing, two alternatives were tested.

Alternative 2 used double glazing, with two 1/4-inch clear glass layers and a 1/2-inch
Argon layer, combined with aluminum framing with a thermal break, resulting in a U-value
of 2.51 W/(m2·K) and a solar heat gain coefficient (SHGC) of 0.7.

Alternative 3 aimed to reduce the solar factor by replacing the exterior clear glass
with gray-tinted glass, while maintaining the same Argon and interior clear layers. This
maintained the U-value but reduced the SHGC to 0.48.

The glazing parameters are summarized in Table 8.

Table 8. U-value and SHGC for each window solution.

Alternative Description SHGC U [W/(m2·K)]

Alt. 1_Window Simple glass without thermal break 0.86 5.89
Alt. 2_Window Double glass with thermal break 0.7 2.51
Alt. 3_Window Tinted glass 0.48 2.51

2.6.5. Window-to-Wall Ratio

As Elaouzy and El Fadar [25] emphasizes, the window-to-wall ratio (WTWR) is a key
design parameter. Tests were conducted to evaluate the impact of reducing the glazed area
using two glass types: the base single glazing and tinted glass.

In Portugal, all window heights were uniformly reduced, while in Turkey and Brazil,
only the larger windows were resized. The window heights for each alternative and country
are summarized in Table 9.

Table 9. Analysis of the window-to-wall ratio (WTWR) with varying window height (WH) for Brazil
(BR), Portugal (PT), and Turkey (TK).

Alternative Glass Brazil Portugal Turkey
WH WTWR WH WTWR WH WTWR

Alt. 1_WTWR Simple, clear 2 m 14.53% 3 m 19.44% 1.5 m 7.15%
Alt. 2_WTWR Simple, clear 1.5 m 11.05% 1.8 m 11.69% 1.05 m 5.12%
Alt. 3_WTWR Simple, clear 1 m 7.56% 0.9 m 5.88% 0.75 m 3.73%
Alt. 4_WTWR Double, tinted 2 m 14.53% 3 m 19.44% 1.5 m 7.15%
Alt. 5_WTWR Double, tinted 1.5 m 11.05% 1.8 m 11.69% 1.05 m 5.12%
Alt. 6_WTWR Double, tinted 1 m 7.56% 0.9 m 5.88% 0.75 m 3.73%

2.6.6. Shading

Various shading devices were tested. Alternative 1 served as the base case without
shading. In alternative 2, internal shading was added with a gray semi-transparent shade,
activated when the zone air temperature reached 22 ◦C.

Alternatives 3 and 4 employed overhangs (1.28 m projection) and vertical fins (0.914 m
depth), respectively. The overhang length was optimized for different solar angles across
Teresina, Şanlıurfa, and Évora, ensuring consistent shading performance throughout
the day.
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Due to varying window distribution across façades, shading solutions were applied to
all windows in all locations. Table 10 summarizes the shading solutions.

Table 10. Tested shading solutions.

Alternative Shading Type

Alt. 1_Shading No shading
Alt. 2_Shading Internal shading
Alt. 3_Shading Overhang
Alt. 4_Shading Vertical fins

2.6.7. Natural Ventilation

Two ventilation strategies were adopted based on climate conditions: uniform ventila-
tion for all locations, and summer ventilation for Portugal and Turkey.

Uniform Ventilation

Uniform ventilation maintains a constant airflow rate throughout the year. This
approach was applied across all locations to assess the effects of steady ventilation on the
thermal environment. Ventilation rates were increased progressively in each alternative,
and the impact on thermal loads and the environment was evaluated. The air changes per
hour (ACH) values considered are presented in Table 11.

The value of 0.3 ACH is the base simulation, and 0.5 ACH is the minimum required
by Portuguese legislation for residential buildings. The values employed for Portugal were
also applied to Brazil. In the case of Turkey, where an exterior anteroom facilitates safer
ventilation, higher ACH values were selected.

Table 11. Infiltration values for uniform ventilation and for each location: Brazil (BR), Portugal (PT),
and Turkey (TK).

Alternative ACH, BR ACH, PT ACH, TK

Alt. 1_YearVent 0.3 0.3 0.3
Alt. 2_YearVent 0.5 0.5 1
Alt. 3_YearVent 1 1 2
Alt. 4_YearVent 2 2 4
Alt. 5_YearVent 4 4 6

Summer Ventilation (Portugal and Turkey)

Summer ventilation adjusts the airflow rates based on seasonal air temperature varia-
tions. For Portugal and Turkey, summer ventilation was prioritized to address the signifi-
cant seasonal variation in air temperature. During the colder months (October to March),
ventilation was set at 0.5 ACH. In the warmer months (April to September), ventilation rates
were increased, depending on the location and on the alternative. This approach optimizes
cooling in summer while minimizing heat loss during the winter and it is summarized in
Table 12.

Table 12. Natural ventilation values, in ACH, for summer ventilation and for the locations of Portugal
(PT) and Turkey (TK).

Alternative Summer, PT Winter, PT Summer, TK Winter, TK
April–September October–March April–September October–March

Alt. 1_SumVent 0.5 0.5 1 0.5
Alt. 2_SumVent 1 0.5 2 0.5
Alt. 3_SumVent 2 0.5 4 0.5
Alt. 4_SumVent 4 0.5 6 0.5
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3. Results
3.1. Thermal Characterization of the Houses

The results for each location are shown in Figure 6, with cooling and heating loads
represented by different signs to distinguish the energy demands. As seen in Figure 6a,
Teresina exhibits the highest overall energy demand due to consistently high indoor air
temperatures that exceed the setpoint year round [35]. While Évora has higher peak cooling
loads, Teresina’s constant cooling demand drives up its total energy needs.
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Figure 6. Results of the base simulations for each location. (a) Thermal load and annual energy
demand. (b) Annual indoor air temperature distribution with no AS.

Although the heating load for Teresina considers worst-case scenarios, the simulations
indicate no heating is required year round. Figure 6b shows the percentage of annual hours
each house remains within specific indoor air temperature ranges when no active systems
(ASs), such as air conditioners, are used, while Table 13 summarizes the minimum and
maximum air temperatures, and unmet hours.

Table 13. Maximum (Max) and minimum (Min) house air temperatures and unmet hours for
each location.

Location Min [◦C] Max [◦C] Unmet Cooling Hours Unmet Heating Hours

Teresina 28.2 41.4 8760 0
Évora 5.3 49.1 3705 3072

Şanlıurfa 9 40.7 3586 3097

Teresina’s indoor air temperatures remain consistently above the setpoint, whereas
Évora experiences the highest recorded air temperature and the widest temperature range.
Şanlıurfa, despite its structural differences, shares similar air temperature behavior with
Évora, belonging to the same climate zone. Although Şanlıurfa experiences higher peak
exterior air temperatures (35.8 ◦C vs. 32.5 ◦C in Évora), it shows lower cooling loads, likely
due to lower U-values and smaller glazed areas in the base simulation.

The results of the passive solutions and their effects are discussed in the following sections.

3.2. Combined Solutions

Based on the individual tests presented in the modeling section, the study aimed to
analyze the potential of combined solutions for improving the thermal environment across
different scenarios. To achieve this, various solutions were applied to houses with flat
roofs, inclined roofs with concrete slabs, and gypsum ceilings to assess their impact on air
temperature and annual energy demand.

Throughout the analysis, solutions were incrementally integrated into each scenario,
resulting in a final configuration that illustrates the outcomes of employing the selected
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solutions together. The study focused on evaluating the practical impact of these solutions
on existing houses, prioritizing ease of implementation. As a result, no modifications were
made to house orientation or the window-to-wall ratio.

Natural ventilation was selected as the first solution to be applied. This choice was
based on its effectiveness in cooling while acknowledging that it increases energy needs
when calculated using mechanical systems. Additionally, other solutions, such as insula-
tion, are better evaluated when combined with ventilation. Therefore, the solution with
ventilation serves as the new baseline for evaluating passive solutions.

The air changes per hour (ACH) due to natural ventilation were determined using the
Air Change Rate Calculator from WindowMaster (Vedbæk, Denmark). Despite variations
in average wind speeds across different locations, a standardized ACH value of 10 was
applied uniformly to all houses studied. Additionally, all simulations utilized glazing with
a lower SHGC.

3.3. Brazil

After analyzing the results, the parameters listed in Table 14 were selected for the final
evaluation. The outcomes are shown in Figures 7–9.

Table 14. Defined parameters for improvements of each type of house in Teresina, Brazil. The
solutions are cumulative.

Alternative Type Horizontal Inclined, Concrete Inclined, Gypsum

Alt. 1 Base -

Alt. 2 Ventilation Uniform ventilation, 10 ACH

Alt. 3 Glass Double-colored glass

Alt. 4 Shading Overhangs and internal shading

Alt. 5 Wall 8 cm of XPS with white exterior paint

Alt. 6 Roof 8 cm of XPS with white paint 8 cm of XPS on the slope 8 cm of XPS above gypsum

For the gypsum configuration, insulation was separately tested on the horizontal
separation and the slopes. Despite both configurations yielding the same average air
temperature, insulation in the division resulted in fewer unmet cooling hours. However, it
also produced higher maximum air temperatures and more hours above 31 ◦C. Therefore,
insulation on the slopes was selected, and these results are presented in Figure 9.
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Figure 7. Effect of combined passive solutions on energy needs and indoor air temperature for
house with horizontal roof of Teresina, Brazil. (a) Annual energy. (b) Annual indoor air temperature
distribution.
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Figure 8. Effect of combined passive solutions on energy needs and indoor air temperature for house
with inclined roof and concrete slab of Teresina, Brazil. (a) Annual energy. (b) Annual indoor air
temperature distribution.
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(b)
Figure 9. Effect of combined passive solutions on energy needs and indoor air temperature for house
with inclined roof and gypsum board of Teresina, Brazil. (a) Annual energy. (b) Annual indoor air
temperature distribution.

3.4. Portugal

The chosen parameters for each improvement in the houses in Évora are presented in
Table 15, with the results for each roof type shown in Figures 10–12.

Table 15. Defined parameters for improvements of each type of house in Évora, Portugal. The
solutions are cumulative.

Alternative Type Horizontal Inclined, Concrete Inclined, Gypsum

Alt. 1 Base -

Alt. 2 Ventilation Summer ventilation, 10 ACH

Alt. 3 Glass Double-colored glass

Alt. 4 Shading Vertical fins and internal shading

Alt. 5 Wall 8 cm of XPS with white exterior paint

Alt. 6 Roof 8 cm of XPS with white paint 8 cm of XPS on the slope 8 cm of XPS above gypsum
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Figure 10. Effect of combined passive solutions on energy needs and indoor air temperature for
house with horizontal roof of Évora, Portugal. (a) Annual energy. (b) Annual indoor air temperature
distribution.
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(b)
Figure 11. Effect of combined passive solutions on energy needs and indoor air temperature for
house with inclined roof and concrete slab of Évora, Portugal. (a) Annual energy. (b) Annual indoor
air temperature distribution.
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(b)
Figure 12. Effect of combined passive solutions on energy needs and indoor air temperature for
house with inclined roof and gypsum board of Évora, Portugal. (a) Annual energy. (b) Annual indoor
air temperature distribution.
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3.5. Turkey

Table 16 outlines the cumulative improvement parameters for Şanlıurfa, and
Figures 13–15 display the corresponding results.

Table 16. Defined parameters for improvements of each type of house in Şanlıurfa, Turkey. The
solutions are cumulative.

Alternative Type Horizontal Inclined, Concrete Inclined, Gypsum

Alt. 1 Base -

Alt. 2 Ventilation Summer ventilation, 10 ACH

Alt. 3 Glass Double-colored glass

Alt. 4 Shading Overhangs and internal shading

Alt. 5 Wall 12 cm of XPS with white exterior paint

Alt. 6 Roof 8 cm of XPS with white paint 8 cm of XPS above gypsum 8 cm of XPS above gypsum
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(b)
Figure 13. Effect of combined passive solutions on energy needs and indoor air temperature for
house with horizontal roof of Şanlıurfa, Turkey. (a) Annual energy. (b) Annual indoor air tempera-
ture distribution.
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Figure 14. Effect of combined passive solutions on energy needs and indoor air temperature for
house with inclined roof and concrete slab of Şanlıurfa, Turkey. (a) Annual energy. (b) Annual indoor
air temperature distribution.
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Figure 15. Effect of combined passive solutions on energy needs and indoor air temperature for
house with inclined roof and gypsum board of Şanlıurfa, Turkey. (a) Annual energy. (b) Annual
indoor air temperature distribution.

4. Discussion

The results highlight significant reductions in internal air temperatures due to natural
ventilation. This finding aligns with Edition [64], which states that temperature control by
natural ventilation is often the only means of providing a level of cooling when mechanical
air conditioning is unavailable.

The issue is exacerbated in densely populated urban centers, where tall buildings
can obstruct wind flow. While obstacles like buildings can reduce cooling energy needs
by providing shade, they may also limit wind action in the summer, undermining the
effectiveness of natural ventilation, the most important cooling solution. Therefore, among
potential obstacles, investing in trees is more advisable. Trees provide shade and mitigate
urban heat island effects, benefiting entire neighborhoods. As illustrated by VOX [65],
vegetative cover in a city can significantly impact thermal comfort compared to concrete-
dominated areas. Trees also reduce stress and health problems related to heat, decrease
energy needs, and help retain water [65]. Green roofs offer similar benefits but may increase
water usage.

Furthermore, considerations regarding regional air quality must be taken into account
when evaluating the feasibility of natural ventilation as a passive cooling strategy. For ex-
ample, in Teresina, where natural ventilation has shown a considerable impact on reducing
indoor air temperatures, annual air quality is moderate. This limitation may restrict the
effective use of natural ventilation throughout the year, potentially compromising indoor
thermal conditions. Similarly, in Şanlıurfa, air quality poses additional challenges. Particles
from nearby deserts could hinder the use of natural ventilation, especially during periods
of high pollution, as prolonged exposure to outdoor air could negatively impact indoor air
quality and occupant health.

These findings indicate that while natural ventilation can be a highly effective passive
cooling strategy, its implementation must be tailored to the specific environmental and
air quality conditions of each region. High-pollution areas may require supplementary
or alternative cooling strategies to maintain both thermal comfort and indoor air quality
standards, ensuring the health and well-being of occupants.

The results also show that all proposed improvements effectively reduce air tem-
peratures and energy needs, enhancing the thermal environment of occupants. Thermal
insulation, when combined with natural ventilation, significantly reduces air temperatures,
a benefit not observed without ventilation.

The proposed passive design solutions demonstrated positive outcomes across all
three study locations, indicating their versatility and effectiveness in diverse hot climates.
Implementing measures such as optimized shading, insulation, glazing adjustments, and
controlled natural ventilation proved beneficial in reducing the need for active cooling sys-
tems. In scenarios where active systems might otherwise be required to achieve the thermal
environment, these passive strategies significantly reduced potential energy consumption,
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underscoring their value in energy savings. By decreasing reliance on air conditioning or
heating systems, these interventions not only enhance the thermal environment but also
contribute to sustainability goals, highlighting their efficiency for broader application in
similar climatic conditions.

Despite improvements in all cooling indicators, many hours remain outside the defined
comfort zones, especially for Teresina. Although the acceptable thermal comfort range for
naturally ventilated buildings is significantly broader than for buildings with standard
mechanical HVAC systems [66], it would be beneficial to design systems that passively
enhance natural ventilation to further improve the thermal environment.

5. Conclusions

In conclusion, the objectives of this research have been successfully fulfilled. The
development of a simulation model using Trace 3D Plus has enabled a comprehensive
study of the thermal environment and energy demand in residential buildings.

The analysis revealed that Teresina, a city with a tropical climate in Brazil, exhibited
the highest number of discomfort temperatures compared to Mediterranean climate re-
gions. Interestingly, despite Şanlıurfa and Évora sharing a Mediterranean climate, many
solutions yielded similar results between Şanlıurfa and Teresina, particularly in terms of
roof performance. This highlights the unique thermal dynamics influenced by local climate
conditions and passive design strategies.

An assessment of the impact of building orientation on the thermal environment indi-
cated that closer proximity to the equator correlates with a reduced impact of orientation
on energy needs. In Mediterranean climates, the findings align with the traditional archi-
tectural design in Turkey, where homes feature distinct summer and winter rooms. Overall,
the location with the greatest variation in energy demand due to orientation was Évora,
where the demand could increase by up to 10% when comparing the worst orientation with
the best.

Wall tests demonstrated that exterior brown paint resulted in lower heating loads and
higher cooling loads, whereas white paint showed the opposite behavior due to differing
absorptance values. Adding thermal insulation significantly reduced heating needs but,
for cooling, it should be paired with natural ventilation; otherwise, it traps heat inside
the dwelling. The combination of thermal insulation with white exterior paint resulted in
reductions in the annual energy demand of up to 26% for Şanlıurfa.

Roof insulation tests reiterated the importance of combining thermal insulation with
natural ventilation during summer. White paint on roofs proved beneficial for summer
but detrimental in winter, while green roofs offered positive, albeit less pronounced, ben-
efits for both seasons. The optimal roof solutions varied, with horizontal insulated and
white-painted roofs performing best for Teresina and Şanlıurfa, whereas inclined roofs
with insulated slopes were optimal for Évora, resulting in a 19% reduction in annual
energy demand.

The reduction in the solar heat gain coefficient (SHGC) decreased cooling demands
across all countries but increased heating needs. Conversely, reducing the U-value of glaz-
ing was beneficial in all scenarios. Lowering the window-to-wall ratio (WTWR) effectively
reduced cooling loads and, despite increasing heating loads, led to a significant annual
energy demand reduction. Similar reductions could be achieved using double-colored glaz-
ing, which allows the use of windows to enhance human well-being while maintaining the
thermal environment and energy efficiency. Furthermore, selecting more efficient glazing
combined with reducing the WTWR resulted in an up to 35% reduction in annual energy
demand for Évora and 19% for Şanlıurfa and Teresina.

Controllable internal shading that covers entire glazed areas reduced cooling loads
without compromising heating needs. However, due to thermal inertia, combining in-
ternal shading with exterior retractable shading devices is preferable to avoid negatively
impacting heating loads, though fixed external shading also contributed to annual demand
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reduction. Overall, the use of controllable interior shading led to a reduction in energy
demand by up to 28% for Évora.

The ventilation results underscored the importance of occupant-controlled ventilation.
Uniform ventilation was optimal for Teresina, while summer ventilation was best for
Şanlıurfa and Évora, highlighting the benefits of airing in hot climates and the need to
minimize it in cold climates. Therefore, preventing excessive infiltration is crucial in regions
with both hot and cold seasons to control ventilation timing. Teresina’s climate justified the
use of cobogós for enhancing the thermal environment.

However, regional air quality considerations also impact the feasibility of natural
ventilation. In Teresina and Şanlıurfa, where moderate to poor air quality could limit
year-round natural ventilation, supplementary strategies may be necessary to maintain
both the thermal environment and indoor air quality. Hence, natural ventilation should be
tailored to local air quality and climate conditions to ensure occupant well-being.

Combined solutions led to a reduction in discomfort hours across all locations, en-
hancing the effectiveness of individual measures such as thermal insulation. By integrating
multiple strategies in alternative 6, such as double-colored glass on windows, internal and
external shading, and thermal insulation, the overall thermal performance of buildings was
significantly improved. With this alternative, energy demand reductions of up to 44% for
Évora, 40% for Şanlıurfa, and 32% for Teresina were achieved.

A well-designed house, considering all these factors, is paramount. The challenge
in Mediterranean climates is to balance improvements for one season without worsening
conditions for another, demanding careful analysis. Despite improvements in cooling
indicators, many hours remain outside the defined comfort zones, particularly in Teresina.
Therefore, designing systems that passively enhance natural ventilation, such as solar
chimneys, would further improve thermal environment, though the applicability of natural
ventilation depends on outdoor air quality and pollution levels.

Overall, this study demonstrates the importance of an integrated approach to residen-
tial building design that considers climate-specific passive solutions to achieve an optimal
thermal environment and energy efficiency.
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