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ABSTRACT  
 
The optimization of building façades plays a crucial role in enhancing indoor thermal 
comfort and energy efficiency, particularly in climate-responsive design. This study 
investigates the impact of kinetic shading systems, glazing modifications, and non-
ventilated double-skin façades (DSFs) on indoor thermal comfort in four distinct climatic 
zones of Türkiye: Zone 1- hot-summer Mediterranean (Antalya), Zone 2- temperate 
(Istanbul), Zone 3- semi-cold (Ankara), and Zone 4- cold (Erzurum). The analysis was 
conducted using computational simulations. A parametric simulation workflow was used 
to assess thermal comfort through the Percent of Comfortable Time (PCT) based on the 
PMV model under various façade configurations. The findings indicate that kinetic 
louvers significantly enhance summer thermal comfort, increasing PCT from 6.87% to 
18.66% in Zone 1(Antalya), 24.05% to 47.02% in Zone 2 (Istanbul), 31.58% to 
54.48% in Zone 3 (Ankara), and 42.56% to 57.05% in Zone 4 (Erzurum). When 
combined with double-pane Low-E glazing and reduced WWR (0.3), PCT reached its 
highest values: 40.32% (Zone 1), 79.59% (Zone 2), and 79.23% (Zone 3), indicating 
strong combined effect between dynamic shading and optimized envelope design. 
Double-skin façade (DSF) systems produced moderate but consistent improvements 
across the four climates. The non-ventilated DSF increased PCT from 6.87% to 17.17% 
in Zone 1 (Antalya), 24.05% to 39.20% in Zone 2 (Istanbul), 31.58% to 46.81% in 
Zone 3 (Ankara), and 42.56% to 48.34% in Zone 4 (Erzurum). When DSFs were paired 
with Low-E glazing, PCT further improved to 23.35% (Zone 1), 49.61% (Zone 2), 
50.43% (Zone 3), and 41.35% (Zone 4). However, DSF performance remained lower 
than kinetic shading in extreme climates, reflecting the limited adaptability of non-
ventilated cavities. Overall, the findings confirm that façade optimization must be 
climate-specific: dynamic shading and high-performance glazing yield the largest gains in 
warm and temperate regions, while cold climates benefit more from strategies that 
balance shading control with heat-retention properties. 
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1.  Introduction  
 
In the contemporary world of architecture and construction, 
significant attention is given to the efficient use of fuel and energy 
resources (Sheliahovich 2011). However, many buildings are not 
designed to function in harmony with their surrounding 
environment, leading to increased energy demand and 
contributing to environmental pollution due to rising CO₂ 
emissions (Salah & Tuna Kayılı 2021). According to the United 
Nations Environment Programme (2020), buildings contribute 
nearly 40% of global energy-related CO₂ emissions, making 
energy-efficient architectural strategies indispensable in mitigating 
climate change impacts. Furthermore, ensuring the health and 
comfort of building occupants has always been a primary objective 
in architectural design (UNEP 2020). Within this framework, 
passive design strategies play a crucial role in achieving human 
comfort by allowing occupants to interact dynamically with their 
external environment (Manzano-Agugliaro et al. 2015). 
Incorporating bioclimatic architecture and adaptive thermal 
comfort principles enables buildings to respond dynamically to 
their climate, reducing dependence on mechanical heating and 
cooling systems (Givoni 1998; Nicol & Humphreys 2010).  
 
Among various environmental factors, thermal comfort is one of 
the most critical components in determining Indoor 
Environmental Quality (IEQ) in buildings (Al Horr et al. 2016). 
Developing a comprehensive understanding of thermal comfort is 
essential not only for enhancing occupant satisfaction but also for 
minimizing energy consumption (Taleghani et al. 2013). Oseland 
(1994) emphasized that indoor thermal comfort is a key factor in 
how people regulate their indoor environment, influencing air 
quality and significantly impacting productivity and work 
efficiency. Studies indicate that suboptimal indoor thermal 
conditions can impair cognitive function, reduce concentration, 
and negatively affect decision-making, further emphasizing the 
need for optimized thermal comfort in workspaces (Lan et al. 
2011; Seppänen, Fisk, & Lei 2006). 
 
In this regard, research has shown that office buildings rank 
among the highest energy-consuming structures, with annual 
energy demands reaching up to 1000 kWh/m² (Panopoulos & 
Papadopoulos 2017). Given this high energy consumption, 
ensuring optimal indoor thermal comfort conditions is essential 
for maintaining workplace productivity while simultaneously 
reducing energy usage (Elzeyadi 2002). Green building rating 
systems such as LEED and WELL emphasize indoor thermal 
comfort as a key criterion for sustainability, advocating for designs 
that balance occupant well-being with energy efficiency (U.S. 
Green Building Council 2021).  
 
This study underscores the necessity of implementing effective 
thermal comfort strategies in office buildings to enhance occupant 
well-being, boost productivity, and contribute to overall energy 
efficiency. By integrating sustainable and passive design principles, 
architects and building professionals can create environmentally 
responsible and energy-efficient workspaces that prioritize both 
human comfort and sustainability. 
 
Numerous studies have explored indoor thermal comfort 

conditions across different climate zones. Some of these 
investigations have aimed to refine and develop models used in 
evaluating local thermal comfort conditions (Singh et al. 2015; 
Cao et al. 2016; Manu et al. 2016; Daemei et al. 2019; Ren et al. 
2022). Meanwhile, other studies have examined the influence of 
design parameters on thermal comfort (Felix & Elsamahy 2017; 
Martinelli & Matzarakis 2017; Yang et al. 2019).  
 
Daemei et al. (2019) proposed passive design strategies to 
enhance human thermal comfort in humid climate zones based on 
the Köppen climate classification. The study selected eight cities 
worldwide that shared similar climate characteristics and 
identified humidity and rainfall as the most influential climatic 
parameters in determining indoor comfort. Various passive design 
strategies were suggested and analyzed, with findings indicating 
that strategies adopted in specific regions could be successfully 
transferred to other locations with similar climatic conditions.  
The importance of adapting passive design strategies to local 
climatic conditions has been emphasized since Olgyay’s seminal 
work on bioclimatic architecture (Olgyay 1963). More recent 
research has demonstrated that context-driven passive cooling 
techniques can significantly reduce energy consumption while 
maintaining indoor comfort levels (Prieto et al. 2018). These 
insights highlight the potential for scalable, climate-responsive 
architectural solutions that improve indoor thermal comfort while 
minimizing energy dependency (Daemei et al. 2019).  
 
Taleghani et al. (2013) conducted a comprehensive review of 
thermal comfort models in buildings, focusing on adaptive models 
and steady-state models, specifically Predicted Mean Vote (PMV) 
and Predicted Percentage of Dissatisfied (PPD) models. The study 
also compared three major adaptive thermal comfort standards 
used at the time: 
 

• ASHRAE 55-2010 (American Standard), 
• EN15251 (European Standard), 
• ATG Guideline (Dutch Standard). 

 
The analysis revealed that the primary differences among these 
standards lie in the equations defining upper and lower thermal 
limits, reference temperatures, and acceptable temperature 
ranges. These variations stem from the different climatic datasets 
used to develop the standards, leading to regional discrepancies in 
their applicability (Taleghani et al. 2013). In line with this, De 
Dear & Brager (1998) introduced the adaptive thermal comfort 
model, which emphasized occupants' behavioral, physiological, 
and psychological adaptation to indoor climates. This model 
formed the foundation of modern adaptive comfort standards 
(ASHRAE 55, EN 15251), allowing for wider temperature ranges 
in naturally ventilated buildings.In the same context, Enescu 
(2017) reviewed thermal comfort models and indicators for 
indoor environments, presenting the most widely used thermal 
comfort frameworks and their variations. The study explored the 
evolution of thermal comfort concepts, models, and assessment 
indicators, alongside thermal comfort standards, control 
strategies, optimization techniques, and real-world applications.  
 
These findings underline the importance of selecting appropriate 
thermal comfort models based on climatic conditions and building 
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typologies. Recent advancements in Artificial Intelligence (AI) and 
Internet of Things (IoT) technologies have introduced real-time 
thermal comfort monitoring and adaptive HVAC control systems. 
These systems optimize indoor climates dynamically while 
ensuring energy-efficient building operation (Valinejadshoubi et 
al. 2020). The evolution of thermal comfort indices and the 
refinement of predictive models demonstrate the ongoing effort 
to optimize human comfort while improving energy efficiency in 
diverse built environments. 
 
Apart from the models used to evaluate indoor thermal comfort, 
various studies have examined the influence of design parameters 
on thermal comfort conditions. For instance, Martinelli & 
Matzarakis (2017) investigated the impact of height-to-width 
(H/W) proportions in courtyard typology on thermal comfort in 
the Italian climate zone. Their research analyzed the annual and 
seasonal effects of H/W ratios on the Physiologically Equivalent 
Temperature (PET) index. Conducted in a humid subtropical 
region, the study concluded that higher H/W proportions of 4:5 
to 5:5 are more suitable for warmer climates, whereas lower to 
medium H/W proportions of 3:5 to 4:5 are better suited for 
colder climates (Martinelli & Matzarakis 2017). Beyond the 
height-to-width (H/W) proportion, courtyard orientation and 
ventilation play a crucial role in regulating airflow and heat 
exchange in different climatic conditions. Research has shown that 
well-designed courtyards can enhance evaporative cooling and 
reduce peak temperatures (Muhaisen & Gadi 2006). These 
findings provide guidance on optimizing courtyard designs for 
climate-responsive architecture. 
 
The building envelope plays a fundamental role in reducing a 
building’s energy consumption (Salah & Tuna Kayılı 2021). 
Additionally, thermal and visual comfort conditions are 
significantly influenced by the physical properties of the building 
envelope (Hosseini, Mohammadi, Rosemann, et al. 2019). 
Within this context, several studies have investigated the impact 
of envelope design parameters on thermal comfort.  
 
Beccali et al. (2018) conducted a comparative study on the use of 
traditional stone walls versus adobe wall materials and their effect 
on indoor thermal comfort across different zones within the same 
building. The study concluded that, regardless of the evaluation 
model used, traditional wall materials enhance comfort conditions 
in Naturally Ventilated Buildings (NVB) within hot-humid climate 
zones (Beccali et al. 2018). In a similar study, Felix & Elsamahy 
(2017) examined the effect of different outer-wall construction 
materials on thermal comfort across three distinct climate zones. 
Their findings suggested that integrating a skeleton system 
(concrete-steel) with natural materials such as clay and stone in 
outer walls ensures improved indoor thermal and climatic 
comfort across various climate conditions (Felix & Elsamahy 
2017). Recent advancements in passive cooling techniques have 
explored the integration of phase-change materials (PCMs) and 
ventilated facades into building envelopes, demonstrating 
significant energy savings while maintaining stable indoor 
temperatures (Ascione et al. 2014). 
 
Similarly, Mirrahimi et al. (2016) reviewed the impact of building 
envelope design on thermal comfort and energy efficiency in high-

rise residential buildings in Malaysia’s hot-humid climate. The 
study synthesized findings from multiple research efforts 
conducted in the same region, identifying key parameters that 
significantly influence energy consumption and indoor thermal 
comfort conditions. These parameters include: 
 

• Building form (width, length, height), 
• External wall materials, 
• Glazing type and properties, 
• Window-to-wall ratio (WWR), 
• External shading devices and their impact on thermal 

performance. 
 
The study concluded that optimal thermal comfort levels in 
Malaysian residential buildings range between 25°C and 31°C. 
Additionally, it emphasized that the building envelope is the most 
critical design parameter for achieving and maintaining thermal 
comfort (Mirrahimi et al. 2016).  
 
The role of high-performance glazing and adaptive shading 
technologies has gained attention in improving daylighting 
efficiency while minimizing overheating risks. Dynamic shading 
systems, such as automated blinds and electrochromic glass, have 
been shown to enhance indoor comfort by adjusting solar gain 
based on real-time climatic conditions (Tzempelikos & Athienitis 
2007). These findings further highlight the necessity of strategic 
envelope design in minimizing energy dependency while 
maximizing occupant comfort. The integration of adaptive 
building envelope solutions is crucial in addressing climate-
specific challenges in hot and humid, arid, and Mediterranean 
regions. Studies have demonstrated that a systematic approach to 
envelope design -combining material selection, shading strategies, 
and passive cooling techniques- can significantly enhance building 
resilience and energy efficiency worldwide (Prieto et al. 2018). 
 
Façade techniques have been introduced as innovative methods for 
enhancing building envelopes, improving building performance 
and indoor thermal comfort. Within this framework, Yang et al. 
(2019) investigated the effect of Double-Skin Façades (DSF) on 
the thermal comfort of building occupants. Their study employed 
numerical simulation of a Building Integrated 
Photovoltaic/Thermal Double-Skin Façade (BIPV/T-DSF) to 
assess its performance in various climate zones in Australia. The 
results indicated that naturally ventilated BIPV/T-DSFs 
maintained relatively better indoor temperatures in hot climates, 
whereas non-ventilated BIPV/T-DSFs provided more stable 
indoor temperatures ranging between 20°C and 26°C in colder 
climates. Additionally, the study analyzed cool temperate 
climates, concluding that natural ventilation within BIPV/T-DSFs 
helped maintain indoor temperatures between 22°C and 27°C 
during office hours without the need for mechanical systems, even 
during peak summer conditions.  
 
Ventilation strategies play a crucial role in the performance of 
DSFs. Studies have demonstrated that hybrid ventilation—
combining natural and mechanical airflow—offers optimal 
temperature regulation by balancing passive cooling with 
controlled heat extraction (Ghaffarianhoseini et al. 2016). This 



170              Fadi Salah & Merve Tuna Kayılı -International Journal of Built Environment and Sustainability 13:2 (2026) 167–185 

 

 

highlights the need for climate-specific DSF ventilation 
configurations to maximize energy efficiency and occupant 
comfort. The research also explored key design parameters, such 
as the opening ratio of louvers and fan airflow rate, and concluded 
that these factors significantly influence indoor thermal comfort 
(Yang et al. 2019).  
 
Beyond thermal benefits, DSFs also enhance daylight utilization, 
reducing the need for artificial lighting and improving occupant 
well-being. However, careful design is required to mitigate glare 
and excessive solar radiation, particularly in sun-exposed façades 
(Tzempelikos & Athienitis 2007). Furthermore, in addition to 
thermal comfort improvements, BIPV/T-DSFs contribute 
significantly to building energy efficiency by reducing dependency 
on mechanical cooling systems and generating renewable energy 
through integrated photovoltaics (Jelle et al. 2012). This dual 
functionality makes BIPV/T-DSFs a promising solution for 
sustainable building design, particularly in regions with high solar 
exposure. 
 
Adaptive building envelopes, particularly those incorporating 
dynamic shading devices and kinetic façades, have been recognized 
as effective strategies for achieving thermal and visual comfort. 
Kinetic components, constructed as vertical elements within a 
building’s skin, function as microclimate modifiers by adjusting to 
external conditions (Iyendo et al. 2016; Hosseini, Mohammadi, 
Rosemann, et al. 2019).  
 
Several research studies have investigated the impact of kinetic 
façades on building performance. For instance, kinetic interactive 
façades have been shown to enhance occupant-space interaction by 
controlling the amount of natural daylight, improving visual 
comfort (Hosseini, Mohammadi, & Guerra-Santin 2019). 
Meanwhile, kinetic responsive façades are designed primarily to 
achieve thermal comfort, as they help minimize direct solar heat 
gain during summer (Salah & Kayılı 2022). Beyond enhancing 
occupant comfort, kinetic façades contribute to energy savings by 
regulating solar gain and ventilation based on real-time 
environmental conditions.  
 
Additionally, kinetic façades improve daylight distribution while 
reducing glare, which is particularly beneficial in office 
environments. Research has shown that dynamic façade systems 
can enhance workplace productivity by preventing excessive 
brightness contrasts and optimizing natural lighting conditions 
(Shen et al. 2015). These façade types demonstrate the potential 
for smart adaptation in energy-efficient buildings.  
 
However, new studies focusing on both cold and hot climates 
using parametric simulation techniques are required to refine 
kinetic façade performance further (Hosseini, Mohammadi, 
Rosemann, et al. 2019). Kinetic façade performance is highly 
dependent on regional climate conditions, necessitating 
customized design approaches. Studies have indicated that kinetic 
shading elements should be tailored to local solar exposure, 
humidity, and seasonal temperature variations to maximize 
efficiency and occupant comfort (Berkouk et al. 2022). 
 

The advancements in computational simulation tools have enabled 
architects to model and predict kinetic façade behavior 
dynamically, offering new opportunities to optimize energy 
efficiency across diverse climatic conditions (Hosseini, 
Mohammadi, Rosemann, et al. 2019;  Kim et al. 2015). 
 
Recent studies have increasingly highlighted the significant 
influence of façade design variables on indoor thermal comfort 
across different climates. Dynamic shading systems, advanced 
glazing technologies, and optimized window-to-wall ratios 
(WWR) have been shown to substantially affect indoor 
temperature stability and comfort conditions. For instance, Xiao 
et al. (2025) demonstrated that adaptive shading geometries can 
reduce operative temperatures by up to 4°C in Mediterranean 
climates through real-time modulation of solar exposure. 
Similarly, Teixeira et al. (2025) reported that spectrally selective 
glazing improves thermal comfort while maintaining high daylight 
quality in office environments. In cold and mixed climates, façade 
insulation and solar heat gain characteristics become dominant; 
Teixeira et al. (2024) showed that high-insulation glazing can 
reduce discomfort hours by more than 30% during summer–
winter transitions. These contemporary findings underscore the 
need for climate-dependent façade optimization, aligning closely 
with the objectives of the present study.  
 
The study of human thermal comfort has evolved from basic 
thermal balance equations to systematic models that are evaluated 
through internationally recognized standards and guidelines. 
Within this context, Fanger’s models of Predicted Mean Vote 
(PMV) and Predicted Percentage Dissatisfied (PPD) have been 
widely adopted for assessing indoor comfort conditions. These 
models quantify human thermal perception and dissatisfaction 
levels based on environmental parameters, forming the foundation 
for many thermal comfort standards (Fanger 1970). 
 
Technological advancements, such as parametric simulation, have 
significantly facilitated the evaluation and prediction of indoor 
thermal comfort at any given location and time of the year. With 
the availability of advanced computational tools, researchers can 
now conduct detailed performance assessments of various building 
envelope configurations before implementation.  
 
Despite the growing body of research on kinetic façades and 
double-skin façade (DSF) systems, most existing studies remain 
limited to single-climate contexts or focus on isolated façade 
strategies without systematic cross-climatic comparison. Kinetic 
façade studies often evaluate performance within a specific 
climatic condition, emphasizing control logic or geometric 
variation, while DSF investigations frequently assess either 
ventilated or non-ventilated configurations within narrow regional 
settings. As a result, designers still lack comparative evidence that 
clarifies how different façade systems perform relative to each 
other when subjected to distinct climatic regimes under consistent 
modelling assumptions. 
 
Moreover, existing literature rarely addresses how early-stage 
façade decisions—such as the selection between kinetic shading 
and DSF systems—should adapt when a building typology is 
transferred across multiple climatic zones. This gap is particularly 
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relevant for countries like Türkiye, where a single national 
context encompasses Mediterranean, temperate, cold semi-arid, 
and severe cold climates. Türkiye therefore provides a unique 
natural laboratory for testing the climate-dependency of façade 
strategies within a unified regulatory, cultural, and construction 
framework. 
 
Accordingly, this study addresses the unresolved gap in 
comparative façade performance assessment by conducting a 
parametric evaluation of kinetic louvers and non-ventilated 
double-skin façades across four distinct climatic zones in Türkiye. 
The novelty of the study lies in its cross-climatic, scenario-based 
comparison conducted under identical geometric, operational, 
and occupant assumptions, enabling a consistent evaluation of 
façade adaptability rather than isolated performance outcomes. 
The study contributes to early-stage façade decision-making by 
providing climate-specific insights into the effectiveness of 
dynamic shading, glazing selection, and window-to-wall ratio 
optimization, thereby supporting designers and policymakers in 
selecting façade strategies that are responsive to regional climatic 
conditions. 
 
To achieve this, a test office model will be developed and analyzed 
across Türkiye’s climatic zones, using parametric simulation tools 
to assess façade performance under real-world environmental 
conditions. The results of this study will serve as a foundation for 
implementing climate-adaptive façade designs, ensuring optimal 
energy efficiency, enhanced thermal comfort, and reduced 
environmental impact. 
 
2. Case Study 
 
2.1  Test Model  
 
This study employs a test model of an office building designed to 
be adaptable across various climatic zones. The base model 
represents a section of an office building, consisting of three main 
functional floors, as illustrated in Figure 1. The interior functional 
layout of these three zones has been designated as “Office 1,” 
“Office 2,” and “Office 3”, each representing distinct workspace 
configurations within the study framework.  
 
This structured approach allows for a comprehensive evaluation of 
thermal comfort and energy performance across different climatic 
conditions, facilitating a comparative analysis of façade strategies 
and environmental adaptability. 
 
The base model used in this study consists of three main office 
rooms. The south-facing façade has a window-to-wall ratio 
(WWR) of 0.9. The glazing type used is “Single Clear Glass”, with 
a U-value of 5.9 W/m²K and a Solar Heat Gain Coefficient 
(SHGC) of 0.5. Each office zone measures 6.00 × 6.00 × 4.00 
meters, covering a total area of 36 m² per unit. 
 
 

 
 

Figure 1 Plan, 3D View, section of the test model  
 
According to TS 825, Türkiye is classified into four main climatic 
zones. To conduct the study, one representative city was selected 
from each zone. As illustrated in Figure 2, the selected cities are: 
 

• Antalya (Zone 1) – Warm-Humid Climate, 
• Istanbul (Zone 2) – Moderate Climate, 
• Ankara (Zone 3) – Cold Climate, 
• Erzurum (Zone 4) – Severe Cold Climate. 

 

 
Figure 2 Selected cities from different climatic zones of Türkiye 
(adjusted from TS 825 2008) 
 
The construction materials used for external and internal walls, 
floors, and the roof are selected based on ASHRAE standards to 
ensure compatibility with Turkish Standard TS 825, which defines 
minimum thermal insulation requirements and maximum U-
values for building components in each climatic zone (TS 825, 
2008) .  
 
2.2  Method 
 
This study employs the Predicted Mean Vote (PMV) method to 
evaluate indoor thermal comfort by measuring the Percent of 
Comfortable Time (PCT) within the base model and assumed 
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scenarios across the selected cities of Türkiye (Antalya, Istanbul, 
Ankara, and Erzurum). The PMV-based Percent of Comfortable 
Time (PCT) metric was selected to ensure consistency across 
mechanically conditioned office scenarios and to allow direct 
comparison between façade configurations under controlled 
indoor setpoints. While adaptive comfort models are well-suited 
for naturally ventilated buildings, their applicability becomes 
limited in spaces where HVAC systems and fixed operative 
temperature ranges are maintained, as assumed in this study. 
Nevertheless, it is acknowledged that PMV may overestimate 
discomfort in scenarios involving dynamic façades, as it does not 
explicitly account for occupants’ psychological adaptation or 
short-term behavioral responses to kinetic shading. This limitation 
is addressed by interpreting PCT values comparatively rather than 
as absolute comfort thresholds. 
 
The study investigates various façade scenarios, including: 
 

• Kinetic Louvers 
• Double-Skin Façades (DSF) 
• Changes in Window Glazing Type 
• Variations in Window-to-Wall Ratio (WWR) on the 

South Façade. 
 
To analyse indoor thermal comfort levels in Office 1, Office 2, 
and Office 3 zones, a 3D model was initially created using Revit 
Architecture, which was then exported to the Rhino software 
environment. By utilizing Grasshopper (a parametric modelling 
tool) combined with Ladybug and Honeybee plugins, the study 
generated 3D analytical zones (Honeybee Zones - Hb Zones) 
while location-based climate data files for the four cities were 
incorporated using Ladybug’s Energy Plus Weather Data 
Component. Accordingly, the weather data for each city were 
obtained from the Typical Meteorological Year (TMY) EPW files 
used by Ladybug Tools. These datasets are constructed from long-
term climate records from 2007 to 2023 to represent statistically 
typical weather conditions.  
 
The Energy Plus simulation engine was utilized within the 
Grasshopper environment to gather key thermal comfort 
parameters, including:  
 

• Air Temperature. 
• Airspeed. 
• Indoor Humidity. 

• Clothing Level.  
• Metabolic Rate. 

 
These parameters were directly connected to the PMV calculation 
component within Ladybug and Grasshopper, allowing the study 
to determine the average Percent of Comfortable Time (PCT) for 
each office zone in different climatic regions. Figure 3 illustrates 
the workflow of the study. 
 
To ensure consistency and comparability across the four climatic 
zones, additional modelling assumptions were defined according 
to ASHRAE 55 and EnergyPlus recommendations. The PMV-
based thermal comfort calculations incorporated standard 
occupant characteristics, including a clothing insulation level 
(CLO) of 0.8 clo, representing typical summer office attire in 
Türkiye where long-sleeved shirts and full-length trousers are 
commonly worn. A metabolic rate (MET) of 1.1 met was used to 
reflect light desk-based activities. These values are widely used in 
comfort studies and reflect realistic occupant conditions in office 
environments.  
 
Additinally, for fair comparison across all climatic zones, identical 
indoor operative temperature setpoints were applied. A cooling 
setpoint of 24°C and a heating setpoint of 20°C were selected, 
consistent with widely adopted HVAC design practices for office 
buildings. Although the analysis focuses primarily on summer 
conditions, defining both setpoints maintains stable energy 
balance and ensures proper transitions between thermal comfort 
modes during the simulation. 
 
The EnergyPlus simulation timestep was set to 10 minutes (6 
timesteps per hour) to capture rapid changes in solar radiation and 
façade response under dynamic shading scenarios. This resolution 
provides a balance between computational efficiency and the 
accuracy required for kinetic façade modelling. 
 
This study aims to investigate indoor thermal comfort conditions 
in office buildings by exploring various façade strategies for 
building envelopes. To achieve this, a series of scenarios were 
developed and analyzed sequentially to evaluate their performance 
and determine the most effective strategies for each climatic zone 
in Türkiye. The assumed façade scenarios are categorized into two 
main systems as kinetic façade system and double-skin façade 
system.  
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Figure 3 General study workflow 

 
2.2.1 Kinetic Façade System Scenarios 
 
The kinetic louver system applied in this study was modelled as a 
dynamic solar-responsive façade component operating through a 
rule-based control algorithm. Each louver panel was defined with 
a rotation range between 0° (fully open) and 90° (fully closed) 
with 15° angular increment, allowing continuous modulation of 
solar exposure on the south façade. The actuation mechanism was 
linked to real-time solar altitude and incident radiation levels 
using Grasshopper–Ladybug components. The louvers were 
programmed to update their position at 10-minute intervals, 
synchronized with the EnergyPlus timestep to ensure accurate 
interaction between façade shading and thermal loads. When 
direct solar irradiance on a louver exceeded 250 W/m², the 
system initiated a closing movement to reduce heat gain; 
conversely, the louvers remained open when irradiance levels fell 
below this threshold, permitting daylight admission and 
minimizing unnecessary shading. The proposed kinetic facade 
system scenarios are summerized as follows: 
 

o Scenario 1: Kinetic louvers 
 

This scenario introduces vertical kinetic louvers on the south 
façade of the base model. These kinetic components are 
responsive to the sun’s position, meaning they automatically open 

and close based on the solar altitude angle and incident radiation 
on each individual louver as described previously and illustrated in 
Figure 4. 
 

o Scenario 2: Kinetic louvers and modified glass type 
 

In this scenario, kinetic louvers are combined with a change in 
window glazing type. The south-facing façade glazing is modified 
from "Single Clear Glass" (U-value = 5.9 W/m²K) to "Double 
Pane Low-E Glass" (U-value = 1.127 W/m²K) to improve 
thermal insulation and solar control. 
 

o Scenario 3: Kinetic louvers, modified glass type & 
adjusted WWR 
 

This scenario further enhances the previous setup by modifying the 
Window-to-Wall Ratio (WWR). The WWR of 0.9 in the base model is 
reduced to 0.6 and 0.3, respectively, optimizing solar heat gain control 
and daylight utilization, as shown in Figure 4.  
 
2.2.2 Double-Skin Façade System Scenarios 

 
The Double-Skin Façade (DSF) system employed in this study was 
modelled as a non-ventilated façade, consisting of an exterior 
glazing layer separated from the primary façade by a 1-meter air 
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cavity. The cavity was defined as a sealed thermal zone in 
EnergyPlus using the Honeybee “air-gap” configuration, allowing 
the simulation to represent conduction and radiative heat transfer 
across the enclosed air layer. As no ventilation openings were 
introduced, the DSF operates without stack-effect or buoyancy-
driven airflow, consistent with closed-cavity DSF systems 
commonly used in temperate and cold climates. 
 
EnergyPlus computes the cavity temperature dynamically based 
on absorbed solar radiation, longwave exchanges between glazing 
layers, and limited conductive coupling to the indoor façade. 
Although the absence of ventilation restricts convective cooling, 
the model captures the characteristic heat-buildup behaviour of 
non-ventilated DSFs, providing a consistent and realistic basis for 
performance comparison across climatic zones. The proposed 
Double-Skin Facade system scenarios are summerized as follows: 
 

o Scenario 4: Second glazed layer 
 

This scenario involves adding a second glass layer on the south 
façade of the base model, creating a double-skin façade (DSF) with 
a cavity width of 1 meter. The outer glazing type remains Single 
Clear Glass, similar to the base model, forming a non-ventilated 
DSF system. 
 

o Scenario 5: Second glazed layer & modified glass type 
 

In this scenario, the double-skin façade is combined with upgraded 
window glazing. The south-facing façade glass is changed from 
"Single Clear Glass" (U-value = 5.9 W/m²K) to "Double Pane 
Low-E Glass" (U-value = 1.127 W/m²K), enhancing thermal 
performance and reducing heat loss. 
 

o Scenario 6: Second glazed layer, modified glass type & 
adjusted WWR 
 

This scenario integrates the double-skin façade system with both 
modified glazing type and adjusted WWR. The WWR is reduced 
from 0.9 (base model) to 0.6 and 0.3, as shown in Figure 4, to 
further regulate indoor temperature and solar exposure. 
 

 
 

Figure 4 The suggested scenarios 
 
 
 

2.2.3 Simulation and Analysis Process 
 
After constructing the base model, it was exported to Rhino for 
simulation. A parametric algorithm was developed in 
Grasshopper, beginning with the identification of analytical zones 
(Hb Zones) and the import of climate data for the selected cities 
(Antalya, Istanbul, Ankara, and Erzurum). 
 

o Preparation of Hb Zones 
 

The Hb Zones were configured by assigning construction 
materials for walls, floors, and roofs based on ASHRAE and TS 
825 standards to ensure compliance with minimum insulation 
requirements for each climatic zone as shown in Tables 1 and 2. 
Zone programs were defined, including functional classifications, 
occupancy schedules, and internal heat gains to accurately 
represent real-world conditions. Adjacent surfaces were specified 
to account for heat transfer between spaces, improving the 
accuracy of thermal performance assessments. Temperature 
control setpoints for heating and cooling systems were established 
to ensure that simulations reflect realistic indoor thermal 
conditions. 
 

o Integration of Climate Data & Façade Systems 
 

Weather data files from Ladybug’s Energy plus database were 
incorporated for each city. The analysis period was set from June 
21 to September 21 (summer period) to evaluate peak cooling 
demands. Kinetic façade scripts were developed and connected to 
the sun path and shading control parameters within the Energy 
plus simulation environment. Double-skin façade scripts were 
integrated as Hb Zones, with modified ventilation settings (non-
ventilated), ensuring compatibility with energy modelling 
frameworks. 
 

o Simulation Outputs and Data Visualization 
 

The simulation was executed to generate "Comfort Metrics" 
within the Grasshopper script environment. The resulting thermal 
comfort data were extracted, analysed, and visualized for each 
scenario to determine the most effective strategy for each climatic 
zone.  
 
3. Results 
 
3.1  Base Model Results 
 
The results of the base model indicate that the average Percent of 
Comfortable Time (PCT) during the summer analysis period 
varies significantly across the selected climatic zones in Türkiye. 
The findings reveal that Antalya (Zone 1) has the lowest PCT at 
6.87%, followed by Istanbul (Zone 2) at 24.05%, Ankara (Zone 
3) at 31.58%, and Erzurum (Zone 4) at 42.56%, as illustrated in 
Figure 5. These variations highlight the impact of regional climate 
conditions on thermal comfort levels in the base model. 
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Figure 5 Base model results of PMV-PCT 
 
 

3.2  Kinetic Façade Scenarios Results 
 
The results indicate that applying kinetic louvers on the south 
façade of the base model (Scenario 1) significantly improves 
thermal comfort across all climatic zones. The average Percent of 
Comfortable Time (PCT) during the summer analysis period 
increased to 18.66% in Antalya (Zone 1), 47.02% in Istanbul 
(Zone 2), 54.48% in Ankara (Zone 3), and 57.05% in Erzurum 
(Zone 4), as illustrated in Figure 6. 

 
 

Figure 6 Results of PMV-PCT of scenario 1 
 
 
 
 
 

 
Table 1 Construction materials properties of Antalya (Zone 1) & Istanbul (Zone 2) 

 
Antalya (Zone 1) 

Components Layers Thickness 
(cm) 

U- Value 
W/m²K 

TS825  
U-value W/m²K 

Walls 

Exterior 

Stucco 2.54 

0.647805 

0.7 

Heavyweight Concrete 20.32 
Mass Wall Insulation R- 11.70 

IP 
10.09 

Gypsum 1.27 
Total thickness 34.22 

Interior 

Gypsum Board 1.9 

0.454477 
Wall air space 8.0 
Gypsum board 1.9 
Total thickness 11.80 

Floors 

Porcelain Tile 1.27 

0.157874 0.7 
Floor Insulation R-35.07 IP 30.25 

Gypsum 1.27 
Total thickness 32.79 

Roof 

Roof Membrane 0.95 

0.326303 0.45 
IEAD Roof Insulation R- 19.72 

IP 
17.01 

MAT- CC0.5 HW Concrete 15.16 
Total thickness 33.12 
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Istanbul (Zone 2) 

Components Layers Thickness 
(cm) 

U- Value 
W/m²K 

TS825 
U-value W/m²K 

Walls 

Exterior 

Stucco 2.54 
 
 

0.513649 
0.6 

Heavyweight Concrete 20.32 
Mass Wall Insulation R- 7.23 IP 6.23 

Gypsum  1.27 
Total thickness 30.36 

Interior 

Gypsum Board 1.9 
 

0.454477 
Wall air space  8.0 
Gypsum board 1.9 
Total thickness 11.80 

Floors 

Porcelain Tile 1.27 
 

0.199447 0.6 
Floor Insulation 23.79 

Gypsum 1.27 
Total thickness 26.33 

Roof 

Roof Membrane 0.95 

0.326303 0.4 
IEAD Roof Insulation R- 19.72 

IP 
17.01 

MAT- CC0.5 HW Concrete 15.16 
Total thickness 33.12 

 
Table 2 Construction materials properties of Ankara (Zone 3) & Erzurum (Zone 4) 

 
Ankara (Zone 3) 

Components Layers 
Thickness 

(cm) 
U- Value 
W/m²K 

TS825  
U-value 
W/m²K 

Walls 

Exterior 

Stucco 2.54 

0.416211 

0.5 

Heavyweight Concrete 20.32 
Mass Wall Insulation R- 8.72 IP 7.52 

Gypsum  1.27 
Total thickness 31.65 

Interior 

Gypsum Board 1.9 

0.454477 
Wall air space  8.0 
Gypsum board 1.9 
Total thickness 11.8 

Floors 

Porcelain Tile 1.27 

0.199447 0.45 
Floor Insulation 23.79 

Gypsum 1.27 
Total thickness 26.33 

Roof 

Roof Membrane 0.95 

0.283158 0.30 
IEAD Roof Insulation R- 14.76 

IP 
12.73 

MAT- CC0.5 HW Concrete 15.16 
Total thickness 28.84 

Erzurum (Zone 4) 

Components Layers 
Thickness 

(cm) 
U- Value 
W/m²K 

TS825 
U-value 
W/m²K 

Walls 
Exterior 

Stucco 2.54 

0.302714 
0.4 

Heavyweight Concrete 20.32 
Mass Wall Insulation R- 10.11IP 8.72 

Gypsum  1.27 
Total thickness 32.85 

Interior 
Gypsum Board 1.9 

0.454477 
Wall air space 8.0 
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Gypsum board 1.9 
Total thickness 11.8 

Floors 

Porcelain Tile 1.27 

0.157874 0.4 
Floor Insulation R-35.07 IP 30.25 

Gypsum 1.27 
Total thickness 32.79 

Roof 

Roof Membrane 0.95 

0.186304 0.25 
Roof Insulation  26.01 

MAT- CC0.5 HW Concrete 15.16 
Total thickness 42.12 

 
For Scenario 2, which combines kinetic louvers with a glazing 
upgrade to double-pane Low-E glass, the results further 
demonstrate an increase in PCT values. The findings show that 
thermal comfort improves to 22.37% in Antalya (Zone 1), 
62.81% in Istanbul (Zone 2), 61.49% in Ankara (Zone 3), and 
48.74% in Erzurum (Zone 4), as shown in Figure 7. These 
results highlight the effectiveness of integrating kinetic shading 
devices with high-performance glazing to enhance indoor 
thermal conditions. 

For Scenario 3, which integrates kinetic louvers, modified glass 
type, and a reduced WWR of 0.6, the results indicate a notable 
improvement in indoor thermal comfort across all climate 
zones. The average Percent of Comfortable Time (PCT) during 
the summer analysis period increased to 26.57% in Antalya 
(Zone 1), 71.39% in Istanbul (Zone 2), 70.25% in Ankara 
(Zone 3), and 55.57% in Erzurum (Zone 4), as presented in 
Figure 8. 
 

 

 
 

Figure 7 Results of PMV-PCT of scenario 2 
 

 
 

Figure 8 Results of PMV-PCT of scenario 3- WWR= 0.6 
 

Further reducing WWR to 0.3 in Scenario 3 resulted in even 
higher PCT values, particularly in warmer climates. The PCT 
increased to 40.32% in Antalya (Zone 1), 79.59% in Istanbul 
(Zone 2), 79.23% in Ankara (Zone 3), and 56.13% in Erzurum 
(Zone 4), as shown in Figure 9. These results suggest that 
reducing the window area, when combined with kinetic shading 
and high-performance glazing, significantly enhances indoor 
comfort levels in warm and moderate climates. 
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Figure 9 Results of PMV-PCT of scenario 3- WWR= 0.3 
 

3.2  Double-Skin Façade Scenarios Results 
 
The application of a Non-Ventilated Double-Skin Façade (DSF) 
system to the base model (Scenario 4) resulted in an increase in 
PCT values compared to the base model, though it was less 
effective than kinetic façades. The results showed that the 
average PCT reached 17.17% in Antalya (Zone 1), 39.20% in 
Istanbul (Zone 2), 46.81% in Ankara (Zone 3), and 48.34% in 
Erzurum (Zone 4), as illustrated in Figure 10. 
 

 
Figure 10 Results of PMV-PCT of scenario 4 

 
For Scenario 5, which combines the Double-Skin Façade system 
with a glazing upgrade to Double Pane Low-E Glass, the results 

demonstrate a further improvement in PCT values. The PCT 
increased to 23.35% in Antalya (Zone 1), 49.61% in Istanbul 
(Zone 2), 50.43% in Ankara (Zone 3), and 41.35% in Erzurum 
(Zone 4), as shown in Figure 11. 
 

 
 

Figure 11 Results of PMV-PCT of scenario 5 
 
The final scenario, Scenario 6, examined the effect of modifying 
the WWR within the Double-Skin Façade system. With WWR 
= 0.6, the results showed that the PCT values reached 23.08% 
in Antalya (Zone 1), 48.34% in Istanbul (Zone 2), 50.14% in 
Ankara (Zone 3), and 42.35% in Erzurum (Zone 4), as 
displayed in Figure 12. 
 

 
 

Figure 12 Results of PMV-PCT of scenario 6- WWR=0.6 
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When the WWR was further reduced to 0.3 in Scenario 6, PCT 
values slightly decreased in most climate zones except Erzurum 
(Zone 4). The final PCT values were 22.70% in Antalya (Zone 
1), 47.67% in Istanbul (Zone 2), 50.19% in Ankara (Zone 3), 
and 43.92% in Erzurum (Zone 4), as illustrated in Figure 13. 
This suggests that while reducing WWR improves indoor 
comfort in some cases, extremely low WWR values may not 
always yield the best thermal comfort performance, particularly 
in cooler climates. 
 

 
 

Figure 13 Results of PMV-PCT of scenario 6-WWR= 0.3 
 
 

4. Discussion & Analysis 
 
Building envelopes play a crucial role in determining indoor 
thermal comfort conditions in office buildings. The results 
indicate that certain façade strategies perform better in specific 
climatic zones, highlighting the importance of climate-
responsive design. Additionally, design parameters such as 
glazing type, window-to-wall ratio (WWR), and shading 
strategies significantly impact overall building thermal 
performance. In this section, the results are analyzed separately 
for each climatic zone to determine the most effective strategies 
based on the findings. 
 
While several façade configurations achieved high Percent of 
Comfortable Time (PCT) values—particularly in Istanbul and 
Ankara—these results should be interpreted with caution. The 
reported PCT levels are sensitive to assumptions related to 
occupant behavior, including clothing insulation, metabolic rate, 
and the use of fixed HVAC setpoints. In real office 
environments, variations in user behavior, control strategies, or 
operational schedules may lead to lower realized comfort levels. 
Therefore, the high PCT values reported in this study should be 
understood as indicators of relative performance potential under 

controlled conditions rather than guaranteed comfort outcomes 
in occupied buildings. 
It should be noted that the DSF evaluated in this study 
represents a non-ventilated configuration, selected to ensure 
cross-climatic comparability rather than to reflect the full 
performance potential of DSF systems. 
 
4.1 Antalya (Zone 1 – Hot-Summer Mediterranean 
Climate) 
 
The best-performing scenario for Antalya was Scenario 3 with 
WWR = 0.3, where the Percent of Comfortable Time (PCT) 
reached 40.32%. Compared to the base model (6.87%), this 
scenario resulted in a significant increase of 33.45%. The 
improvements were achieved by integrating kinetic louvers on 
the south façade, upgrading to double-pane Low-E glass, and 
reducing WWR to 0.3. These modifications effectively 
minimized solar heat gain, enhanced thermal insulation, and 
improved indoor temperature regulation. 
 
The second-best scenario was Scenario 3 with WWR = 0.6, 
where the PCT increased to 26.57%, representing an 
improvement of 19.70% compared to the base model. This 
setup included kinetic louvers with double-pane Low-E glass but 
maintained a higher WWR (0.6). The results suggest that, while 
increasing the glazing area allows more daylight penetration, it 
can also increase solar heat gain, requiring an optimal balance 
between WWR and shading strategies. 
 
The third-best scenario was Scenario 5, where the PCT 
improved to 23.35%, reflecting an increase of 16.48% from the 
base model. This scenario applied a Double-Skin Façade (DSF) 
with double-pane Low-E glass, without modifying WWR. DSFs 
have been widely recognized for their ability to enhance thermal 
insulation, reduce cooling loads, and improve indoor air 
stratification, making them a viable passive cooling strategy 
(Ghaffarianhoseini et al. 2016). 
 
According to the Köppen climate classification, Antalya has a 
hot-summer Mediterranean climate, characterized by high solar 
radiation and warm temperatures. Yang et al. (2019) concluded 
that Double-Skin Façades (DSFs) contribute to stable indoor 
temperatures in hot climates, primarily by buffering solar 
radiation and reducing thermal fluctuations. However, the 
results of this study suggest that kinetic louvers outperform 
DSFs in Antalya, particularly in terms of achieving higher PCT 
values during the summer period. 
 
These findings align with researches by Hosseini et al. (2019), 
which highlighted that kinetic shading systems dynamically 
adjust to solar angles, optimizing daylight control and reducing 
peak indoor temperatures. In contrast, non-ventilated DSFs can 
trap heat, leading to higher internal temperatures if not designed 
with effective ventilation strategies (Yang et al. 2019). 
Additionally, studies by Tzempelikos & Athienitis (2007) 
emphasize that kinetic shading systems can reduce solar heat 
gain by up to 60%, making them more effective in hot climates 
where solar exposure is a primary concern. 
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Moreover, Prieto et al. (2018) found that adjusting WWR in 
hot climates is crucial for optimizing energy performance, as 
excessive glazing can increase cooling demand despite 
improvements in glazing technology. The results from this study 
support this conclusion, as reducing WWR to 0.3 in Scenario 3 
provided the highest PCT improvement in Antalya. This finding 
suggests that a lower WWR, combined with kinetic shading and 
Low-E glazing, is a highly effective strategy for hot 
Mediterranean climates. 
 
Overall, these results indicate that dynamic shading solutions 
(kinetic louvers) are more adaptable and responsive to varying 
solar angles throughout the day, making them a superior 
alternative to static DSFs in Antalya’s climate. Future studies 
could explore hybrid façade designs, incorporating both kinetic 
shading and ventilated DSFs, to optimize thermal comfort and 
natural ventilation simultaneously. 
 
4.2  Istanbul (Zone 2 – Moderate Climate) 
 
The best-performing scenario for Istanbul was Scenario 3 with 
WWR = 0.3, where the Percent of Comfortable Time (PCT) 
reached 79.59%. Compared to the base model (24.05%), this 
scenario resulted in a significant increase of 55.54%. The 
enhancements were due to kinetic louvers, double-pane Low-E 
glass, and a reduced WWR of 0.3, which effectively optimized 
solar control and thermal performance. These findings align 
with research by Prieto et al. (2018), which highlights that 
reducing WWR in moderate climates contributes to improved 
thermal comfort and energy efficiency. This improvement is 
mainly achieved by minimizing excessive heat gain while still 
allowing adequate daylight penetration. 
 
The second-best scenario was Scenario 3 with WWR = 0.6, 
where the PCT increased to 71.39%, representing an 
improvement of 47.34% from the base model. This scenario 
applied kinetic louvers and double-pane Low-E glass, while 
maintaining a WWR of 0.6. The performance of this scenario 
suggests that higher WWR values can still maintain good 
thermal comfort if coupled with effective shading and glazing 
strategies, a conclusion supported by Ghaffarianhoseini et al. 
(2018), who found that the interaction between WWR and 
shading devices plays a crucial role in balancing daylight, energy 
performance, and occupant comfort in mixed climates. 
 
The third-best scenario was Scenario 2, where the PCT reached 
62.81%, reflecting a 38.76% increase over the base model. This 
scenario involved kinetic louvers and a glass upgrade from single 
clear glass to double-pane Low-E glass, but maintained a high 
WWR of 0.9. The results indicate that Scenario 2 is particularly 
suitable in cases where high levels of natural daylight and 
transparent façades are prioritized. This aligns with research by 
Tzempelikos & Athienitis (2007), which concluded that high-
performance glazing, when paired with dynamic shading 
systems, allows for maximized daylight utilization while 
mitigating glare and overheating risks. 
 
These results emphasize the importance of dynamic shading and 
glazing selection in moderate climates, where solar exposure 

varies seasonally and requires adaptive façade solutions. 
Research by Hosseini et al. (2019) highlights that kinetic façade 
offers superior adaptability by responding to real-time climatic 
conditions, adjusting to varying sun angles and intensities. 
Furthermore, study by Lu (2022) indicate that smart façades 
integrating kinetic shading and high-performance glazing can 
reduce cooling loads by up to 30% in moderate climates, 
improving both thermal comfort and energy efficiency. 
 
While reducing WWR enhances thermal comfort, maintaining 
an optimal balance between daylight access and energy efficiency 
is critical. The findings suggest that Scenario 3 with WWR = 
0.3 offers the highest improvement in thermal comfort, but 
Scenario 2 remains an attractive option where increased daylight 
penetration is prioritized. Future studies could further explore 
hybrid façade systems integrating ventilated DSFs with kinetic 
shading devices to assess their impact on year-round thermal 
comfort and energy consumption in mixed climates. 
 
4.3  Ankara (Zone 3 – Cold Semi-Arid Climate) 
 
The best-performing scenario for Ankara was Scenario 3 with WWR = 
0.3, where the Percent of Comfortable Time (PCT) reached 79.23%. 
Compared to the base model (31.85%), this scenario resulted in a 
significant increase of 47.65%. The improvements were achieved by 
integrating kinetic louvers on the south façade, upgrading to double-pane 
Low-E glass, and reducing WWR to 0.3, which effectively enhanced solar 
control and thermal insulation. These findings align with research by 
Tzempelikos & Athienitis (2007), which emphasized that dynamic shading 
devices significantly reduce direct solar heat gain while maintaining 
adequate daylighting in mixed and cold climates. 
 
The second-best scenario was Scenario 3 with WWR = 0.6, where the 
PCT increased to 70.25%, reflecting an improvement of 38.40% over the 
base model. This scenario maintained kinetic louvers and double-pane 
Low-E glass but with a higher WWR of 0.6, allowing for greater daylight 
penetration while still optimizing solar heat gain and energy performance. 
Studies by Wu (2022) found that facades incorporating dynamic shading 
and low-emissivity glazing can improve occupant thermal comfort while 
reducing heating loads by up to 25% in semi-arid climates. 
 
The third-best scenario was Scenario 2 with WWR = 0.9, 
where the PCT reached 61.49%, representing an increase of 
29.64% compared to the base model. This scenario applied 
kinetic louvers and an upgraded glazing system, replacing single 
clear glass with double-pane Low-E glass while maintaining a 
high WWR of 0.9. These results suggest that while increased 
glazing area allows for improved daylight utilization, excessive 
WWR can lead to greater thermal losses during colder months. 
This trend has also been observed in previous studies (Prieto et 
al. 2018). 
 
The results for Ankara closely resemble those observed in 
Istanbul, indicating that kinetic shading and optimized glazing 
selection are effective strategies in moderate to cold semi-arid 
climates. However, additional considerations such as thermal 
mass and passive solar design could further enhance building 
performance. Research by Ghaffarianhoseini et al. (2018) 
suggests that incorporating thermal mass materials alongside 
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adaptive shading systems can further improve indoor comfort by 
storing solar heat during the day and releasing it at night, 
reducing temperature fluctuations in semi-arid climates. 
 
Moreover, studies by Lu (2022) and Wu (2022) emphasize that 
parametric optimization of kinetic shading devices, combined 
with passive heating techniques, can significantly enhance energy 
efficiency in buildings located in regions with high diurnal 
temperature variations, such as Ankara. This indicates that 
further integration of climate-responsive design elements, 
including thermal mass storage and ventilated façades, could 
optimize performance beyond the kinetic shading and glazing 
improvements tested in this study. 
 
Future research could explore hybrid façade systems that 
combine kinetic shading with phase-change materials (PCMs) or 
ventilated double-skin façades, as suggested by Soudian & 
Berardi (2019).  
 
4.4  Erzurum (Zone 4 – Cold Climate) 
 
The best-performing scenario for Erzurum was Scenario 1 with 
WWR = 0.9, where the Percent of Comfortable Time (PCT) 
reached 57.05%. Compared to the base model (42.56%), this 
scenario resulted in an increase of 14.49%. The improvement 
was achieved by changing the glazing construction and 
integrating kinetic louvers, without modifying WWR. 
 
The second-best scenario was Scenario 3 with WWR = 0.3, 
where the PCT increased to 56.13%, representing an 
improvement of 13.57% over the base model. This scenario 
incorporated kinetic louvers and upgraded glazing to double-
pane Low-E glass, with a reduced WWR of 0.3. 
 
The third-best scenario was Scenario 3 with WWR = 0.6, 
where the PCT reached 55.57%, reflecting an increase of 
13.01% from the base model. Similar to the previous scenario, 
this case involved kinetic louvers and double-pane Low-E glass, 
but with a WWR of 0.6.  
 
The results suggest that WWR has a relatively lower impact on 
PCT in Erzurum (Zone 4) once kinetic louvers are applied 
during the summer period. This is particularly beneficial when 
maximum daylighting is required in office spaces, ensuring 
sufficient natural illumination without significant variations in 
energy consumption to maintain indoor thermal comfort. These 
findings align with the conclusions of Soudian & Berardi (2019), 
who found that glazing selection and shading integration in cold 
climates should prioritize passive heat retention while 
maintaining daylighting efficiency. 
 
In cold climates, glazing selection plays a crucial role in thermal 
performance, but its influence on PCT in Erzurum is relatively 
lower than in warm or temperate zones. Research by Cucumo 
et al. (2013) demonstrated that Low-E coatings significantly 
contribute to thermal comfort improvements in various 
climates, particularly by reducing unwanted heat gain in 
summer while maintaining insulation in winter. However, in 

extremely cold regions like Erzurum, the impact of Low-E 
glazing becomes marginal since heat retention is more critical 
than solar heat gain reduction. Prieto et al. (2018) further 
emphasize that glazing strategies in cold climates should focus on 
triple-glazed units or vacuum-insulated glazing to minimize heat 
loss while still permitting beneficial solar gain. 
 
Kinetic louvers are typically employed as a solar shading 
strategy, but their role in cold climates differs significantly from 
that in warmer regions. A study by Wu (2022) found that 
kinetic louvers can optimize solar heat gain in cold environments 
when integrated with automated control systems that adjust to 
seasonal variations. For Erzurum, this suggests that kinetic 
shading should be configured not only to prevent overheating 
during summer but also to maximize passive solar heating 
during colder months, particularly in shoulder seasons (spring 
and autumn). 
 
While kinetic louvers proved effective in Erzurum, the Non-
ventilated double-skin façades (DSFs) present an alternative 
approach for improving thermal comfort and energy 
performance in extreme cold conditions. Research by 
Ghaffarianhoseini et al. (2018) suggests that ventilated DSFs are 
highly beneficial in cold climates, as they reduce heat loss by 
forming an insulating air buffer while allowing controlled solar 
heat gain. However, the non-ventilated DSF used in this study 
may have limited effectiveness in Erzurum, due to insufficient 
air circulation, which could trap excessive heat in summer while 
reducing its insulating capacity in winter (Yang et al. 2019). 
 
It should be emphasized that the DSF evaluated in this study 
represents a non-ventilated configuration, selected to maintain 
comparability across climates rather than to reflect the full 
performance potential of DSF systems. A more adaptive DSF 
approach could be explored for Erzurum, as proposed by 
Alberto et al. (2017), where airflow within DSFs is dynamically 
controlled based on external and internal temperature 
conditions. This would allow for enhanced heat retention in 
winter while maintaining cooling benefits in summer. Future 
research should explore hybrid façade solutions that combine 
automated kinetic shading with naturally ventilated DSFs to 
enhance thermal comfort throughout the year. 
 
5. Summary of Top-Performing Façade 
Strategies Across Türkiye’s Climatic Zones 
 
To consolidate the findings presented for each climatic zone, a 
comparative summary was developed to highlight how the 
different façade strategies performed across Türkiye. While the 
previous subsections presented detailed results for each city 
individually, the following table provides an integrated overview 
that clarifies which configurations achieved the highest PCT 
values under each regional climate condition. This summary 
enables a clearer understanding of the climate-dependent 
behavior of façade systems. Table 5 summarizes the top-
Performing Façade Strategies Across Türkiye’s Climatic Zones.  
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Table 5 Top-Performing façade strategies across Türkiye’s climatic zones 
 

Climate Zone / 
Representative City 

Best 
Performing 
Strategy 
(PCT %) 

PCT 
Improvement 
Percentage 
(%) 

Key Façade 
Components 

Why it 
Performs Best 

Result’s Graphical 
Representation 

Zone 1 – Hot-Summer 
Mediterranean / 
Antalya 

Scenario 3 
(40.32%) 

33.45% Kinetic louvers 
+ Low-E glazing 
+ Reduced 
WWR to 30% 

Strong reduction 
of solar heat gain 
under intense 
radiation 

 
Zone 2 – Temperate 
Climate / Istanbul 

Scenario 3 
(79.59%) 
 

55.54% Kinetic louvers 
+ Low-E glazing 
+ Reduced 
WWR to 30% 

Balanced 
daylight–cooling 
load control; 
shading highly 
effective 

 
Zone 3 – Cold Semi-Arid 
Climate / Ankara 

Scenario 3 
(79.23%) 

47.65% Kinetic louvers 
+ Low-E glazing 
+ Reduced 
WWR to 30% 

Reduces 
overheating 
while 
maintaining 
daylight in mixed 
climate 

 
Zone 4 – Severe Cold 
Climate / Erzurum 

Scenario 1 
(57.05%) 

14.49% Kinetic louvers 
+ Base glazing 

WWR has 
limited impact; 
shading 
sufficient; solar 
gains beneficial 

 

6. Limitations of the Study  
 
The study focuses exclusively on summer thermal comfort 
conditions, and therefore does not account for winter 
performance or year-round comfort variations. In addition, the 
kinetic louver model applied a rule-based control algorithm 
without exploring alternative optimization strategies or 
automated control systems. The DSF was modeled as a non-
ventilated configuration, which limits the ability to evaluate 
buoyancy-driven airflow or mechanically assisted ventilation 
scenarios. These limitations provide opportunities for future 
research to explore more advanced control strategies, 
alternative DSF configurations, and comprehensive annual 
comfort assessments. 
 
7. Conclusion  
 
This study evaluated the impact of kinetic louvers, glazing 
upgrades, and non-ventilated double-skin façades on indoor 
thermal comfort across Türkiye’s four major climatic zones 
using PMV-based Percent of Comfortable Time (PCT). The 
results demonstrated that kinetic louvers were the most 
effective strategy in reducing overheating, increasing PCT from 
6.87% to 18.66% in Antalya, 24.05% to 47.02% in Istanbul, 
31.58% to 54.48% in Ankara, and 42.56% to 57.05% in 
Erzurum. When combined with Low-E double glazing and 
reduced WWR to 0.3, Scenario 3 achieved the highest comfort 

performance with PCT values of 40.32% (Zone 1), 79.59% 
(Zone 2), and 79.23% (Zone 3). In contrast, the coldest climate 
(Zone 4) showed limited sensitivity to WWR reductions, with 
Scenario 1 performing the best due to the beneficial 
contribution of solar gains. 
 
The non-ventilated DSF provided moderate improvements, 
particularly in Zones 2 and 3, but remained less effective than 
dynamic shading in extreme hot or cold climates. These findings 
confirm that façade design must be climate-responsive rather 
than uniform, and that the integration of kinetic shading with 
high-performance glazing yields substantial thermal comfort 
benefits in warm and temperate regions. 
 
Future research should expand the analysis to include winter 
performance, annual comfort evaluation, glare and daylight 
quality, and alternative DSF ventilation strategies. Investigating 
adaptive or optimization-based louver control algorithms may 
also provide deeper insights into the full potential of kinetic 
façades in complex climatic contexts. 
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