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Abstract

The intensification of thermal extremes increases the need for strategies that protect indoor
comfort and reduce the energy demand of active systems. This study employs Energy-
Plus dynamic simulations to evaluate how passive thermal design solutions for heating
and cooling can minimize indoor temperature fluctuations. The analysis covers multiple
locations to identify the most effective techniques for improving indoor thermal perfor-
mance and energy efficiency. Results demonstrate that passive thermal strategies offer a
sustainable and efficient approach to adapting buildings to extreme temperature variations,
thereby reducing dependence on mechanical systems. The greatest reduction in energy
demand is achieved by increasing the envelope’s thermal mass, particularly in hot and
temperate climates. Enhanced insulation and green roofs are more effective in cold and
humid climates. In addition, solar control measures, such as external shading and reduced
glazing areas, help lower indoor temperatures in high-thermal-radiation regions.

Keywords: passive thermal solutions; building energy performance; climate change
adaptation; dynamic thermal simulation; thermal performance; EnergyPlus; modeling

1. Introduction
Climate change plays a fundamental role in the sustainability of the construction

sector, affecting the thermal and energy performance of buildings and their comfort [1].
The increasing occurrence of extreme phenomena such as heat waves and cold spells
has demonstrated the fragility of buildings in meeting new thermal requirements [2–4].
There are phenomena, such as heat islands, which have caused maximum temperatures
to rise in metropolitan areas and reduced the thermal performance of buildings [2]. As a
result, energy consumption for heating and cooling has gradually increased, intensifying
energy poverty, particularly among disadvantaged populations. The worsening of thermal
conditions resulting from these thermal extremes has affected occupant health, operating
costs, and international policies. Therefore, to use natural resources efficiently and reduce
the use of active systems, the European Union has promoted directives on the use of
passive solutions [5–8]. Passive solutions are characterised by architectural and design
strategies that optimise the use of natural resources, such as shading, ventilation, thermal
insulation, glazing area, or the use of materials with higher thermal mass. The adoption of
these strategies is conditioned by their technical and economic variants, particularly when
applied to existing buildings, due to their morphology and construction materials.
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However, despite the growing interest in this topic, it remains a lack of integrated
analyses evaluating the combined effects of multiple passive design solutions under pro-
jected future climate scenarios. Most previous research has addressed individual strategies
or present-day climatic conditions, limiting the applicability of its results for long-term
resilience and climate adaptation.

Thus, the research problem addressed in this study concerns the current lack of
comprehensive and comparative analyses evaluating the performance of multiple pas-
sive design strategies across different climatic contexts, particularly when future thermal
conditions are considered. Although numerous previous studies have analysed passive
solutions individually or limited themselves to current climate scenarios, there remains a
significant gap in understanding how the combination of these strategies affects the energy
performance and thermal comfort of buildings across different climates. This study aims
to fill this gap by developing an integrated, simulation-based framework that enables the
systematic comparison of various passive thermal measures—such as increasing thermal
mass, reinforcing insulation, using green roofs, shading, and varying the proportion of
glazing—considering both current and future climate conditions. The originality of this
study lies in its interclimatic and multi-strategic approach, which offers a more comprehen-
sive and applicable understanding of passive solutions for designing resilient buildings
and for energy-efficient adaptation to climate change.

Indoor thermal conditions in buildings have traditionally been maintained through
active air conditioning systems, which, although highly effective, consume substantial en-
ergy and have a significant environmental impact. Thus, these strategies, when applied in
future climate scenarios characterised by extreme phenomena, have proven unfeasible. As
a result, alternative strategies have been used: passive solutions that help stabilize indoor
temperatures through the exploitation of natural resources, reducing the need for electrical
energy. The scientific literature cites several studies demonstrating the effectiveness of this
type of solution across various scenarios [5,7,8]. Solutions such as shading, ventilation,
efficient thermal insulation, reflective roofing, and phase change materials (PCMs) have
demonstrated significant potential to improve the thermal and energy performance of build-
ings. Marcolini [9], in Palmas (Brazil), assessed the impact of natural ventilation combined
with reflective coatings, finding that the latter significantly reduced indoor temperature.
Toroxel and Silva [10] highlighted, through their studies, the fundamental role of Trombe
walls and reflective roofs in minimising energy consumption. Zhang et al. [11] proposed a
set of technical criteria for resilient passive cooling strategies, including thermal comfort
metrics (operative temperature, PMV/PPD), energy-efficiency indicators, and resilience
parameters such as adaptability to extreme weather and reliance on mechanical systems.
These criteria emphasize early-stage architectural planning, material selection, and façade
design to ensure thermal stability under future climate scenarios. Sakellariou et al. [12]
conducted a comparative study between forced-circulation and thermosyphon solar sys-
tems, demonstrating that system configuration and climate conditions significantly affect
energy efficiency. Mo et al. [13] demonstrated significant energy-saving potential of passive
solar heating systems across varied climatic conditions, although their implementation may
involve considerable initial costs. Sánchez et al. [14] presented innovative solutions, such as
the solar chamber, which combines natural ventilation and solar heating to ensure thermal
efficiency throughout the year. EnergyPlus software has been widely used for detailed
simulations, allowing the evaluation of strategies such as shading, low-emissivity glazing,
and natural ventilation, with studies reporting energy savings of up to 30%. Kokatnur
et al. [15] emphasized that passive solutions must be tailored to specific climatic contexts to
achieve optimal thermal efficiency across different regions. Xiao et al. [16] explored the po-
tential of PCMs to switch between heating and cooling needs, demonstrating reductions in
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energy consumption. Figueiredo et al. [17] found that integrating insulation, shading, and
natural ventilation strategies can enable nearly zero-energy performance in Mediterranean
buildings, in line with European sustainability goals. Brito-Coimbra et al. [18] addressed
passive solar solutions for Mediterranean façades, confirming the effectiveness of efficient
glazing and shading devices in reducing thermal loads and highlighting the importance of
detailed economic feasibility analyses for widespread implementation.

Based on this context, the main objective of this study is to systematically evaluate
the performance of multiple passive heating and cooling strategies under projected future
climate extremes, across different climate zones and building types, using dynamic sim-
ulations with EnergyPlus. The specific goals are to (i) identify the most effective passive
design combinations for each climate category, (ii) compare current and future thermal
performance scenarios, and (iii) provide recommendations for climate-resilient building
design and retrofitting.

Although the use of EnergyPlus, version 25.1.0 and OpenStudio, version SDK 3.10.0 is
a common methodology for building performance analysis, this study applies these tools
in a novel, integrated way. The research framework simultaneously evaluates multiple pas-
sive strategies, such as increased thermal mass, enhanced insulation, shading, green roofs,
and reduced glazing, across diverse climate contexts and future emission scenarios. Unlike
previous studies that typically focus on isolated measures or single climatic conditions,
this approach enables direct cross-comparison of passive solutions under both present
and projected climates. This integration provides new insights into the combined effects
of passive strategies on energy demand and indoor thermal comfort, advancing method-
ological integration between simulation and practical application. The framework thus
contributes to the development of resilient and energy-efficient buildings adapted to future
environmental challenges, expanding the conventional use of EnergyPlus/OpenStudio
beyond standard performance simulations.

This paper is organized into six main sections. Section 1 presents the introduction,
providing background, objectives, and the research context for passive thermal design and
climate change adaptation. Section 2 describes the materials and methods, including the
simulation tools, the reference building, and the climatic characterization used in the study.
Section 3 details the case studies, the selected cities, and the passive strategies analyzed.
Section 4 presents and discusses the results obtained for different climates and passive
solutions. Section 5 summarizes the main conclusions of the study, and Section 6 provides
recommendations and future perspectives regarding the application of passive design
strategies in buildings. This structure allows a clear understanding of the methodology,
analysis, and main findings of the research.

2. Materials and Methods
Numerical modeling of the thermal behavior of buildings plays a fundamental role

in evaluating solutions that enable the improvement of energy performance and ther-
mal comfort. Thus, simulation software such as OpenStudio, version SDK 3.10.1, which
provides a graphical interface to the EnergyPlus, version 25.1.0, simulation engine, is
used. While the use of EnergyPlus and OpenStudio is a well-established methodology for
building performance simulation, this study applies these tools to systematically evaluate
multiple passive heating and cooling strategies under projected future climate extremes
across different climate zones and building types. These software tools allow performing
dynamic hourly simulations and analyzing various parameters, such as thermal gains
and losses, from the adoption of different passive strategies. The numerical modeling in
this work aims to evaluate how the adoption of passive heating and cooling solutions can
influence the thermal performance of buildings in different climatic contexts, particularly
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in situations of thermal extremes. Therefore, for an adequate implementation of solutions
according to local characteristics, a proper climatic characterization must exist, such as
the Köppen–Geiger classification [19,20]. This approach allows a systematic comparison
with existing studies, which often focus on single passive strategies or current climatic
conditions, highlighting the effectiveness and applicability of combined passive solutions
for future thermal resilience. The Köppen–Geiger classification, developed by Wladimir
Köppen and later revised by Geiger, characterizes climate zones by their temperature,
precipitation, and vegetation types [19]. In 2006, Kottek and collaborators, based on new
temperature and precipitation data and supported by databases from the Climatic Re-
search Unit (CRU) and the Global Precipitation Climatology Centre (GPCC), developed
a new map [20]. This system classifies the world into five main groups —equatorial
zone (A), arid (B), temperate (C), snow (D), and polar (E)—based on the relationship
between vegetation and climate, as shown in Figure 1.

2.1. Tools and Simulation Environment: OpenStudio + EnergyPlus

OpenStudio is a simulation software that serves as a graphical interface to the En-
ergyPlus simulation engine, enabling analyses of building energy performance and the
identification and design of efficient solutions. The software is organized into several sec-
tions, each representing a modeling parameter. Within it, different aspects of the modeling
can be defined, such as geographic location (Site), usage schedules (Schedule), materials
and construction characteristics (Constructions), internal loads (Load), space types (Space
Types), and geometry (Geometry).

Figure 1. World Map of Köppen–Geiger climate classification (1901–1925). Source: adapted from [20].
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In 2010, Rubel and Kottek [20] designed new climate maps for the period 1901 to 2100,
indicating an increase in arid zones (B) and warm temperate zones (C), with a migration of
cold (D) and polar (E) zones toward higher latitudes, as shown in Figure 2.

Figure 2. World Map of Köppen–Geiger climate classification (2076–2100, A1FI emission scenario).
Source: adapted from [20].

In addition to these parameters, thermal zones, HVAC (heating, venting, and air
conditioning) systems, and simulation settings can also be defined. After establishing all
modeling parameters, the simulation is executed in the Run Simulation tab, and the data
are presented in an organized manner in the Results Summary tab. OpenStudio is thus a
tool that enables the design of efficient and sustainable buildings [21].

By integrating the detailed modeling capabilities of OpenStudio with the multi-
strategy and multi-climate approach of this study, novel insights can be obtained regarding
the design of thermally resilient and energy-efficient buildings under projected future
climate extremes [21].

EnergyPlus is a software that allows the simulation of various parameters related to
the thermal performance of walls, windows, and roofs, as well as the evaluation of passive
heating and cooling solutions or heating, ventilation, and air conditioning (HVAC) systems.
The software enables the analysis of the impact of weather conditions on building energy
performance during simulations. Simulations use climate files in the EPW (EnergyPlus
Weather-File) format, which contain characteristics of each location, such as radiation,
outdoor temperature, and humidity.

EnergyPlus has a diverse library of materials and building components, allowing
the modeling of buildings with different characteristics and the application of passive
solutions [22,23].
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This integration of EnergyPlus modeling with multiple passive strategies and cli-
mate scenarios provides a comprehensive framework to assess building performance
beyond what is typically addressed in existing literature, offering both scientific and
practical contributions.

2.2. Characteristics of the Model Building

In this study, to evaluate the performance and effectiveness of passive solutions and
their ability to accommodate thermal extremes, a model with specific characteristics was
developed. The building was designed using OpenStudio software, which configures the
data required for the EnergyPlus simulation engine. The model was conceived as a flexible,
adaptable prototype capable of analysis under a wide range of climatic conditions. This
adaptability enables the evaluation of how different passive and active design strategies
perform in distinct environmental contexts worldwide [3,15]. Accordingly, six representa-
tive cities were selected to reflect diverse climate zones and geographical regions, providing
a comparative basis for analysing the building’s energy performance and thermal comfort
potential [19,20].

The model building is a single-story building with an interior area of 5 m2

(2.5 m × 2.0 m) and a standard height of 2.3 m, as shown in Figure 3. Although simplified,
this single-zone model was intentionally adopted to provide a controlled environment for
studying thermal behaviour and validating simulation tools, minimising the influence of
factors present in larger, more complex buildings. The building was designed to maximize
solar gains through a south-facing orientation, which ensures better passive heating perfor-
mance during the winter in temperate climates [13,24]. The building structure uses a Light
Steel Framing (LSF) system, selected for its lightweight properties, structural efficiency,
ease of assembly, and good thermal performance when combined with suitable insulating
materials [25]. This also allows for high precision and reduced waste, making it suitable for
small-scale energy performance models. The building envelope was designed to balance
thermal insulation, airtightness, and durability. The exterior walls consist of an internal
gypsum board panel with rock wool insulation sandwiched between metal profiles and
an external oriented strand board (OSB) panel protected by a waterproofing membrane.
Stone wool was selected for its low thermal conductivity, fire resistance, and acoustic insu-
lation properties, while OSB offers structural rigidity and compatibility with lightweight
systems [9,26]. The building’s roof is completely flat and consists of a sandwich panel
with stone wool insulation, an internal plaster covering, and an external OSB covering,
protected by waterproofing and finishing layers. This configuration minimizes heat loss
from the upper surface, which is one of the elements most exposed to solar radiation and
precipitation [27,28]. The floor consists of a 10 cm-thick reinforced concrete slab, designed
to increase the building’s thermal mass. This material helps stabilize internal temperatures
by absorbing and releasing heat throughout the day, which is particularly beneficial in
climates with large diurnal temperature variations [17]. The choice of concrete also pro-
vides structural stability and represents a realistic boundary condition for heat transfer
simulations [22,29].

In general, the selection of materials and construction systems aimed to represent
a compact, energy-efficient, and economical building envelope, suitable for evaluating
thermal performance and passive design strategies.

Regarding glazed surfaces, the building has one large window (1.30 m × 0.60 m)
facing south and two smaller windows (0.60 m × 0.60 m) facing east and west, all with
double glazing and aluminium frames. There are no glazed surfaces on the north façade,
only an opaque aluminium door (0.90 m × 1.90 m).
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Figure 3. Three-dimensional representation of the model building used in the energy simulations.

No active heating, venting, and air conditioning (HVAC) systems were installed in the
reference building. Ventilation is provided by natural ventilation, with 0.5 air changes per
hour [23].

The indoor reference conditions adopted for the simulation followed the adaptive
criteria of ASHRAE 55 [30] and fixed limits of EN 16798-1 [31], considering comfort tem-
peratures between 18 ◦C and 25 ◦C to measure hours of thermal discomfort throughout
the year. This simulation model enables the evaluation of passive solutions across various
climates, demonstrating the potential and limitations of bioclimatic architecture in adapting
buildings to local conditions [32]. The detailed characteristics of the building, namely the
composition of the walls, windows, door, roof, and floor, are presented in Tables A1–A3.

2.3. Model Validation and Reliability Assessment

To ensure the highest reliability of the simulation results, the model was approved
based on empirical studies and recognised benchmarks. Various thermal performance
study data, such as energy requirements for cooling and heating, indoor temperatures, and
hours of thermal discomfort, were compared with published data for small-scale buildings
in similar climate zones.

The validation process followed procedures established by the American National
Standards Institute/American Society of Heating, Refrigerating and Air-Conditioning
Engineers, in accordance with ASHRAE Standard 140 [29], which defines comparative
test cases for evaluating building energy simulation programs. This standard enables
benchmarking EnergyPlus results against reference analytical and empirical data, ensuring
that model performance is within the expected accuracy range. The simulated energy
requirements were also compared with results from previous empirical and simulation-
based studies of small-scale buildings in similar climatic conditions, such as those by Im
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et al. [33] and Palacios Mackay [34]. The good agreement observed between the present
model and these validated studies confirms that the numerical framework provides reliable,
consistent results, in line with international standards and the published literature.

Although the study is based on a simplified building model, this reference geometry
was intentionally adopted to enable consistent comparison of passive design strategies
across multiple climatic contexts, minimizing the variability caused by differences in
architectural form or regional construction practices. The methodology and validation
steps, therefore, provide confidence that the trends observed for passive strategies across
various climatic conditions are reliable. This approach isolates the influence of climate
and passive measures from morphological effects, ensuring that the comparative analysis
reflects regional climatic diversity rather than geometric variation. Empirical validation,
as described in studies such as that conducted by Im et al. [33], is essential to ensure the
accuracy of building energy models, especially in projected climate change scenarios. Other
studies, such as Palacios Mackay’s [34], have demonstrated the effectiveness of simplified,
validated models for evaluating adaptive façade strategies, reinforcing the applicability of
a similar perspective across diverse contexts. Future work will expand this framework to
include representative regional building typologies, thereby further enhancing the model’s
contextual adaptation.

3. Case Studies: Evaluating the Performance of Passive Strategies in
Different Climatic Contexts

The study aims to evaluate the effectiveness of passive strategies for thermal perfor-
mance in buildings across various climate zones through computational modelling and
dynamic energy simulations. Seven passive strategies were applied to a standard building
model in six cities selected based on the Köppen–Geiger climate classification. While
architectural geometry and materials remain constant, this uniform model enables direct
comparison of climatic influences and passive strategy performance across distinct regional
contexts. The approach ensures that variations in results are attributable to climate diversity
rather than differences in building form or design complexity.

Future climate data were determined using climate analogue mapping, a methodology
that compares projected conditions for a city with the current climates of other locations.
This makes it possible to estimate, in a simple way, what the climate conditions of a region
will be like. In the study conducted by Fitzpatrick and Dunn [35], the technique was
applied to approximately 540 urban areas in North America, analysing two scenarios: emis-
sions mitigation (Representative Concentration Pathway (RCP) 4.5) and high uncontrolled
emissions (RCP8.5).

The study showed that by 2080, several cities will experience climatic conditions
similar to those in regions hundreds of kilometres to the south. For example, cities in the
north-east of the United States will experience conditions similar to those in the south-west
of the country, becoming warmer and more humid [35].

The authors developed a tool that allows the climate analogues of each city and
different scenarios to be observed, proving effective for predicting climate change. The
study shows that cities will face unprecedented conditions, requiring the implementa-
tion of adaptation policies, urban infrastructure prepared for uncertain scenarios, and
resilience strategies capable of addressing not only gradual changes but also new climatic
conditions [35].

3.1. Modelling Methodology and Strategy

The model building underwent four types of thermal simulations to assess the per-
formance of passive strategies in both current and future scenarios, such as the potential
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thermal performance (without control) and realistic performance (with control) of the
building, as described below:

• Present scenario without temperature control—Simulation that allows verification of
the natural thermal behaviour of the building, without the use of active air condition-
ing systems, thus evaluating passive performance.

• Present scenario with temperature control—Simulation that allows the thermal be-
haviour of the building to be verified, with the use of active air conditioning systems,
through defined heating and cooling setpoints (18 ◦C and 25 ◦C).

• Future scenario without temperature control—Simulation that allows the passive ther-
mal performance of the building to be projected in future climate scenarios, without
the use of active air conditioning systems.

• Future scenario with temperature control—Simulation that allows the passive thermal
performance of the building to be projected in future climate scenarios, with active air
conditioning systems, using setpoints (18 ◦C and 25 ◦C). This scenario is the only one
in which passive strategies are applied, allowing the evaluation of how thermal loads
will evolve in the future to promote thermal comfort.

3.2. Selection of Cities and Climate Justification

The six selected cities present diverse climate scenarios across different latitudes and
regions of the globe, allowing for a comparative analysis of strategies. According to the
Köppen–Geiger classification, cities are classified as shown in Table 1.

Table 1. Köppen–Geiger climate classification for the six selected cities, including country, latitude,
and climate type.

City Country Latitude Classification Köppen–Geiger Climate Type

Lisbon Portugal 38◦ N Csa 1 Mediterranean

Berlin Germany 52◦ N Cfb 1 Temperate oceanic

Östersund Sweden 63◦ N Dfc 1 Cold subarctic

Montreal Canada 45◦ N Dfb 1 Humid continental

Riyadh Saudi Arabia 24◦ N BWh 1 Hot and dry (desert)

Bangkok Thailand 13◦ N Aw 1 Tropical with dry season
1 Köppen–Geiger codes: first letter = main climate type (A = tropical, B = arid, C = temperate, D = cold); second
letter = seasonal precipitation pattern (s = savanna-dry summer, w = savanna-dry winter, f = no dry season,
W = Arid desert); third letter = temperature intensity (a = hot summer, b = warm summer, c = cold summer,
h = hot).

The city of Lisbon has experienced hot, dry summers, with average temperatures
above 30 ◦C, frequent tropical nights, and mild, humid winters. Therefore, due to these
records, passive strategies should be used to minimise heat gains, such as shading or
ventilation [17,36].

The city of Berlin has experienced moderate summers and cold winters, with tem-
peratures ranging from −1 ◦C to 24 ◦C, and an increase in summer temperatures and
precipitation over the last few years. Thus, there has been a need to implement strategies
to control solar gains and promote natural ventilation [37].

The city of Östersund has long, harsh winters, with temperatures often below −15 ◦C,
and short, mild summers. Based on these records, energy expenditure is mainly for heating,
requiring strategies that promote heat conservation, such as improved thermal insulation
and maximising solar gains [38].

The city of Montreal has high annual temperature variability, with severe winters
(down to −20 ◦C) and hot summers (>30 ◦C). The main energy expenditure is for heating;
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however, the use of electronic equipment and glazed areas has led to an increase in demand
for cooling, implying a combined use of strategies (heating and cooling) [39].

The city of Riyadh has experienced extremely high summer temperatures, often above
45 ◦C, and low relative humidity (<20%). The city has a high building density and low
vegetation, which contribute to increased local temperatures. Thus, there has been a need
for solutions such as high-reflectance surfaces, horizontal shading, and reduced exposure
of paved areas [40].

The city of Bangkok has experienced high average temperatures throughout the year
(~29 ◦C) and relative humidity often above 80%, with periods of heavy rainfall and high
humidity (monsoon season). The use of night ventilation, solar protection, low-thermal-
absorption materials, and internal humidity control has proven highly effective in this
scenario [41].

3.3. Passive Strategies Adopted in Sustainable Construction

Sustainable construction refers to the design, construction, and operation of build-
ings that reduce environmental impact, promote energy efficiency, and improve occupant
well-being. This approach encompasses the use of environmentally friendly materials,
efficient resource management, waste and emissions reduction, and the incorporation
of strategies that minimise energy consumption while ensuring indoor comfort. In this
context, passive strategies play a crucial role by leveraging the environment’s natural
resources to maintain thermal comfort, thereby reducing reliance on mechanical systems.
The choice and application of solutions depend on factors such as the local climate, the
building’s solar orientation, construction characteristics, and thermal inertia. The study un-
der analysis considers seven passive strategies: increasing thermal mass, night ventilation,
increasing thermal insulation thickness (wall/roof), green roofing, shading, and reducing
glazing area.

Increased Thermal Mass (SP1)—This strategy involves using materials with higher
thermal capacity in the internal cladding, which store heat during the day and release it
at night, reducing internal temperature fluctuations. As materials with higher thermal
capacity can significantly reduce energy consumption [27,42], four types of interior panels
were tested in the simulation (see Table A4): plasterboard panel (Case 1), with lower
thermal mass; lightweight concrete panel (Case 2); stucco panel (Case 3); and normal
concrete panel (Case 4), with higher thermal mass.

Natural Night Ventilation—‘Free Cooling’ (SP2)—The solution is characterized by
the renewal of indoor air through the entry of cooler outdoor air during the night (from
4 a.m. to 8 a.m., between June and September), allowing heat to dissipate from the building.
Increasing the ventilation rate can reduce cooling energy consumption by around 30%,
depending on the outside temperature [26,42]. To assess the potential of this technique,
different air changes per hour (h−1) values ranging from mild to very intense were chosen
in the form of four scenarios (see Table A5): case 1–0.5 h−1; case 2–7.8 h−1; case 3–15.6 h−1;
and case 4–23.5 h−1. These rates represent the number of times the indoor air is completely
renewed per hour.

Increased Roof/Wall Thickness (SP3/SP6)—The strategy involves increasing the thick-
ness of roofs or walls to improve thermal insulation and reduce heat loss in winter and
heat gain in summer. This strategy could lead to a 20% to 47% reduction in energy con-
sumption [25,43]. In the simulation, four scenarios were tested (see Tables A6 and A9) with
different insulation thicknesses for the roof (0.05 m to 0.0875 m) and the wall (0.05 m to
0.08 m).

Green Roof (SP4)—The strategy is characterised by the use of a green roof composed
of several layers: vegetation, substrate, drainage, and waterproofing, ensuring natural
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shading, evapotranspiration, and thermal insulation. Implementing this solution helps
reduce external temperatures, thereby decreasing heat transfer into the building [11,27].
In the simulation, four scenarios were defined and tested with variable values in the
constituent properties that characterize the solution: vegetation, substrate, drainage, and
waterproofing (see Table A7).

Exterior Shading Devices (SP5)—The strategy is characterized by using shading ele-
ments that block direct solar radiation on glazed surfaces, and factors such as solar radiation
intensity and climatic conditions could influence the effectiveness of this solution [11,42].
Four scenarios were simulated (see Table A8). Case 1 corresponds to the initial condition,
without any active shading elements. In the remaining cases, three shading solutions
were evaluated: external blinds (Case 2), opaque internal blinds (Case 3), and external
blinds with slats (Case 4), all capable of directly blocking solar radiation on the building’s
glazed surfaces.

Reduction of Glazed Area (SP7)—The strategy involves reducing the glazed area,
resulting in a considerable decrease in heat gains and losses [44]. In the simulation, four
different scenarios were considered (see Table A10): Case 1, corresponding to the initial
scenario, with no reduction in glazed area; Case 2, with a 10% reduction; Case 3, with a 20%
reduction; and Case 4, with a 30% reduction in relation to the initial glazing measurements.

The characteristics of each case for each passive solution tested can be found in more
detail in Tables A4–A10.

3.4. Climate Data

The current data was obtained from EPW (EnergyPlus Weather) files, which provide
temporal data on meteorological variables for different locations [22].

Future data were obtained from contemporary climate analogues, using a method-
ology described by Fitzpatrick and Dunn [35]. This approach identifies current regions
with climates like those of other locations in the future, using forecasts for the 2080s under
two emission scenarios (RCP4.5 and RCP8.5). However, the Fitzpatrick & Dunn study
indicates that this method cannot provide forecasts for cities with extreme climates, such as
Riyadh and Bangkok, due to their unique climatic conditions [35].

It is important to point out that, due to this limitation in the adopted methodology,
no future climate data are available for Riyadh and Bangkok. However, these two cities
were retained, given their extreme climatic characteristics (arid and tropical), which are
important for the performance of buildings in different climatic contexts. The inclusion
of these cities aims to highlight gaps in available future climate data and to reinforce the
need to develop alternative modelling methods capable of addressing these unique climatic
conditions. Thus, the comparative analysis of future climate scenarios focuses only on the
four remaining cities for which data is available. In Riyadh and Bangkok, simulations are
conducted only in the current scenario.

3.4.1. Outdoor Temperature

The evolution of outdoor temperatures for current and future climate scenarios across
six distinct climate zones—Lisbon, Berlin, Östersund, Montreal, Riyadh, and Bangkok—is
shown in Figure 4.

The temperature difference between the present and future scenarios shows an increase
in the average temperature and the maximum values recorded, by 1.5 ◦C to 3.3 ◦C. These
values allow us to identify possible scenarios of global warming and how they will affect
the thermal and energy performance of buildings.

In Lisbon, the maximum annual temperature increased from 35.8 ◦C in the current
scenario to 36.8 ◦C in the future, while minimum temperatures remained stable around 4 ◦C,
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leading to an increase in the frequency of summer overheating. In Berlin, the minimum
annual temperature drops from −8.9 ◦C in the present to −14.3 ◦C in the future, while
maximum temperatures remain stable at 32.6 ◦C to 33.3 ◦C, resulting in harsher winters. In
Östersund, the annual minimum temperature has decreased from −25.5 ◦C at present to
−22.4 ◦C in the future, while maximum temperatures have remained stable at 26.4 ◦C to
−26.8 ◦C, resulting in winters with shorter periods of extreme cold. In Montreal, the annual
minimum temperature rises from −26.2 ◦C at present to −24.9 ◦C in the future, while
maximum temperatures remain stable between 31.8 ◦C and 32.6 ◦C, resulting in winters
with fewer periods of extreme cold and warmer summers. For Riyadh and Bangkok, future
climate data were unavailable because the applied climate-analogue methodology does
not provide equivalents for extreme arid and tropical-humid climates. Nevertheless, both
cities were included to represent these critical climatic contexts, which are relevant to
assessing the performance of passive strategies under hot, humid conditions. Thus, only
present-day data are used for Riyadh and Bangkok, while future projections are applied to
the remaining four cities.

 
(a) 

 
(b) 

Figure 4. Annual variation of outdoor air temperature under current (a) and future (b) climate
scenarios for the six selected cities, (a) Outdoor dry bulb temperature [◦C]—Current scenario,
(b) Outdoor dry bulb temperature [◦C]—Future scenario.

3.4.2. Solar Radiation

Direct solar radiation (direct normal irradiance) for current and future climate scenar-
ios across the six distinct climate zones—Lisbon, Berlin, Östersund, Montreal, Riyadh, and
Bangkok—is shown in Figure 5.
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(a) 

 
(b) 

Figure 5. Annual variation of direct solar radiation under current (a) and future (b) climate scenarios
for the six selected cities, (a) Solar radiation [W/m2]—Current scenario, (b) Solar radiation [W/m2]—
Future scenario.

The analysis shows an increase in average annual radiation in various cities. In
Lisbon, average annual solar radiation and maximum radiation increase from 191 W/m2 to
225 W/m2 and from 941 W/m2 to 988 W/m2, respectively, demonstrating longer periods
of solar radiation. In Berlin, the average annual solar radiation and maximum radiation
increase from 80 W/m2 to 118 W/m2 and from 856 W/m2 to 983 W/m2, respectively,
demonstrating longer periods of solar radiation. In the city of Östersund, the average
annual solar radiation and maximum radiation increase from 89 W/m2 to 135 W/m2 and
from 903 W/m2 to 976 W/m2, respectively, demonstrating longer periods of solar radiation
in the summer. In Montreal, the average annual solar radiation and maximum radiation
decrease from 182 W/m2 to 142 W/m2 and from 1029 W/m2 to 997 W/m2, respectively,
indicating longer periods of cloud cover. In Riyadh and Bangkok, where no data are
available for future scenarios, it is not possible to assess climate change for these locations,
as there is only data for the present situation. Thus, in the present scenario, Riyadh has
a maximum radiation of 1013 W/m2 and an average of 258 W/m2, while Bangkok has a
maximum of 889 W/m2 and an average of 115 W/m2. Based on this data, some cities show
an increase in solar radiation, leading to overheating, which in turn promotes the use of
architectural solutions to cool buildings.
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4. Results and Discussion
This study investigated energy consumption per unit area for heating and cooling, and

the overall energy balance, for a model building in different climate zones, using graphs to
show thermal loads under different conditions.

Initially, current energy needs (heating and cooling) were analysed to characterize
indoor thermal conditions for each climate region. Next, the percentage energy variation
for future climatic conditions was analysed, first without the use of passive solutions (case
1) and then with different passive strategies (cases 2, 3, 4), to evaluate the impact of each
solution on energy efficiency. However, as the methodology adopted by Fitzpatrick &
Dunn [35] was not suitable for extreme climates such as those of Riyadh and Bangkok, the
climate analogue failed to provide accurate future projections. Therefore, in these locations,
the effects with and without passive solutions are analysed only in the current scenario. Fi-
nally, to adopt a systematic, comparative approach, an energy-impact analysis is conducted
to demonstrate the effects of each passive solution across the various climate zones.

4.1. Present Energy Diagram

Figure 6 shows variations in heating and cooling energy requirements across cities
with different climates. In regions with cold climates, such as Östersund, Montreal and
Berlin, heating loads prevail, underscoring the importance of maintaining comfortable
environments during extended periods of low temperatures with minimal cooling require-
ments. The predominance of heating demand indicates high conductive losses through the
envelope, emphasizing the importance of insulation-based strategies.

Figure 6. Annual heating and cooling loads per unit area (kWh/m2) for the base case (present
scenario without passive solutions) in each climate zone.

On the other hand, in hot climates such as Bangkok and Riyadh, cooling accounts for
the largest energy demand, with very low heating loads. Cooling energy needs dominate
due to solar radiation and latent heat gains, making solar control and ventilation essential
priorities. In climates with intermediate conditions (heat and cold), such as Lisbon, heating
and cooling energy needs are balanced. The balanced pattern observed in Lisbon highlights
its transitional nature, where both heating and cooling loads are significant, underscoring
the need for a mix of passive strategies. This enables understanding how thermal behaviour
evolves across different regions and thus defines the best passive strategies and solutions
suited to each climate.
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4.2. Present/Future Energy Consumption

Figure 7 shows the evolution of thermal loads per unit area (kWh/m2) for cooling and
heating between the present and future scenarios without passive solutions. In Lisbon, as
temperatures rise, the cooling load increases from 25.6 to 36.1 kWh/m2, while the heating
load decreases from 55.9 to 33.2 kWh/m2, promoting the adoption of cooling solutions.
In Berlin, cooling demand increases from 10.3 to 12.8 kWh/m2, while heating demand
remains practically unchanged, rising from 193.3 to 191.4 kWh/m2. The cities of Östersund
and Montreal exhibit similar behavior, with a reduction in heating loads—from 322.7
to 296.5 kWh/m2 in Östersund and from 252.0 to 249.3 kWh/m2 in Montreal. In terms
of cooling needs, Östersund decreases slightly from 3.6 to 3.1 kWh/m2, while Montreal
increases from 13.7 to 16.6 kWh/m2.

Figure 7. Comparison of heating and cooling energy needs per unit area (kWh/m2) between present
and future scenarios, without passive solutions.

The reduction in heating and simultaneous increase in cooling demand across most
cities demonstrates the projected impact of climate change on building thermal performance.
These trends indicate that passive design must adapt dynamically, enhancing shading and
natural ventilation in warmer regions, while maintaining good insulation efficiency to
prevent overheating. The graphical results thus serve not only as quantitative outcomes but
as visual evidence of the changing thermal balance that motivates the adoption of adaptive
passive measures.

4.3. Energy Consumption with the Application of Passive Solutions (Increased Thermal Mass)

Figure 8 shows the evolution of thermal loads per unit area (kWh/m2) for cooling and
heating in the future scenario (except for Riyadh and Bangkok, which are carried out in
the present scenario), using the passive solution of increasing thermal mass. The passive
solution of increasing thermal mass reduces energy loads for both cooling and heating. In
Lisbon and Berlin, the solution implementation results in a gradual decrease in cooling
load, reaching approximately 85% (from 36.1 to 5.5 kWh/m2) in Lisbon and 96% (from
12.8 to 0.6 kWh/m2) in Berlin, respectively. This demonstrates that increasing thermal
mass helps to reduce heat peaks. Heating energy requirements show the same behavior,
although less pronounced in Berlin, decreasing from 33.2 to 9.6 kWh/m2 in Lisbon and from
191.4 to 165.4 kWh/m2 in Berlin. In Östersund and Montreal, the solution also allows for a
significant reduction in cooling loads, from 3.1 to 0.0 kWh/m2 and from 16.6 to 1.0 kWh/m2,
respectively. In terms of heating energy requirements, there is also a decrease, although
smaller, from 296.5 to 274.5 kWh/m2 in Östersund and from 249.3 to 225.7 kWh/m2 in
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Montreal. In Riyadh and Bangkok, the solution also demonstrates high efficiency, reducing
cooling loads from 120.8 to 76.1 kWh/m2 and from 129.3 to 62.9 kWh/m2, respectively.
In heating loads, reductions from 20.1 to 2.8 kWh/m2 are observed in Riyadh and from
0.118 to 0.0 kWh/m2 in Bangkok, confirming that increasing the thermal mass delays
heat transfer.

Figure 8. Heating and cooling energy needs (kWh/m2) under the future scenario with passive
solution—increased thermal mass.

As shown in Figure 8, the effect of thermal mass is particularly relevant in climates
with high diurnal temperature amplitude. In Lisbon and Berlin, the enhanced inertia delays
heat transfer through walls and floors, thereby reducing temperature peaks and stabilizing
indoor comfort conditions. This buffering effect explains the sharp reductions in cooling
energy seen in both temperate climates. In contrast, in colder regions such as Östersund
and Montreal, the lower external temperature oscillation limits the benefit of stored heat,
resulting in smaller improvements for heating loads. In hot climates (Riyadh, Bangkok),
the performance gain results from the time lag between peak solar radiation and indoor
heat release, which helps reduce overheating during daytime hours. These interactions
demonstrate how the physical properties of materials directly influence the numerical
trends observed in Figure 8, reinforcing the scientific connection between the graphical
data and the building’s thermal behaviour.

4.4. Energy Consumption with the Application of Passive Solutions (Free Cooling)

The evolution of thermal loads per unit area (kWh/m2) for cooling and heating, in
the future scenario (except for Riyadh and Bangkok, which are carried out in the present
scenario), using the passive solution, night ventilation, is shown in Figure 9. In Lisbon,
the results show a slight variation between cases, with cooling loads (36.1–36.4 kWh/m2)
and heating loads (33.2–34.0 kWh/m2) varying slightly. In Berlin and Montreal, the effects
of the solution show the cooling loads remaining practically unchanged (around 12.8 to
12.7 kWh/m2 in Berlin and 16.6 kWh/m2 in Montreal), while heating loads increase from
191.4 to 230.0 kWh/m2 in Berlin and from 249.3 to 273.1 kWh/m2 in Montreal. In Östersund,
cooling loads remain nearly constant (3.1–3.0 kWh/m2), while heating demand increases
from 296.5 to 359.5 kWh/m2. In areas such as Riyadh and Bangkok, there is an increase in
cooling load, from 120.8 to 149.2 kWh/m2 in Riyadh and from 129.3 to 145.9 kWh/m2 in
Bangkok, while heating loads remain practically constant (around 20.1 kWh/m2 in Riyadh
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and 0.118 kWh/m2 in Bangkok), a result explained by the small temperature difference
between day and night, which limits the effectiveness of night cooling.

Figure 9. Heating and cooling energy needs (kWh/m2) under the future scenario with passive
solution—night ventilation (free cooling).

As illustrated, the performance of the night ventilation strategy (free cooling) depends
strongly on the daily temperature range. In cold climates, this strategy proves less effective,
as the infiltration of colder outside air can increase heat loss, compromising the building’s
energy performance. In temperate regions, the impact remains low, as the potential for
night-time cooling is limited by the small temperature difference. On the other hand, in hot
arid regions, the low humidity and high nighttime temperatures reduce the effectiveness of
natural cooling.

4.5. Energy Consumption with the Application of Passive Solutions (Increased Roof Thickness)

Figure 10 shows the evolution of thermal loads per unit area (kWh/m2) for cooling
and heating in the future scenario (except for Riyadh and Bangkok, which are carried out
in the present scenario), using the passive solution of increasing roof thickness. In Lisbon,
cooling loads decrease from 36.1 to 31.1 kWh/m2, and heating loads decrease from 33.2
to 30.3 kWh/m2, indicating that the increase in roof thickness improves thermal stability.
In areas such as Berlin, similar behaviour is observed, with cooling loads decreasing from
12.8 to 10.9 kWh/m2 and heating loads decreasing from 191.4 to 180.1 kWh/m2. In colder
climate regions such as Östersund and Montreal, implementing the solution results in
more obvious reductions: cooling loads decrease from 3.1 to 2.5 kWh/m2 and from 16.6
to 14.1 kWh/m2, respectively, while economical heating loads decrease from 296.5 to
279.9 kWh/m2 and from 249.3 to 234.8 kWh/m2, respectively.

In hot climates (Riyadh and Bangkok), increasing roof thickness leads to a notable
reduction in cooling loads: from 120.8 to 109.1 kWh/m2 and from 129.3 to 117.7 kWh/m2,
respectively. On the other hand, heating energy needs fall from 20.1 to 17.9 kWh/m2

in Riyadh and are virtually non-existent in Bangkok, demonstrating that the increased
thickness of thermal insulation helps to reduce energy requirements in these regions.

Figure 10 highlights the stabilizing role of improved roof thickness in moderating
internal temperature variations. The decrease in cooling and heating loads is mainly
due to a reduction in heat conduction through the upper surface of the envelope, which
is most exposed to solar radiation. In temperate and cold climates, thicker insulation
layers help prevent heat loss during winter, while in hot climates, such as Riyadh and
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Bangkok, they reduce solar heat gain through the roof during periods of peak radiation.
The results confirm that improved roof insulation offers a universal benefit across climates,
though its relative efficiency depends on the balance between conductive and radiative heat
transfer mechanisms.

Figure 10. Heating and cooling energy needs (kWh/m2) under the future scenario with passive
solution—increased roof thermal insulation.

4.6. Energy Consumption with the Application of Passive Solutions (Green Roof)

Figure 11 shows the evolution of thermal loads per unit area (kWh/m2) for cooling
and heating in the future scenario (except for Riyadh and Bangkok, which are carried out
in the present scenario), using the passive solution of a green roof. Across cities, results
show that cooling and heating loads decrease in all cases, demonstrating the high efficiency
of this passive strategy. In Lisbon, the cooling load drops from 36.1 to approximately
23.9 kWh/m2, while the heating load decreases from 33.2 to 24.7 kWh/m2. In Berlin, the
cooling load is reduced from 12.8 to 7.2 kWh/m2, and the heating load from 191.4 to
167.7 kWh/m2. In colder climates such as Östersund and Montreal, cooling loads decrease
by about 57% (3.1 to 1.3 kWh/m2) and 41% (16.6 to 9.8 kWh/m2), respectively. In these
cities, the energy needs for heating, with the implementation of the solution, also show a
decrease from 296.5 to 267.0 kWh/m2 and from 249.3 to 223.3 kWh/m2, respectively. In hot
climates such as Riyadh and Bangkok, green roofing can lead to significant reductions in
cooling and heating loads. In cities with hot or temperate climates (Lisbon, Riyadh, and
Bangkok), cooling demand remains higher than heating demand, whereas in cities with
cold climates (Östersund, Berlin, and Montreal), the opposite trend is observed.

As shown in Figure 11, green roofs significantly contribute to thermal regulation of
buildings through shading, evapotranspiration, and additional layers of insulation. The
marked reduction in cooling demand across most climates confirms that vegetated surfaces
effectively mitigate solar heat gain, especially in cities such as Lisbon and Berlin. In cold
climates, its function becomes thermal regulation, acting as a barrier that reduces heat
loss throughout the winter. In hot, humid regions such as Bangkok, the combination of
evapotranspiration and substrate insulation more effectively delays heat transfer, increasing
thermal performance and reducing reliance on air conditioning.
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Figure 11. Heating and cooling energy needs (kWh/m2) under the future scenario with passive
solution—green roof.

4.7. Energy Consumption with the Application of Passive Solutions (Shading)

Figure 12 shows the evolution of thermal loads per unit area (kWh/m2) for cooling
and heating, in the future scenario (except for Riyadh and Bangkok, which are carried out
in the present scenario), with the implementation of a passive shading device solution.
In Lisbon, the results show a reduction in cooling energy in all cases, from 36.1 kWh/m2

(without passive solutions) to 31.3, 14.7, and 13.8 kWh/m2 (with passive solutions), while
heating loads vary slightly, from 33.2 to 31.1, 32.5, and 35.2 kWh/m2, showing a small
decrease in the intermediate cases (Case 2—Roller Blind, Case 3—External Shutter (PVC))
and a slight increase with External Slat Blinds-Case 4. In Berlin, cooling and heating loads
are significantly reduced by implementing shading solutions. In Östersund, there is a sharp
reduction in cooling loads—from 3.1 to 2.7, 0.08, and 0.17 kWh/m2—while heating loads
remain nearly stable—from 296.5 to 286.2, 301.3, and 302.6 kWh/m2. In Montreal, cooling
loads decrease while heating loads vary slightly. In hot zones such as Riyadh and Bangkok,
the cooling and heating loads decrease consistently, confirming that excessive shading may
limit heat dissipation.

Figure 12. Heating and cooling energy needs (kWh/m2) under the future scenario with passive
solution—solar shading.
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As shown in Figure 12, solar shading significantly affects cooling performance, es-
pecially in hot and temperate climates. The reduction in cooling loads by up to 60–70%
demonstrates the effectiveness of external shading devices in reducing direct solar gains
through glazed surfaces. However, the slight increase in heating requirements in some cold
regions underscores the importance of adopting adjustable or seasonal shading solutions to
balance energy performance year-round. This observed behaviour reinforces the principle
that the design of shading systems must align with local latitude, the sun’s path, and façade
orientation to optimise thermal performance and energy efficiency.

4.8. Energy Consumption with Passive Solutions (Increased Wall Thickness)

Figure 13 shows the evolution of thermal loads per unit area (kWh/m2) for cooling
and heating in the future scenario (except for Riyadh and Bangkok, which are carried out
in the present scenario) with increased wall thickness. In Lisbon, cooling loads decrease
from 36.1 to 24.8 kWh/m2 and heating loads from 33.2 to 25.5 kWh/m2, demonstrating the
effectiveness of increased thermal insulation.

Figure 13. Heating and cooling energy needs (kWh/m2) under the future scenario with the passive
solution—increased wall thermal insulation.

In colder areas such as Berlin, Östersund, and Montreal, increasing the wall thickness
results in progressive reductions in cooling loads and heating loads.

In this way, increasing the thickness of the walls’ thermal insulation reduces heat
transfer in winter, reduces thermal losses, and helps limit excessive heating of indoor
spaces during summer. In hot climates, such as Riyadh and Bangkok, the loads for cooling
decrease by up to around 27% (120.8 to 88.5 kWh/m2) and 25% (129.3 to 97.0 kWh/m2),
respectively, while the heating loads show notable reductions of up to about 24% (20.1
to 15.3 kWh/m2) and 39% (0.118 to 0.072 kWh/m2), confirming that the increase of the
thermal insulation of the walls contributes to lower energy needs in these climates.

Figure 13 further demonstrates that wall insulation directly governs the building’s
conductive heat exchange. The improvement observed in all climates shows that this
measure offers a double benefit: it reduces the need for heating in cold regions and helps to
mitigate overheating in hot regions. The graphical data show that thicker walls increase
the thermal time lag, promoting indoor temperature stability. This confirms that structural
envelope improvements remain one of the most universally effective passive strategies.
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4.9. Energy Consumption with the Application of Passive Solutions (Reduction of the Glazed Area)

Figure 14 shows the evolution of thermal loads per unit area (kWh/m2) for cooling
and heating in the future scenario (except for Riyadh and Bangkok, which are carried out
in the present scenario), using the passive solution of reducing the glazing area. In Lisbon,
reducing the glazing area leads to a progressive reduction in both cooling and heating
energy needs, with cooling loads decreasing from 36.1 to 24.3 kWh/m2 and heating loads
decreasing slightly from 33.2 to 32.8 kWh/m2. In cities such as Berlin, Östersund, and
Montreal, implementing the solution results in consistent reductions in both heating and
cooling energy loads. This demonstrates that controlling the glazing area allows for effective
energy management in colder climates by reducing both heating and cooling demands.

 

Figure 14. Heating and cooling energy needs (kWh/m2) under the future scenario with passive
solution SP7—reduced window-to-wall ratio.

The results shown in Figure 14 demonstrate that optimising the window-to-wall
ratio is a simple but highly effective design tool. The consistent reduction in cooling and
heating requirements demonstrates that solar and conduction heat gains through glazed
surfaces can be controlled efficiently. However, it is essential that designers maintain a
balance between natural lighting and ventilation requirements, as excessive reduction of
these elements can compromise occupant comfort. The relationship between the results
presented and the design principles underscores the importance of an integrated façade
design approach to promote thermal efficiency.

4.10. Global Analysis of Passive Solutions—Energy Consumption

Table 2 shows the energy impact of the various passive solutions implemented (SP1-
SP7) across the six climatic locations considered: Lisbon, Berlin, Östersund, Montreal,
Riyadh, and Bangkok. The energy impact is evaluated using symbols to assess energy
reduction (>40%, 20–40%, <20%) or energy increase.

In hot climates such as Ride and Bangkok, the energy performance improves with
increasing thermal mass (SP1), from case 2 (⋆) to case 4 (⋆⋆⋆). This is attributed to
thermal inertia, which delays heat propagation and reduces indoor temperature peaks.
On the other hand, in cold climates, the implementation of the solution (SP1) shows a
lower energy performance (⋆) because heating dominates and temperature fluctuations
are slower, limiting the benefit of thermal storage. In moderate climates like Lisbon, the
energy performance remains high (⋆⋆⋆) in all cases. Thus, the adoption of thermal
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mass increases in these climates demonstrates their effectiveness in improving energy
efficiency [28,42].

Table 2. Energy impact of the various passive solutions implemented (SP1 to SP7) in the different
climatic locations.

City Case SP1 SP2 SP3 SP4 SP5 SP6 SP7

Lisbon Case 2 ⋆⋆⋆ ⋆ ⋆ ⋆⋆ ⋆⋆ ⋆⋆ ⋆⋆

Lisbon Case 3 ⋆⋆⋆ ⋆ ⋆⋆ ⋆⋆ ⋆⋆⋆ ⋆⋆ ⋆⋆

Lisbon Case 4 ⋆⋆⋆ ⋆ ⋆⋆ ⋆⋆⋆ ⋆⋆ ⋆⋆ ⋆⋆

Berlin Case 2 ⋆ • ⋆ ⋆ ⋆ ⋆ ⋆

Berlin Case 3 ⋆ • ⋆ ⋆ ⋆ ⋆ ⋆

Berlin Case 4 ⋆ • ⋆ ⋆ ⋆ ⋆ ⋆

Ostersund Case 2 ⋆ • ⋆ ⋆ ⋆ ⋆ ⋆

Ostersund Case 3 ⋆ • ⋆ ⋆ ⋆ ⋆⋆ ⋆

Ostersund Case 4 ⋆ • ⋆ ⋆ ⋆ ⋆⋆ ⋆

Montreal Case 2 ⋆ • ⋆ ⋆ ⋆ ⋆ ⋆

Montreal Case 3 ⋆ • ⋆ ⋆ ⋆ ⋆ ⋆

Montreal Case 4 ⋆ • ⋆ ⋆ ⋆ ⋆ ⋆

Riyadh Case 2 ⋆ • ⋆ ⋆⋆ ⋆ ⋆ ⋆

Riyadh Case 3 ⋆⋆ • ⋆ ⋆⋆ ⋆⋆ ⋆ ⋆

Riyadh Case 4 ⋆⋆⋆ • ⋆ ⋆⋆ ⋆⋆ ⋆⋆ ⋆

Bangkok Case 2 ⋆ • ⋆ ⋆ ⋆ ⋆ ⋆

Bangkok Case 3 ⋆⋆ • ⋆ ⋆ ⋆⋆ ⋆ ⋆

Bangkok Case 4 ⋆⋆⋆ • ⋆ ⋆ ⋆⋆ ⋆⋆ ⋆

The implementation of the SP2 solution (free cooling) shows a negative impact in
almost all cases and climate zones, with an increase in energy, except in Lisbon, which
shows an energy reduction (13%). This underscores the importance of sufficient diurnal
temperature amplitude for effective free cooling, requiring a climatic and architectural
analysis for its implementation [42].

The implementation of the SP3 solution (increased roof thickness) shows moderate
performance (⋆) in all cases and climate zones, with maximum performance (⋆⋆) in case
4 in Lisbon. The results show the stability and reliability of this solution as a complementary
strategy. This results from reduced conductive heat transfer through the roof, moderating
both heating and cooling loads [15].

The use of the SP4 solution (green roof) shows satisfactory results in improving energy
efficiency in the various cases and locations. In hot and moderate climates, such as Lisbon
and Riyadh, it shows maximum performance (⋆⋆⋆) and (⋆⋆⋆) in case 4, respectively,
demonstrating the solution’s effectiveness in promoting thermal regulation [28]. This
phenomenon occurs due to evapotranspiration and shading, which reduces roof surface
temperatures and decreases cooling loads. In colder climates, the performance is more
modest (⋆), as heating dominates energy demand.

The SP5 solution (shading devices) has moderate performance, achieving its best
results in hot climates such as Bangkok and Riyadh and in moderate climates such as
Lisbon. The use of various shading techniques reduces the retention of direct solar gains,
lowers cooling demand, and maintains indoor comfort [24,45].
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The SP6 solution (increased wall thickness) has a positive impact on reducing energy
needs for heating in cold climates such as Östersund and Montreal (⋆⋆). However, in
warmer climates (⋆), the results obtained are more moderate. Thus, increasing the wall
thickness increases the opaque envelope’s thermal resistance, limiting winter heat losses
and summer solar gains [15].

The SP7 solution (reduced glazing area) performs uniformly in all cases and zones,
with maximum performance in temperate climates such as Lisbon (⋆⋆). Reducing the
area of glazing can reduce thermal fluxes through radiation and conduction, but it also
affects natural lighting and ventilation. However, despite modest results, reducing the
glazing area has proven consistent and reliable [46].

4.11. Summary of Results

The results clearly demonstrate that the effectiveness of passive design strategies
depends heavily on the climatic context.

In hot climates (Riyadh and Bangkok), strategies such as increasing thermal mass,
incorporating shading devices, and implementing green roofs yielded the greatest re-
ductions in cooling demand. These effects result from thermal inertia, shading, and
evapotranspiration [46].

In temperate climates (Lisbon), a combination of enhanced thermal mass, improved
wall insulation, and green roof systems provided balanced improvements in both heating
and cooling efficiency, leveraging thermal storage, conductive resistance, and surface
cooling mechanisms.

In cold climates (Östersund, Montreal, and Berlin), increasing the insulation of walls
and roofs, coupled with a reduction in glazing area, proved most effective in minimizing
heating energy consumption by limiting conductive and radiative heat losses [15].

Based on the data, it can be concluded that there is no universally ideal passive strategy
and that a combination of strategies is needed to achieve the greatest potential for energy
efficiency and thermal performance. The results highlight the importance of implementing
design strategies that consider the climate when designing energy-efficient buildings, both
for current and future climate scenarios [24,28].

The results obtained in this study are consistent with the trends reported in previous
research. For instance, the energy savings achieved through enhanced thermal mass (up to
85–96% reduction in cooling demand in temperate climates) are comparable to those found
by Kokatnur et al. [15], who reported 80–90% improvement in thermal stability with high-
inertia materials. Similarly, the effectiveness of green roofs in reducing cooling loads (up to
44% in Berlin and 34–36% in Lisbon) aligns with the findings of Zhang et al. [11] and Jia et al.
et al. [28], who observed cooling reductions between 30–45% in comparable climates. In hot
climates, the performance of shading devices observed in Riyadh and Bangkok (up to 32%
reduction in cooling energy) agrees with Palmero-Marrero & Oliveira [24], emphasizing
the relevance of solar control in tropical regions. Conversely, the limited efficiency of night
ventilation (SP2) in most cities is consistent with Artmann et al. [45], who noted that the
potential for free cooling is highly dependent on large diurnal temperature ranges. Overall,
the comparison demonstrates that the simulated passive strategies exhibit comprehensive
performance levels and, in certain cases, are superior to those described in the literature,
confirming the robustness of the modeling framework. This integrated analysis shows
that passive thermal design is an efficient climate-adaptation solution for buildings facing
future environmental conditions.
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5. Conclusions
This article evaluates the performance of seven passive solutions through dynamic sim-

ulations using the OpenStudio and EnergyPlus simulation engines. The analysis includes
the evaluation of solutions in a model building, in various climate and time scenarios,
making it possible to recognize which strategies are best suited to reducing the effects of
thermal extremes and reducing energy consumption. The main conclusions of the study
are summarized below for greater clarity and emphasis:

1. The results showed that implementing the solution of increasing the thermal mass
leads to the best performance, making it possible to reduce energy loads for heating
and cooling in various contexts, particularly in hot and temperate climates.

2. The natural ventilation solution, SP2, on the other hand, had a negative impact in the
various contexts, essentially when there is a reduced temperature range between day
and night.

3. The solutions for improving thermal insulation, increasing the thickness of the roof
(SP3) and walls (SP6), have shown considerable performance, especially in cold
climates such as Östersund and Montreal.

4. The implementation of the green roof solution (SP4) has shown maximum effectiveness
in hot and humid climates such as Riyadh and Bangkok, where it reduces energy
needs for cooling due to the shading and evapotranspiration effect.

5. On the other hand, the implementation of solutions that promote solar control, such
as external shading (SP5) and reducing the glazing area (SP7), makes it possible to
reduce temperatures in climates with high radiation. The effectiveness of this type of
solution varies according to solar radiation intensity and climatic conditions.

In short, the results obtained show that the effectiveness of passive solutions depends
on the climatic context and the time scenario considered, and that it is possible to combine
different solutions to maximize thermal benefits. A rigorous approach must therefore be
taken at the design stage to significantly increase buildings’ thermal resilience, mitigating
the impacts of heat waves and intense cold. This study, therefore, enables the evaluation of
the use of passive solutions to adapt buildings to the thermal extremes caused by climate
change, thereby promoting energy-efficient, sustainable environments. The method used
demonstrates the functionalities of energy simulation tools, providing an approach for
energy renovation policies, climate adaptation strategies, and bioclimatic architecture
practices. Future studies could examine buildings with different uses and configurations
and explore how different passive strategies affect their energy performance.

6. Recommendations
In future work, it is advisable to explore integrated solutions that combine economic

and environmental variables, apply them to different building types (e.g., offices, schools,
and hospitals), and investigate other technologies. The inclusion of both economic and envi-
ronmental factors is also essential for assessing the cost–benefit ratio and the sustainability
of each approach. Future studies should also conduct detailed economic feasibility and
cost–benefit analysis of the most effective passive strategy combinations identified in this
work, to evaluate their practical applicability and support evidence-based decision-making
for policymakers and practitioners.

Furthermore, research on integrating passive and active technologies can provide
valuable insights to achieve higher energy efficiency and improved thermal performance.
In the future, given the various climate uncertainties, the adoption of passive solutions
will represent a fundamental strategy for enhancing the thermal and energy performance
of buildings.
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Appendix A

Table A1. Construction Parameters of Walls/Roof.

Parameter (Walls) Interior
Panel—Gypsum Metal Structure (LSF) Insulation—

Rock Wool Exterior Panel—OSB

Roughness Smooth Very Smooth Very Smooth Medium Rough

Thickness (m) 0.012 0.001 0.04 0.015

Thermal Conductivity
(W/m·K) 0.25 50 0.032 0.13

Density (kg/m3) 800 7850 80 600

Specific Heat (J/kg·K) 800 500 800 1200

Thermal Absorptance 0.9 0.9 0.9 0.9

Solar Absorptance 0.7 0.7 0.7 0.7

Visible Absorptance 0.7 0.7 0.7 0.7

Parameter(Roof) Interior Panel—Gypsum Metal Structure (LSF) Insulation—Rock Wool Exterior Panel—OSB

Roughness Smooth Very Smooth Very Smooth Medium Rough

Thickness (m) 0.012 0.001 0.04 0.015

Thermal Conductivity
(W/m·K) 0.25 50 0.032 0.13

Density (kg/m3) 800 7850 80 600

Specific Heat (J/kg·K) 800 500 800 1200

Thermal Absorptance 0.9 0.9 0.9 0.9

Solar Absorptance 0.7 0.7 0.7 0.7

Visible Absorptance 0.7 0.7 0.7 0.7

https://litecs.ubi.pt/en/
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Table A2. Construction Parameters of Floor/Door.

Property (Floor) Reinforced Concrete Floor

Roughness Medium Smooth

Thickness (m) 0.10

Conductivity (W/m·K) 1.4

Density (kg/m3) 2200

Specific Heat (J/kg·K) 840

Thermal Absorptance 0.9

Solar Absorptance 0.7

Visible Absorptance 0.7

Property (Door) Aluminium (opaque) Thermal Insulation (PU ~3 cm) Aluminium (opaque)

Roughness Smooth Smooth Smooth

Thickness (m) 0.025 0.030 0.025

Conductivity (W/m·K) 200 0.022 200

Density (kg/m3) 2700 40 2700

Specific Heat (J/kg·K) 900 1500 900

Thermal Absorptance 0.5 0.15 0.5

Solar Absorptance 0.4 0.15 0.4

Visible Absorptance 0.4 0.15 0.4

Table A3. Construction Parameters of Window.

Parameter CLEAR 4 MM AIR 12 MM CLEAR 4 MM

Material Type Glass Air Glass

Thickness (m) 0.004 0.0127 0.004

Solar Transmittance at Normal Incidence 0.775 - 0.775

Solar Reflectance (Front) at Normal Incidence 0.071 - 0.071

Solar Reflectance (Back) at Normal Incidence 0.071 - 0.071

Visible Transmittance at Normal Incidence 0.881 - 0.881

Visible Reflectance (Front) 0.080 - 0.080

Visible Reflectance (Back) 0.080 - 0.080

Infrared Transmittance 0.000 - 0.000

Infrared Emissivity (Front) 0.840 - 0.840

Infrared Emissivity (Back) 0.840 - 0.840

Thermal Conductivity (W/m·K) 0.900 - 0.900

Dirt Correction Factor (Solar/Visible Transmission) 1.000 - 1.000
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Table A4. Thermal Mass Increase Cases (SP1).

Characteristic Case 1—Gypsum
Interior Panel

Case 2—M11
Lightweight
Concrete (100 mm)

Case 3—1IN Stucco
Interior Panel

Case
4—Normalweight
Concrete (100 mm)

Thickness (m) 0.012 0.2544 0.3321 0.1109

Thermal Conductivity (W/m·K) 0.25 0.53 0.6918 2.3105

Density (kg/m3) 800 1280 1858 2322

Specific Heat (J/kg·K) 800 840 837 833

Thermal Absorptance 0.9 0.9 0.9 0.9

Solar Absorptance 0.7 0.5 0.92 0.7

Visible Absorptance 0.7 0.5 0.92 0.7

Roughness Smooth Medium Rough Smooth Medium Rough

Table A5. Night Ventilation Cases (SP2).

Characteristic Case 1 Case 2 Case 3 Case 4

Design Flow Rate (m3/s) 0.5 7.826 15.652 23.478

Flow per Space Floor Area (m3/s·m2) 0.0016 0.025 0.05 0.075

Flow per Space Floor Area (alternative) (m3/s·m2) 0.00032 0.005 0.01 0.015

Flow per Exterior Surface Area (m3/s·m2) 0.000052 0.000814 0.001629 0.002443

Table A6. Insulation Thickness Variation in Roof (SP3).

Characteristic Case 1 (0.05 m) Case 2 (0.0625 m) Case 3 (0.075 m) Case 4 (0.0875 m)

Thickness (m) 0.05 0.0625 0.075 0.0875

Thermal Conductivity (W/m·K) 0.032 0.032 0.032 0.032

Density (kg/m3) 80 80 80 80

Specific Heat (J/kg·K) 800 800 800 800

Thermal Absorptance 0.9 0.9 0.9 0.9

Solar Absorptance 0.7 0.7 0.7 0.7

Visible Absorptance 0.7 0.7 0.7 0.7

Roughness Very Smooth Very Smooth Very Smooth Very Smooth

Table A7. Green Roof Properties (SP4).

Vegetation Layer

Property Case 1—No Green Roof Case 2—Light Case 3—Intermediate Case 4—Robust

Thickness (m) 0.05 0.05 0.25 0.40

Thermal Conductivity (W/m·K) 0.032 0.1 0.18 0.25

Density (kg/m3) 80 300 700 1000
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Table A7. Cont.

Vegetation Layer

Specific Heat (J/kg·K) 800 900 1200 2000

Thermal Absorptance 0.9 0.8 0.9 0.95

Solar Absorptance 0.7 0.4 0.6 0.75

Visible Absorptance 0.7 0.4 0.6 0.75

Roughness Very Smooth Smooth Smooth Smooth

Substrate Layer

Property Case 2—Light Case 3—Intermediate Case 4—Robust

Thickness (m) 0.05 0.3 0.5

Thermal Conductivity (W/m·K) 0.1 0.6 1.5

Density (kg/m3) 800 1600 2700

Specific Heat (J/kg·K) 600 1400 2200

Thermal Absorptance 0.85 0.9 0.95

Solar Absorptance 0.3 0.5 0.7

Visible Absorptance 0.3 0.5 0.7

Roughness Medium Smooth Medium Rough Medium Rough

Drainage/Filter Layer

Property Case 2 Case 3 Case 4

Thickness (m) 0.02 0.02 0.02

Thermal Conductivity (W/m·K) 0.3 0.3 0.3

Density (kg/m3) 1000 1000 1000

Specific Heat (J/kg·K) 1500 1500 1500

Thermal Absorptance 0.85 0.85 0.85

Solar Absorptance 0.4 0.4 0.4

Visible Absorptance 0.4 0.4 0.4

Roughness Medium Rough Medium Rough Medium Rough

Waterproofing/Anti-root Layer

Property Case 2 Case 3 Case 4

Thickness (m) 0.005 0.005 0.005

Thermal Conductivity (W/m·K) 0.2 0.2 0.2

Density (kg/m3) 900 900 900

Specific Heat (J/kg·K) 1400 1400 1400

Thermal Absorptance 0.9 0.9 0.9

Solar Absorptance 0.5 0.5 0.5

Visible Absorptance 0.5 0.5 0.5

Roughness Smooth Smooth Smooth
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Table A8. Shading Systems Properties (SP5).

Material Properties Case 1—
No Shading

Case 2—
Roller Blind

Case 3—External
Shutter (PVC)

Case 4—External
Slatted Blind
(Aluminium)

Material None Fabric PVC Aluminium

Slat Orientation - - Horizontal (E/W) Horizontal (South)

Slat Width (m) - - 0.04 0.09

Slat Separation (m) - - 0.045 0.07

Slat Thickness (m) - 0.005 0.005 0.005

Slat Angle (deg) - 0 0 60/90

Slat Conductivity (W/m·K) - 0.17 0.17 205

Slat Beam Solar Transmittance - 0 0 0

Front Side Beam Solar Reflectance - 0.6 0.6 0.7

Back Side Beam Solar Reflectance - 0.5 0.5 0.6

Diffuse Solar Transmittance - 0 0 0

Front Side Diffuse Solar Reflectance - 0.6 0.6 0.7

Back Side Diffuse Solar Reflectance - 0.5 0.5 0.6

Beam Visible Transmittance - 0 0 0

Front Side Beam Visible Reflectance - 0.6 0.6 0.7

Back Side Beam Visible Reflectance - 0.5 0.5 0.6

Diffuse Visible Transmittance - 0 0 0

Front Side Diffuse Visible Reflectance - 0.6 0.6 0.7

Back Side Diffuse Visible Reflectance - 0.5 0.5 0.6

Infrared Hemispherical Transmittance - 0 0 0

Front Side Infrared
Hemispherical Emissivity - 0.9 0.9 0.05

Back Side Infrared
Hemispherical Emissivity - 0.9 0.9 0.05

Blind to Glass Distance (m) - 0.07 0.1 0.05

Blind Top Opening Multiplier - 0.5 0.5 0

Blind Bottom Opening Multiplier - 0 0 0

Blind Left Side Opening Multiplier - 0.5 0.5 0

Blind Right Side Opening Multiplier - 0.5 0.5 0

Minimum Slat Angle (deg) - 0 0 0

Maximum Slat Angle (deg) - 180 180 90

Thermal Transmittance - - - 0

Shade Thickness (m) - - - 0.005

Shade to Glass Distance (m) - - - 0.05

Top Opening Multiplier - - - 0

Bottom Opening Multiplier - - - 0

Left Side Opening Multiplier - - - 0

Right Side Opening Multiplier - - - 0

Airflow Permeability - - - 0
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Table A9. Insulation Thickness Variation in Walls (SP6).

Characteristic Case 1 Case 2 Case 3 Case 4

Thickness (m) 0.04 0.05 0.06 0.07

Thermal Conductivity (W/m·K) 0.032 0.032 0.032 0.032

Density (kg/m3) 80 80 80 80

Specific Heat (J/kg·K) 800 800 800 800

Thermal Absorptance 0.9 0.9 0.9 0.9

Solar Absorptance 0.7 0.7 0.7 0.7

Visible Absorptance 0.7 0.7 0.7 0.7

Roughness Very Smooth Very Smooth Very Smooth Very Smooth

Table A10. Window Dimension Variation (SP7).

Dimension Initial—Case 1 Case 2—
10% Reduction

Case 3—
20% Reduction

Case 4—
30% Reduction

East/West Window Height (m) 0.6 0.5692 0.5367 0.5020

East/West Window Width (m) 0.6 0.5692 0.5367 0.5020

South Window Height (m) 0.6 0.5692 0.5367 0.5020

South Window Width (m) 1.3 1.2333 1.1628 1.0877
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1. Pajek, L.; Potočnik, J.; Košir, M. The Effect of a Warming Climate on the Relevance of Passive Design Measures for Heating and

Cooling of European Single-Family Detached Buildings. Energy Build. 2022, 261, 111947. [CrossRef]
2. Zhangabay, N.; Tagybayev, A.; Baidilla, I.; Sapargaliyeva, B.; Shakeshev, B.; Baibolov, K.; Duissenbekov, B.; Utelbayeva, A.;

Kolesnikov, A.; Izbassar, A.; et al. Multilayer External Enclosing Wall Structures with Air Gaps or Channels. J. Compos. Sci. 2023,
7, 195. [CrossRef]

3. Resende, J.; Corvacho, H. Optimisation of Nearly Zero Energy Building Envelope for Passive Thermal Comfort in Southern
Europe. Buildings 2024, 14, 2757. [CrossRef]

4. Raimundo, A.M.; Oliveira, A.V.M. Analyzing Thermal Comfort and Related Costs in Buildings under Portuguese Temperate
Climate. Build. Environ. 2022, 219, 109238. [CrossRef]

5. Su, Y.; Jin, Q.; Zhang, S.; He, S. A review on the energy in buildings: Current research focus and future development direction.
Heliyon 2024, 10, e32869. [CrossRef]

6. Ding, Z.; Li, J.; Wang, Z.; Xiong, Z. Multi-Objective Optimization of Building Envelope Retrofits Considering Future Climate
Scenarios: An Integrated Approach Using Machine Learning and Climate Models. Sustainability 2024, 16, 8217. [CrossRef]

7. Dang, X.; Vereecken, E.; Janssen, H.; Roels, S. Hygrothermal response of masonry facades with vapour-tight or capillary-active
internal insulation under current and future climate scenarios. Built Herit. 2025, 9, 23. [CrossRef]

8. Ascione, F.; Bianco, N.; De Masi, R.F.; Mauro, G.M.; Vanoli, G.P. Energy retrofit of educational buildings: Transient energy
simulations, model calibration and multi-objective optimization towards nearly zero-energy performance. Energy Build. 2017, 144,
303–319. [CrossRef]

9. Marcolini, M.; Almeida, R.M.S.F.; Barreira, E. Evaluation of the effect of passive cooling techniques on thermal comfort using test
cells in the northern region of Brazil. Appl. Sci. 2022, 12, 1546. [CrossRef]

10. Toroxel, J.L.; Silva, S.M. A review of passive solar heating and cooling technologies based on bioclimatic and vernacular
architecture. Energies 2024, 17, 1006. [CrossRef]

11. Zhang, C.; Kazanci, O.B.; Levinson, R.; Heiselberg, P.; Olesen, B.W.; Chiesa, G.; Sodagar, B.; Ai, Z.; Selkowitz, S.; Zinzi, M.; et al.
Resilient cooling strategies—A critical review and qualitative assessment. Energy Build. 2021, 251, 111312. [CrossRef]

12. Sakellariou, E.I.; Axaopoulos, P.J.; Bot, B.V.; Kavadias, K.A. First Law Comparison of a Forced-Circulation Solar Water Heating
System with an Identical Thermosyphon. Energies 2023, 16, 431. [CrossRef]

13. Mo, W.; Zhang, G.; Yao, X.; Li, Q.; DeBacker, B.J. Assessment of Passive Solar Heating Systems’ Energy-Saving Potential across
Varied Climatic Conditions: The Development of the Passive Solar Heating Indicator (PSHI). Buildings 2024, 14, 1364. [CrossRef]

https://doi.org/10.1016/j.enbuild.2022.111947
https://doi.org/10.3390/jcs7050195
https://doi.org/10.3390/buildings14092757
https://doi.org/10.1016/j.buildenv.2022.109238
https://doi.org/10.1016/j.heliyon.2024.e32869
https://doi.org/10.3390/su16188217
https://doi.org/10.1186/s43238-025-00188-x
https://doi.org/10.1016/j.enbuild.2017.03.056
https://doi.org/10.3390/app12031546
https://doi.org/10.3390/en17051006
https://doi.org/10.1016/j.enbuild.2021.111312
https://doi.org/10.3390/en16010431
https://doi.org/10.3390/buildings14051364


Energies 2025, 18, 5693 31 of 32

14. Sánchez, M.N.; Giancola, E.; Blanco, E.; Soutullo, S.; Suárez, M.J. Experimental validation of a numerical model of a ventilated
façade with horizontal and vertical open joints. Energies 2019, 13, 146. [CrossRef]

15. Kokatnur, T.; Ferreira, S.; Karadeniz Akkoç, B.; Markarian, E.; Nojedehi, P.; Qiblawi, S.; Sewraj, K.; Gunay, B.; O’Brien, W.;
Papineau, M.; et al. A Review of Passive Design Strategies and Their Effect on Thermal Resilience in Low-Income Households.
Energy Build. 2025, 348, 116508. [CrossRef]

16. Xiao, C.; Liao, B.; Hawkes, E.W. Passively adaptive radiative switch for thermoregulation in buildings. Device 2024, 2, 100186.
[CrossRef]

17. Fernandes, M.S.; Coutinho, B.; Rodrigues, E. The Impact of Climate Change on an Office Building in Portugal: Measures for a
Higher Energy Performance. J. Clean. Prod. 2024, 445, 141255. [CrossRef]

18. Brito-Coimbra, S.; Aelenei, D.; Gomes, M.G.; Rodrigues, A.M. Building façade retrofit with solar passive technologies: A literature
review. Energies 2021, 14, 1774. [CrossRef]

19. Peel, M.C.; Finlayson, B.L.; McMahon, T.A. Updated world map of the Köppen–Geiger climate classification. Hydrol. Earth Syst.
Sci. 2007, 11, 1633–1644. [CrossRef]

20. Rubel, F.; Kottek, M. Observed and projected climate shifts 1901–2100 depicted by world maps of the Köppen–Geiger climate
classification. Meteorol. Z. 2010, 19, 135–141. [CrossRef]

21. National Renewable Energy Laboratory (NREL). OpenStudio Interface Quickstart Guide. Available online: https://nrel.github.
io/OpenStudio-user-documentation/img/pdfs/openstudio_interface_quickstart.pdf (accessed on 15 October 2024).

22. US Department of Energy. EnergyPlus™ Version 22.1.0 Documentation Engineering Reference; US Department of Energy: Washington,
DC, USA, 2022. Available online: https://energyplus.net/documentation (accessed on 15 October 2024).

23. Wijesuriya, S.; Kishore, R.A.; Mitchell, M.; Booten, C. Enhancing EnergyPlus capabilities to model dynamic building envelopes
using Python plugin. Energy Build. 2025, 339, 115776. [CrossRef]

24. Palmero-Marrero, A.I.; Oliveira, A.C. Effect of louver shading devices on building energy requirements. Appl. Energy 2010, 87,
2040–2049. [CrossRef]

25. Tunçbilek, E.; Arıcı, M.; Krajčík, M.; Li, D.; Nižetić, S.; Papadopoulos, A.M. Enhancing building wall thermal performance with
phase change material and insulation: A comparative and synergistic assessment. Renew. Energy 2023, 218, 119270. [CrossRef]

26. Conceição, E.; Gomes, J.; Conceição, M.I.; Conceição, M.; Lúcio, M.M.; Awbi, H. Modelling of indoor air quality and thermal
comfort in passive buildings subjected to external warm climate conditions. Atmosphere 2024, 15, 1282. [CrossRef]

27. Scolaro, T.P.; Ghisi, E.; Silva, C.M. Effectiveness of cool and green roofs inside and outside buildings in the Brazilian context.
Sustainability 2024, 16, 8104. [CrossRef]

28. Jia, S.; Weng, Q.; Yoo, C.; Xiao, H.; Zhong, Q. Building energy savings by green roofs and cool roofs in current and future climates.
npj Urban Sustain. 2024, 4, 23. [CrossRef]

29. ANSI/ASHRAE Standard 140-2011; Standard Method of Test for the Evaluation of Building Energy Analysis Computer Programs.
American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE): Atlanta, GA, USA, 2011. Available
online: https://www.ashrae.org/file%20library/technical%20resources/standards%20and%20guidelines/standards%20errata/
standards/140_2017_a_20200901.pdf (accessed on 9 October 2025).

30. ASHRAE Standard 55; Thermal Environmental Conditions for Human Occupancy. American Society of Heating, Refrigerating
and Air-Conditioning Engineers (ASHRAE): Atlanta, GA, USA, 2023.

31. EN 16798-1:2019; Energy Performance of Buildings—Ventilation for Buildings—Part 1: Indoor Environmental Input Parameters
for Design and Assessment of Energy Performance of Buildings Addressing Indoor Air Quality, Thermal Environment, Lighting
and Acoustics. CEN: Brussels, Belgium, 2019.

32. Sayadi, S.; Hayati, A.; Salmanzadeh, M. Optimization of window-to-wall ratio for buildings located in different climates: An
IDA-indoor climate and energy simulation study. Energies 2021, 14, 1974. [CrossRef]

33. Im, P.; Joe, J.; Bae, Y.; New, J.R. Empirical validation of building energy modeling for multi-zones commercial buildings in cooling
season. Appl. Energy 2020, 261, 114374. [CrossRef]

34. Palacios Mackay, I.; Marín-Restrepo, L.; Pérez-Fargallo, A. A Simplified Model Validation for the Energy Assessment of Opaque
Adaptive Façades with Variable Thermal Resistance. Energies 2025, 18, 2682. [CrossRef]

35. Fitzpatrick, M.C.; Dunn, R.R. Contemporary climatic analogs for 540 North American urban areas in the late 21st century. Nat.
Commun. 2019, 10, 1. [CrossRef]

36. Reis, C.; Lopes, A.; Correia, E.; Fragoso, M. Local weather types by thermal periods: Deepening the knowledge about Lisbon’s
urban climate. Atmosphere 2020, 11, 840. [CrossRef]

37. Langendijk, G.S.; Rechid, D.; Jacob, D. Urban areas and urban-rural contrasts under climate change: What does the EURO-
CORDEX ensemble tell us? Investigating near surface humidity in Berlin and its surroundings. Atmosphere 2019, 10, 730.
[CrossRef]

38. Turk, S.; Aminmoayed, K.; Ajayi, A.K. Climate Comfort Analysis of Östersund, Sweden. Trends Tech. Sci. Res. 2018, 1, 7–11.
Available online: https://juniperpublishers.com/ttsr/pdf/TTSR.MS.ID.555553.pdf (accessed on 22 September 2025).

https://doi.org/10.3390/en13010146
https://doi.org/10.1016/j.enbuild.2025.116508
https://doi.org/10.1016/j.device.2023.100186
https://doi.org/10.1016/j.jclepro.2024.141255
https://doi.org/10.3390/en14061774
https://doi.org/10.5194/hess-11-1633-2007
https://doi.org/10.1127/0941-2948/2010/0430
https://nrel.github.io/OpenStudio-user-documentation/img/pdfs/openstudio_interface_quickstart.pdf
https://nrel.github.io/OpenStudio-user-documentation/img/pdfs/openstudio_interface_quickstart.pdf
https://energyplus.net/documentation
https://doi.org/10.1016/j.enbuild.2025.115776
https://doi.org/10.1016/j.apenergy.2009.11.020
https://doi.org/10.1016/j.renene.2023.119270
https://doi.org/10.3390/atmos15111282
https://doi.org/10.3390/su16188104
https://doi.org/10.1038/s42949-024-00159-8
https://www.ashrae.org/file%20library/technical%20resources/standards%20and%20guidelines/standards%20errata/standards/140_2017_a_20200901.pdf
https://www.ashrae.org/file%20library/technical%20resources/standards%20and%20guidelines/standards%20errata/standards/140_2017_a_20200901.pdf
https://doi.org/10.3390/en14071974
https://doi.org/10.1016/j.apenergy.2019.114374
https://doi.org/10.3390/en18112682
https://doi.org/10.1038/s41467-019-08540-3
https://doi.org/10.3390/atmos11080840
https://doi.org/10.3390/atmos10120730
https://juniperpublishers.com/ttsr/pdf/TTSR.MS.ID.555553.pdf


Energies 2025, 18, 5693 32 of 32

39. Sultana, S.; Athientis, A.K.; Zmeureanu, R.G. Improving energy savings of a library building through mixed mode hybrid
ventilation. Proceedings 2019, 23, 3. [CrossRef]

40. Imam, A. Examining the impact of Green Riyadh Project on alleviating urban heat island effects. J. Umm Al-Qura Univ. Eng.
Archit. 2023, 14, 201–211. [CrossRef]

41. Kubota, T.; Toe, D.; Chyee, H. Passive cooling methods for modern houses in hot-humid climate of Malaysia with special focus
on night ventilation technique. In Proceedings of the 8th International Symposium on Architectural Interchanges in Asia (ISAIA),
Kitakyushu, Japan, 9–12 November 2010. Available online: https://www.researchgate.net/publication/275824566_Passive_
Cooling_Methods_for_Modern_Houses_in_Hot-Humid_Climate_of_Malaysia_with_Special_Focus_on_Night_Ventilation_
Technique (accessed on 22 September 2025).

42. Pisello, A.L.; Santamouris, M.; Cotana, F. Active cool roof effect: Impact of cool roofs on cooling system efficiency. Adv. Build.
Energy Res. 2013, 7, 209–221. [CrossRef]

43. Alwetaishi, M. Energy performance in residential buildings: Evaluation of the potential of building design and environmental
parameter. Ain Shams Eng. J. 2022, 13, 101708. [CrossRef]

44. Misiopecki, C.; Grynning, S.; Gustavsen, A. Thermal improvements of box-window using shading attachments: Hot-box
measurements. Develop. Built Environ. 2023, 16, 100185. [CrossRef]

45. Artmann, N.; Manz, H.; Heiselberg, P. Parameter study on performance of building cooling by night-time ventilation. Renew.
Energy 2008, 33, 2589–2598. [CrossRef]

46. Li, C.; Jiang, C.; Guan, Y.; Meng, Q.; Chen, H.; Zhang, S. Evaluation of heating capacity of shallow ground heat exchangers in
different locations—A case study of two administrative districts of Xi’an. Energy Build. 2023, 294, 113276. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/proceedings2019023003
https://doi.org/10.1007/s43995-023-00030-4
https://www.researchgate.net/publication/275824566_Passive_Cooling_Methods_for_Modern_Houses_in_Hot-Humid_Climate_of_Malaysia_with_Special_Focus_on_Night_Ventilation_Technique
https://www.researchgate.net/publication/275824566_Passive_Cooling_Methods_for_Modern_Houses_in_Hot-Humid_Climate_of_Malaysia_with_Special_Focus_on_Night_Ventilation_Technique
https://www.researchgate.net/publication/275824566_Passive_Cooling_Methods_for_Modern_Houses_in_Hot-Humid_Climate_of_Malaysia_with_Special_Focus_on_Night_Ventilation_Technique
https://doi.org/10.1080/17512549.2013.865560
https://doi.org/10.1016/j.asej.2022.101708
https://doi.org/10.1016/j.dibe.2023.100185
https://doi.org/10.1016/j.renene.2008.02.025
https://doi.org/10.1016/j.enbuild.2023.113276

	Introduction 
	Materials and Methods 
	Tools and Simulation Environment: OpenStudio + EnergyPlus 
	Characteristics of the Model Building 
	Model Validation and Reliability Assessment 

	Case Studies: Evaluating the Performance of Passive Strategies in Different Climatic Contexts 
	Modelling Methodology and Strategy 
	Selection of Cities and Climate Justification 
	Passive Strategies Adopted in Sustainable Construction 
	Climate Data 
	Outdoor Temperature 
	Solar Radiation 


	Results and Discussion 
	Present Energy Diagram 
	Present/Future Energy Consumption 
	Energy Consumption with the Application of Passive Solutions (Increased Thermal Mass) 
	Energy Consumption with the Application of Passive Solutions (Free Cooling) 
	Energy Consumption with the Application of Passive Solutions (Increased Roof Thickness) 
	Energy Consumption with the Application of Passive Solutions (Green Roof) 
	Energy Consumption with the Application of Passive Solutions (Shading) 
	Energy Consumption with Passive Solutions (Increased Wall Thickness) 
	Energy Consumption with the Application of Passive Solutions (Reduction of the Glazed Area) 
	Global Analysis of Passive Solutions—Energy Consumption 
	Summary of Results 

	Conclusions 
	Recommendations 
	Appendix A
	References

