RESEARCH ARTICLE Journal of Daylighting 12 (2025) 91-110 doi:10.15627/jd.2025.6

ISSN 2383-8701
Journal of Daylighting

Journal homepage: https://solarlits.com/jd

.

Check for
updates

Multi-objective Optimization of Window and Shading Systems for
Enhanced Office Building Performance: A Case Study in Qom, Iran

Mohammad Hassan Abedini,"* Hanieh Gholami,” Hamed Sangin®

¢ Department of Architecture, Faculty of Architecture and Urbanism, Shahrood University of Technology, Shahrood, Iran
b School of Architecture Technology, College of Fine Arts, University of Tehran, Tehran, Iran
¢ Department of Environment, Land and Infrastructure Engineering (DIATI), Politecnico di Torino, Turin, Italy

Article info

Article history:

Received 25 October 2024
Revised 27 December 2024
Accepted 5 January 2025
Published online 13 February 2025

Keywords:

Energy efficiency

Daylight performance
Thermal comfort

Window and shading systems

Abstract

Addressing the challenges of global warming and rising energy demands, this study explores fixed shading systems as passive and
sustainable solutions to improve energy efficiency, thermal comfort, and daylight performance in office buildings. Conducted in the hot
desert climate of Qom, the research employs advanced simulation tools, including Rhino 8 integrated with Grasshopper, Honeybee, and
Ladybug, to model and evaluate shading strategies. A multi-objective optimization (MOO) approach was applied to enhance four key
metrics: Thermal Comfort Percent (TCP), Energy Use Intensity (EUI), Annual Sunlight Exposure (ASE), and Spatial Daylight
Autonomy (sDA). Optimization and visualization were carried out using Colibri and Design Explorer to identify shading configurations
that effectively balance energy savings, thermal comfort, and daylighting. The results highlight substantial improvements achieved
through optimized shading designs. Fixed exterior shading systems reduced EUI by up to 14.95% for overhangs, with side fins, light
shelves, and H-louvers achieving reductions of 7.28%, 13.45%, and 6.04%, respectively. ASE was effectively mitigated, with side fins
and H-louvers achieving reductions of 36.25% and 9.38%. Optimal daylighting performance was observed, as sDA reached 100% for
H-louvers, side fins, overhangs, and light shelves, and 98.25% for egg-crates and V-louvers. Regarding TCP, egg-crates exhibited the
highest performance at 74.18%, followed by H-louvers at 70.21%. These findings demonstrate that integrating tailored shading systems
into office buildings not only enhances occupant comfort and reduces energy consumption but also supports sustainable building
practices, offering practical solutions for environmentally conscious architectural design.

© 2025 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license
(https://creativecommons.org/licenses/by/4.0/).

1. Introduction

Global energy consumption is significantly influenced by the
building and construction sectors, which account for
approximately 40% of total energy use. Within this, about 20% is
attributed to the increased demand for heating and cooling. This
underscores the substantial energy needs in these sectors
worldwide [1,2]. The rising demand for energy in these fields has
contributed to a marked increase in global CO, emissions from
energy sources, leading to higher pollution levels [3].
Unfortunately, the most recent data from the World Statistical
Yearbook in 2021 shows a substantial rise in Iran's total primary
energy consumption, which grew from 5.91 BTU (British thermal
units) in 2002 to 12.05 BTU in 2021, reflecting an increase of
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103.9% over two decades. Specifically, between 2002 and 2021,
Iran's greenhouse gas emissions, electricity use, and natural gas
consumption saw increases of 144.9%, 290.3%, and 332.9%,
respectively [4]. Researchers are exploring various strategies for
conserving energy and reducing emissions to promote sustainable
building practices. These strategies include innovative
construction techniques, creative design approaches, and the use
of renewable energy sources to reduce the environmental impact
of both building construction and its operation [5-8]. While the
influence of building envelopes on energy efficiency was
extensively studied, the integration of suitable passive design
strategies during the early stages of building design, particularly
in hot arid climates remains relatively underexplored [9].
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Nomenclature
ASE Annual Sunlight Exposure
BWh Hot desert climate
Clr All panes are clear glass
Dbl Double glazed glass
EUI Energy Use Intensity
H-louver  Horizontal louver
LRV Light Reflectance Values
MOO Multi-objective optimization
sDA spatial Daylight Autonomy
SHGC Solar Heat Gain Coefficient
TCP Thermal Comfort Percent
U-Value  Thermal transmittance
V-louver  Vertical louver
VT Visible Transmittance
WWR Window-to-wall ratio
u Mean of elementary effects
o Standard deviation
Meanwhile, Windows and shading systems are vital

components of a building’s envelope, greatly affecting energy use
and occupant comfort [9-12]. Windows, as transparent elements
of the building envelope, direct visible sunlight into interior
spaces, reduce lighting energy consumption, and capture solar heat
in winter. Therefore, they help lower thermal energy consumption
while enhancing the visual comfort of occupants [13]. Since
window systems are typically set during the early design phase,
making changes later is not easy. In fact, the initial design phase
is the most critical stage in building design, as about 80% of total
building costs are determined during this phase [14]. The design
of windows and shading systems plays a crucial role in improving
lighting performance, both in terms of energy efficiency and visual
comfort. The optimization of window size, orientation, and
placement, combined with effective shading strategies, can
significantly reduce the need for artificial lighting and improve
indoor daylighting [15]. However, the challenge lies in balancing
these design factors with the need to control solar heat gain.
Excessive solar radiation can lead to overheating, discomfort, and
increased cooling loads, which negates the benefits of natural
lighting. Thus, optimizing these factors requires a multi-objective
approach, where the goal is to maximize daylight availability
while minimizing glare and heat gain [14,16]. Occupant
productivity in office buildings directly impacts an organization’s
financial performance and growth [17]. At the same time,
minimizing energy use in these buildings is crucial [11,12].
Previous research has shown that a large portion of energy
consumption in office buildings is due to heat loss through
windows and cooling requirements caused by solar radiation [18].
Window design is a complex multi-objective problem because
solar energy absorption through windows affects both occupant
comfort and energy consumption in both summer and winter [15].
Optimizing window design alone may not significantly improve
occupant comfort, which is why advanced daylight control
systems that provide more even light distribution are necessary to
improve comfort and reduce energy use [17].

In addition, Researchers have explored optimizing shading
system designs and configurations [16,17], along with various
building envelope elements such as window-to-wall ratio (WWR)

[18], orientation [19], geometry [20], and types of glazing
materials [21,22]. These factors play crucial roles in enhancing the
building's thermal, visual and energy performance [23] and are
considered essential passive design strategies integrated into the
early stages of design. In office buildings with extensive glass
facades, the design focus on aesthetics and expansive views often
conflicts with thermal comfort requirements [13]. The emphasis
on indoor comfort, rather than energy consumption for heating and
cooling, has led many developers to install sunshades in buildings
to enhance accessibility [24]. The Shadings in buildings,
particularly those with a high lot of glass, maintain occupants'
views while effectively blocking excess solar radiation [25]. This
passive strategy not only enhances thermal comfort but also
improves visual comfort inside the building [26-28]. Efforts to
minimize energy consumption in buildings, particularly offices,
are crucial [22,29]. Research indicates that the office's energy
losses are largely due to window heat loss and solar radiation
cooling [30]. In this context, parametric design and multi-
objective optimization have become key approaches in improving
the energy efficiency of buildings. Parametric design refers to the
use of algorithms and design parameters to explore a wide range
of design options and optimize building performance. Multi-
objective optimization, on the other hand, seeks to find solutions
that balance multiple goals, such as maximizing occupant comfort
while minimizing energy consumption. These approaches have
been widely applied in optimizing building envelope elements,
especially windows and shading systems, to enhance the building's
overall performance [13,31]. As evidenced in the existing
literature, extensive research conducted on employing shading
techniques and optimizing window design in buildings to conserve
energy.

In addition, Researchers have explored optimizing shading
system designs and configurations [16,17], along with various
building envelope elements such as window-to-wall ratio (WWR)
[18], orientation [19], geometry [20], and types of glazing
materials [21,22]. These factors play crucial roles in enhancing the
building's thermal, visual and energy performance [23] and are
considered essential passive design strategies integrated into the
early stages of design. In office buildings with extensive glass
facades, the design focus on aesthetics and expansive views often
conflicts with thermal comfort requirements [13]. The emphasis
on indoor comfort, rather than energy consumption for heating and
cooling, has led many developers to install sunshades in buildings
to enhance accessibility [24]. The Shadings in buildings,
particularly those with a high lot of glass, maintain occupants'
views while effectively blocking excess solar radiation [25]. This
passive strategy not only enhances thermal comfort but also
improves visual comfort inside the building [26-28]. Efforts to
minimize energy consumption in buildings, particularly offices,
are crucial [22,29]. Research indicates that the office's energy
losses are largely due to window heat loss and solar radiation
cooling [30]. In this context, parametric design and multi-
objective optimization have become key approaches in improving
the energy efficiency of buildings. Parametric design refers to the
use of algorithms and design parameters to explore a wide range
of design options and optimize building performance. Multi-
objective optimization, on the other hand, seeks to find solutions
that balance multiple goals, such as maximizing occupant comfort
while minimizing energy consumption. These approaches have
been widely applied in optimizing building envelope elements,
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especially windows and shading systems, to enhance the building's
overall performance [13,31]. As evidenced in the existing
literature, extensive research conducted on employing shading
techniques and optimizing window design in buildings to conserve
energy.

Upon reviewing previous research, a clear gap emerges in
addressing the integration of four key parameters: Thermal
Comfort Percent (TCP), Energy Use Intensity (EUI), Annual
Sunlight Exposure (ASE), and Spatial Daylight Autonomy (sDA).
This study aims to fill this gap by developing a multi-objective
optimization strategy that balances these goals. It examines
various fixed shading solutions and materials to enhance TCP,
improve EUI, and optimize daylighting performance (ASE, sDA)
in office buildings. The goal is to create more comfortable,
efficient, and sustainable workspaces while advancing
environmentally friendly building practices. This research
specifically focuses on the application of these strategies to office
buildings in Qom, where the climate and geographical conditions
play a significant role in the design and performance of shading
systems. This research aims to address the following questions:

e In what way(s) can multi-objective optimization techniques
improve the simultaneous design of windows and shading
systems?

e How can a balance be effectively achieved between Thermal
Comfort Percent (TCP), Energy Use Intensity (EUI), Annual
Sunlight Exposure (ASE), and Spatial Daylight Autonomy
(sDA)?

2. Literature review

A variety of research efforts have investigated how windows and
shading systems affect energy consumption in buildings.
Increased window-to-wall ratios have been demonstrated to
enhance energy efficiency [31]. Although the shape of windows
has a negligible impact on energy use, the positioning of windows
is essential for the effective distribution of natural light [32]. To
organize the literature review and clarify current research findings,
pertinent studies have been summarized in Table 1.

By incorporating machine learning algorithms for automated
shading based on real-time solar data, a significant glare reduction
of 86.5% to 96.9% was achieved. Additionally, there was an
impressive 80.8% decrease in lighting energy consumption. This
highlights the effectiveness of advanced technologies in
optimizing building performance. In comparison, conventional
methods like cut-off angle control only led to a glare reduction of
28.9% and a 67.6% decrease in lighting energy consumption,
showcasing the superior results of employing machine learning
algorithms for automated shading [33]. In an investigation into
shading strategies in Algeria, researchers harnessed a multi-
objective algorithm with the Octopus plug-in for Grasshopper to
fine-tune the window-to-wall ratio (WWR). They successfully
elevated the WWR for southern windows from 20% to 40% and
adjusted it for eastern and western windows from 30% to 50%.
This innovative approach showcases the power of computational
design tools in optimizing building envelopes for better energy
performance and indoor comfort, especially suited to the unique
climate of Algeria [21].

In a study completed within the United States, two investigators
delved into a prototype of switchable insulated shading (SIS)
systems. The aim was to maintain occupant thermal comfort while

decreasing building energy consumption. Their findings indicated
a direct relationship between the slat angle and this particular
value. The utilization of the SIS system displayed the potential to
decrease HVAC energy usage by up to 11.4% across diverse urban
locations [33]. Mousavi et al. [35] examined passive strategies
such as Phase Change Materials, reflective coatings, shading, and
natural ventilation to determine their environmental effects. Their
study revealed that utilizing these approaches could potentially
decrease greenhouse gas (GHG) emissions by up to 3000 kgCO»eq.
Bakmohammadi and Noorzai [36] employed an optimization
approach to enhance occupants' comfort and energy efficiency by
defining space geometry and layout. They utilized tools like the
Grasshopper plugin, Ladybug, and Honeybee for creating
parametric models and conducting optimization analyses in their
research. Elakkad and Ismaeel [37] conducted a thorough analysis
of daylight performance for office buildings in Egypt. They
proposed both prescriptive-based and performance-based
guidelines tailored for office spaces in that region.

Norouziasas et al. [38] performed an extensive simulation
analysis using different control scenarios aligned with ISO/DIS
52016 guidelines. By contrasting a fixed shading model with a no-
shading option, they analyzed the impact of the control strategies
suggested in ISO 52016-3. The results indicated that adopting the
recommended control scenario significantly lowered the
building's cooling load in comparison to both the base model and
the no-shading scenario. Tabadkani et al. [39] explored how
automatic shading control and its activation thresholds affect
occupant comfort and energy demand in buildings under different
climatic conditions. Their analysis revealed that climatic factors
significantly influence the success of shading strategies. They
found that using solar radiation as a control trigger was
particularly effective, allowing for the development of tailored
control strategies that suit the unique conditions of each city,
enhancing both comfort and energy efficiency.

The integration of multiple performance metrics in building
design has been a focal point in recent research, particularly using
multi-objective optimization (MOO). The ability of MOO to
simultaneously balance conflicting objectives such as energy
efficiency, thermal comfort, and daylight performance is critical
for the development of sustainable architectural solutions. A
variety of studies have highlighted the effectiveness of MOO
methods in optimizing building envelopes and shading systems,
especially in the context of energy-efficient design:

Zhao and Du [13] conducted a multi-objective optimization
study focusing on windows and shadings across various regions.
They employed the NSGA-II optimization algorithm along with
the Design Builder energy simulation software to analyze and
optimize the performance of these building elements in different
environmental contexts. Rezaei et al. [40] proposed a multi-
objective optimization approach to optimize window and light
shelf designs in office buildings to improve occupant comfort.
They developed a parametric model using Grasshopper, employed
Honeybee for simulating energy and daylight conditions, and used
the Octopus plugin for MOO to identify optimal solutions. The
study considered variables such as WWR, shading strategy, light
shelf dimensions, and glass transmission. The optimization
focused on reducing thermal discomfort (PPD) and glare (DGP).
The results showed a significant reduction in both DGP (18.5—
70.1%) and PPD (9.3-57.1%), providing useful guidelines for
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Table 1. Examples of recent simulation studies focused on dynamic shading systems (2021 to 2024).

Ref Year User Location(s) Shading system type(s) Objective(s) Software
application
[40] 2024 Office Tehran Light Shelf Thermal comfort, Honeybee+Ladybug
(Iran) Glare
[42] 2023 Office Tehran Overhang, V-louver EUI, Thermal Honeybee+Ladybug
(Iran) comfort, Visual
comfort
[43] 2023 Office Tehran H-louver, V-louver, Overhang, Heating and Cooling Honeybee+Ladybug
(Iran) Light Shelf, Eggcrate, Side fins,  energy, UDI
Overhang+side fins,
H-louver+V-fins, Self-shading
[23] 2022 Office Nanjing Louver EUL UDI, Honeybee, EnergyPlus,
(China) TDP Radiance + Ladybug
[44] 2021 Office Amesterdam Roller blinds Thermal comfort, EnergyPlus
(Netherlands) Glare

architects to enhance thermal and visual comfort in office
buildings.

Talaei and Sangin [41] examined the impact of fixed exterior
shading systems (FESSs) and WWR on the thermal and daylight
performance of buildings in desert, semi-arid, and Mediterranean
climates in Iran. Using multi-objective optimization and
sensitivity analysis, the study assessed three performance metrics:
sDA, ASE, and EUI. The results revealed that integrating FESSs
into building facades significantly reduced EUI in all cities, with
the highest reduction observed in Yazd (25.22%) and the lowest
in Mashhad (13.47%). Horizontal louvers provided the greatest
reduction in ASE, achieving a 100% reduction in most climate
zones, except Rasht. As for sDA, it was reduced by 100% for most
shading systems, except for horizontal louvers in Yazd and Rasht,
and overhangs in Mashhad. Nazari et al. [42] optimized window
configurations in a typical office room in Tehran, aiming to reduce
energy consumption and improve comfort. Using the NSGA-II
algorithm for multi-objective optimization, they found that the
number of slats and their distance from the wall were crucial in
shading effectiveness. The results showed that visual discomfort
could be controlled on eastern and western facades with proper
shading. North-facing windows offered the least thermal comfort

but consumed less energy and experienced glare for longer periods.

3. Material and method

This study aimed to identify optimal shading solutions for highly
glazed office facades, enhancing thermal comfort, energy
efficiency, and daylight performance. The research process is
illustrated in Fig. 1.

Base model and shading configurations were modeled using
Rhino 8 software integrated with the Grasshopper plugin (version
1.0.0008). This setup enabled precise modeling of various shading
systems, and WWR, tailored to the design requirements of the case
study.

The performance of each shading solution was assessed using
Honeybee and Ladybug Tools (LBT 1.8.0). These tools simulated
key metrics, including Thermal Comfort Percentage (TCP),
Energy Use Intensity (EUI), Annual Sunlight Exposure (ASE),
and Spatial Daylight Autonomy (sDA). These metrics served as
the foundation for evaluating the impact of shading systems on
energy efficiency, thermal comfort, and daylight quality.

A multi-objective optimization approach was employed using
the Colibri plugin, with the Design Explorer platform facilitating
visualization and analysis of the optimization results. This step

identified shading configurations that minimized EUI and ASE
while maximizing TCP and sDA, ensuring a balance among
competing objectives.

Finally, after optimization the Analyzing the Results phase was
carried out, where the best-performing shading solutions were
identified based on the balance of EUI, ASE, TCP, and sDA. The
results were critically evaluated to ensure that the selected
solutions addressed the objectives of energy efficiency, thermal
comfort, and daylight quality. Following this, a Sensitivity
Analysis was conducted to test the resilience of the optimized
solutions under varying conditions. This analysis was crucial in
validating the robustness and flexibility of the shading strategies
across different scenarios.

3.1. Location and climate

The city of Qom is located 140 km south of Tehran (the capital of
Iran) which has a regional meteorological station. Geographically,
Qom province is situated at 34° 8' 35° 11' N and 50° 4' 51° 59' E
latitude and longitude, with an elevation of 930 meters (Fig. 2).
This city is situated in a hot arid climate, which is representative
of many regions in Iran. According to the study by Talaei and
Sangin [41], climates such as “Bwh” (35.98%), “BSk” (23.69%),
“Csa” (17.03%), “BSh” (15.70%), and “BWk” (5.94%) cover over
98% of the country’s area. Therefore, the primary aim of this
research is to address the energy consumption, thermal comfort,
and daylighting challenges in hot arid climates, which could also
be valuable for other researchers working in similar climates
worldwide. Analyzing temperature trends over the past 38 years,
July emerges as the hottest month, averaging 34°C. Notably,
recent climate data for 2022 records a peak temperature of 42°C.
Conversely, January marks the coldest month, with temperatures
plummeting to minus 3°C. According to statistics and information,
the average annual rainfall in Qom province is 135 mm. According
to the Koppen-Geiger climate classification, Qom has a hot desert
climate (BWh) [45]. Noteworthy findings from the Iranian
National Building Regulations highlight Qom's architectural
structures as high energy consumers, necessitating significant
thermal cooling strategies [46].

3.2. Case study

This study focuses on a modeled office room measuring 8§ m x 5
m x 3 m (length x width x height). Consequently, the model was
constructed with a south-oriented double-glazed window that has
a U-Value of 2.72 W/m?K, visible transmittance (VT) of 0.76 and
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Fig. 1. Research flowchart.

solar heat gain coefficient (SHGC) of 0.81. This window was
centrally located on the fagade wall, representing 45% of the
wall’s surface area, with the sill set at a height of 0.8 meters (Fig.
3). The materials used in this office align with the Iranian National
Building Regulations [46], as detailed in Table 2.

This office operates from Saturday to Wednesday (excluding
holidays) according to a defined schedule that aligns with the
Iranian workweek. During these days, occupancy runs from 8:00
to 18:00, primarily with seated staff. Artificial lighting is utilized
from 16:00 to 18:00, the cooling system operates from 10:00 to
18:00, and the heating system is active from 8:00 to 18:00 year-
round. Setting the heating and cooling temperatures to 20°C and
28°C during operational hours reflects a strategic approach to
managing indoor climate. In Iran, where the workweek extends
from Saturday to Wednesday, these adjustments ensure energy
efficiency while catering to occupant comfort. Incorporating
setback temperatures of 16°C for heating and 32°C for cooling
outside office hours optimizes energy usage when the space is
unoccupied. Considering the room accommodates 4 individuals
with a metabolic rate of 125 W/person underscores the need for a
dynamic HVAC system that adapts to varying heat loads
throughout the day. For daylight analysis, the table height is set at
0.8 m. Three WWR scenarios (30%, 50%, and 70%) are
considered for the highly glazed space. The study maintains fixed
components for consistency throughout the modeling process, as
outlined in Table 3.

3.2.1 Shading type and range of variable(s)

In this research features fixed exterior shading systems such as
overhangs, V-louvers, H-louvers, side fins, light shelves, and egg-
crates (Fig. 4). The shading materials used in this research are
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Fig. 2. Location of the study area (Qom) on Iran map.
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metal (LRV 80%) and wood (LRV 20%) The office room is
equipped with adiabatic common walls, while only the fagade
allows heat exchange, making it diabatic. Input parameters for the
simulation model and surface Light Reflectance Values (LRV) are
detailed in Table 4. To optimize these shading systems effectively,
an in-depth literature review was carried out to establish the
dimension range for each type. This comprehensive analysis
informed the consideration of a wide range of dimensions for
optimizing shading characteristics as detailed in Table 5.

3.3. Building performance simulation

In this research, the simulation and optimization procedures were
meticulously carried out using industry-leading software tools.
Initially, the base geometry model was crafted utilizing McNeel
Rhinoceros and Grasshopper, recognized for their robust
parametric modeling capabilities [47]. Furthermore, to delve
deeper into the environmental aspects of the design, Honeybee and
Ladybug Tools, esteemed environmental plugins compatible with
Grasshopper, were harnessed for conducting intricate light and
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Y . e | A
’ 8.00 .
+3.00
é ¥
{\:
l N\
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South Elevation
Fig. 3. The base model geometry.
Table 2. Thermal characteristics of the materials utilized in the simulation model.
Building Element Structure Thickness Thermal Conductivity Specific Heat Density
(m) (W/m.K) J/kg.K) (kg/m’)
External Wall Brick 0.2 0.39 840 866.67
Plaster 0.025 0.7 1000 1400
EPS Insulation 0.05 0.0385 1200 30
Plaster 0.025 0.7 1000 1400
Internal Wall Plaster 0.025 0.7 1000 1400
Brick 0.03 0.39 840 866.67
EPS Insulation 0.07 0.0385 1200 30
Plaster 0.025 0.7 1000 1400
Floor Ceramic Tiles 0.01 1.3 840 2300
Heavy Concrete 0.15 1.06 1000 2000
EPS Insulation 0.1 0.0385 1200 30
Plaster 0.025 0.7 1000 1400
Roof Asphalt 0.03 0.7 1000 2100
EPS Insulation 0.05 0.0385 1200 30
Heavy Concrete 0.2 1.06 1000 2000
Plaster 0.02 0.7 1000 1400
Window Dbl (Clr 3mm/6mm Air)
U-Value=2.72 (W/m2.K)
SHGC=0.76
VT=0.81
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Table 3. Values are assumed to be fixed during the simulation.

Parameter

Value

Location / Climate zone
Floor area

Building height

Heating set point / set back
Cooling set point / set back
Window orientation

Daylight Illuminance setpoint

Schedule
(Saturday to Wednesday)

HVAC settings
Infiltration rate per area
Number of people per unit of area

Output intervals

Qom, Iran / BWh

40.00 m? (8.00 m x 5.00 m)
3.00m

20°C/16°C

28°C/32°C

South

500 Lux

Peaple: 8:00 to 18:00
Lighting: 16:00 to 18:00
Cooling: 10:00 to 18:00
Heating: 8:00 to 18:00
Ideal air load

0.0003 m*/s.m?
0.10 peaple/m’
Annual

Overhang

Light shelf

Side fins

H-louver

V-louver

Egg-crate

Fig. 4. Types of shading systems of this study.

energy simulations within the study [48,49]. This strategic
amalgamation of software applications highlights a sophisticated
methodology aimed at refining architectural designs through
detailed analysis and optimization processes, showcasing the
importance of leveraging specialized tools for advancing
sustainable building practices.

Moreover, The Colibri plugin and Design Explorer were key in
optimizing and evaluating the shading systems. Colibri, known for
making parametric design exploration easier [50-52], automated
the process of exploring a wide range of design options by
adjusting different parameters. This allowed the team to efficiently
consider many configurations, ensuring that every possible
solution was thoroughly explored. Design Explorer, praised for its
easy-to-use visualization features [53,54], made it simple to
visualize and compare these options. It helped the team
interactively analyze the results and identify the best shading
strategies using clear, data-driven insights. Together, these tools

made it easier to find the best design solutions that met the
project’s goals.

3.4. Simulation

This research focuses on four essential indicators: Thermal
Comfort Percent (TCP), Energy Usage Intensity (EUI), Spatial
Daylight Autonomy (SDA), and Annual Sun Exposure (ASE).
According to ISO Standard 7730:1994 [55] and ASHRAE
Standard 55 [56], thermal comfort is described as a mental
condition reflecting satisfaction with the thermal environment.
This definition highlights that thermal comfort is inherently
subjective, encompassing not just temperature but also other
elements like humidity and airflow. In summary, it signifies an
individual's overall contentment and well-being in relation to their
thermal surroundings [57,58]. The TCP is calculated using the
following Eq. (1) based on [59]:
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Table 4. Light Reflectance Values (LRV) of model surfaces.

Structure Value

Wall 50%

Ceiling 70%

Floor 40%

Metal shading 80%

Wood shading 20%

Earth surface 20%

Table 5. Ranges of shading characteristics.

Shading type Varible(s) Ranges

All shading and without shading WWR 30% - 50% - 70%

Overhang Depth 0.5m-1m,per0.l m
Material Wood - Metal

H-louver Depth 0.5m-1m,per0.l m
Fins number 4-6-8-10
Distance between fins 03m-04m-0.5m
Material Wood - Metal

V-louver Depth 0.5m-1m,per0.l m
Fins number 16-18-20-22
Distance between fins 03m-04m-0.5m
Material Wood - Metal

Side fins Depth 0.5m-1m,per0.l m
Material Wood - Metal

Light-shelf Depth 0.5m-1m,per0.1 m
Distance from top of the window 0.1 m-0.5m, per 0.1 m
Material Wood - Metal

Egg-crate Depth 0.2m-0.5m, per 0.1 m
Vertical fins number 4-5-6
Horizontal fins number 2-3-4
Material Wood - Metal

_ Z?Ll Comfort Hours(i) %

TCP

100 (1)

Tn
where Comfort Hours (i) represents the number of hours during
which the temperature is within the acceptable comfort range for
each period (i), Ty is the total number of hours considered over the
evaluation period, and Nis the number of distinct periods
evaluated.

Energy Use Intensity (EUI) measures the overall energy
consumption of a building, encompassing requirements for
heating, cooling, lighting, and various equipment [59-64]. The
calculation is provided in Eq. (2) based on [60]:

EUI = YXEiciErL) )

Conditend floor area

where E is the interior Lighting load, E is the Equipment load,
and E¢ and Ey refer to Cooling and Heating energy, respectively.
Spatial Daylight Autonomy (sDA) is an annual metric that
indicates the proportion of a building's floor area that receives
adequate daylight during operating hours. Specifically, a space is
considered to meet this criterion if it achieves a minimum
illumination level of 300 lux for at least 50% of the year when
occupied. sDA is calculated by the Eq. (3) as outlined in [41]:

1: ST; = tt, 3
0: 51, <1, O

XL, ST()
N

sDA = withST (i) = {
Where ST; refers to the number of times the SDA illuminance
threshold at point (i) is exceeded, whereas ¢, represents the total
annual timestamps that define the temporal fraction threshold [65].

The ASE metric, primarily aimed at reducing discomfort, serves
as the key indicator for managing solar exposure and attaining a
balanced sDA value. It quantifies the percentage of the work plane
that surpasses 1000 lux for over 250 occupied hours annually
[66,67]. The calculation of the ASE index is carried out using Eq.
(4) according to [41]:
LIt AT (D)
N

1: ATL = Ti
0: ATL < Ti (4)

where AT; refers to the frequency with which the illuminance
exceeds the ASE threshold at a specific point (i), and 7; signifies
the total number of hours in the year that serves as the absolute
threshold for that measurement.

ASE = WithAT (i) = {

3.5. Radiance parameters

The daylight simulation was carried out using DAY SIM, which is
based on the highly regarded Radiance simulation engine [64].
The Radiance (Ver 5.4.0) parameters were selected through
experimentation, revealing that higher values typically yield better
results in a reasonable timeframe. Consequently, the maximum
values for each parameter were adopted. Additionally, tests
indicated that increasing the ambient accuracy (aa) significantly
doubles the simulation time while maintaining nearly the same
level of accuracy [65]. Table 6 provides an overview of the
Radiance parameters used.
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Table 6. Radiance parameters’ values used in the research.

Parameter Description Value
aa Ambient accuracy 0.1
ab Ambient bounces 5

ad Ambient divisions 1024
ar Ambient resolution 256
as Ambient super-samples 128
dc Direct certainty 1

dp Direct-pretest density 64
dr Direct relays 0

ds Source substructuring 0.5
dt Direct thresholding 0.5
Ir Limit reflection 4

Iw Limit weight 2

sj Specular jitter 0

st Specular threshold 0.85

()

SO

MW s oY N oo

(=T

Annual Heating Loads (MWh) Annual Sensible Cooling Loads

(MWh)

B P W BLAST [ DOE21D

(b)

Annual Hourly Integrated Peak

Annual Hourly Integrated Peak

Heating Loads (KW) Sensible Cooling Loads (KW)

S3PAS TSYS TASE | LBT

Fig. 5. (a) Case No.600 Ashrae standard 140-2020. (b) ASHRAE Standard 140-2020 Test Results Comparison.

3.6. Multi-objective optimization (MOO)

Optimization is a process of analyzing a range of possible
solutions to identify the most effective option(s) that meet specific
criteria or constraints. This methodology helps in selecting
solutions that achieve the best performance or efficiency given the
defined goals and limitations. By evaluating and comparing
various alternatives, optimization ensures that the chosen solutions

are optimal for the desired outcomes [66,67]. In this study, The
MOO approach was employed to discover design choices that
minimize Energy Use Intensity (EUI) and Annual Solar Exposure
(ASE) while maximizing the spatial Daylight Autonomy (sDA)
and Thermal Comfort Percent (TCP). By considering how solar
radiation influences a building's heating and cooling demands, the
objective was to enhance the overall solution across all targeted
objectives, by Eq. (5):
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Fig. 6. Combination of various variables with specific objectives in Design Explorer.
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f(x;,) and f(x,) = min(EUI and ASE) 5
{f(x3) and f(x,) = max(sDA and TCP) )

Multi-objective optimization (MOO) involves tackling multiple
conflicting objectives simultaneously, which adds a layer of
complexity compared to single-objective optimization. The goal is
to generate a set of solutions known as the Pareto front, where each
solution represents a trade-off between the different objectives
[68]. Describing a multi-objective optimization problem typically
involves defining the objectives, constraints, and preferences that
guide the search for solutions across multiple dimensions. By
considering multiple objectives concurrently, MOO enables
decision-makers to navigate trade-offs and arrive at a range of
optimal solutions that cater to different needs and priorities [69].
Adopted from References [70-73] a MOO problem is carried out
using Eq. (6):

Minimize f(x) = [f1(x), (), .. , fur()]T
subjectto: g;(x) S’ 0, j=12,..,] (6)

and: hy(x) =0, k = 1,2,.. ,K

where x = (x, X2, ..., xg)7 is the vector of decision variables within
the search space F= R¢. Furthermore, ";" indicates the number of
inequality constraints, with g(x) representing their vector.
Likewise, "k" denotes the number of equality constraints, and /(x)
signifies their vector.

3.7. Software validation

The validation procedure incorporated field experiments and a
metric based on relative ratios, following earlier research
suggestions. Recent studies have successfully confirmed the
reliability of Honeybee and Ladybug plugins in diverse research
projects [74-77]. In this study, the latest version of Honeybee from
Ladybug Tools (1.8.0) was validated by comparing its outputs to
the renowned example case No. 600 (BESTest) as detailed in the
ANSI/ASHRAE Standard 140 2020. This comparison ensured the
reliability and accuracy of the simulation results in line with
recognized benchmarks [56] (Fig. 5).

4. Results and findings

This section provides an analysis of the optimization process for
various WWR and fixed shading systems in office buildings, with
the aim of minimizing Energy Use Intensity (EUI) and Annual
Sunlight Exposure (ASE), while maximizing Thermal Comfort
Percent (TCP) and Spatial Daylight Autonomy (sDA). Utilizing
advanced tools such as Ladybug Tools and Design Explorer for
visualizing multi-dimensional data, the analysis compares
different shading systems to a baseline model without shading.
Results are detailed in Fig. 6, and the interplay between
performance criteria is summarized in Table 7.

4.1. EUI

The results show, In the base model (without shading), the EUI
reaches 106.80 kWh/m?/yr, the highest among all configurations.
This is largely due to the absence of any external shading, which
allows direct sunlight to enter the building, especially in Qom

(BWh). Although the windows have a modest WWR of 30%, the
lack of shading leads to excessive solar heat gain, significantly
increasing energy demand for cooling. When side fins are added,
the EUI drops to 99.02 kWh/m?/yr. These fins, with a depth of 1
meter and a WWR of 30%, provide shading from lateral sunlight
when the sun is lower in the sky.

On the other hand, overhangs, demonstrate a more notable
impact, reducing the EUI to 90.83 kWh/m?/yr. Like the side fins,
these overhangs have a WWR of 30% and a depth of 1 meter, but
they perform better because they block direct sunlight during
midday, when solar radiation is strongest. This makes them
particularly effective in hot climates where the sun’s intensity
peaks during the day. Light shelves also help reduce the EUI,
bringing it down to 92.43 kWh/m?*/yr. These shelves are positioned
0.2 meters from the top of the window, reflecting sunlight deeper
into the interior while limiting direct solar gain. Although slightly
less efficient than overhangs, they still offer significant energy
savings.

H-louvers, however, are less efficient, with an EUI of 100.34
kWh/m?*/yr. These wooden louvers, featuring a WWR of 50% and
a l-meter depth, consist of four fins spaced 0.3 meters apart. While
they are effective at blocking direct sunlight, their overall energy
performance is lower, potentially due to material choice and
design inefficiencies in minimizing heat transfer. V-louvers
perform even worse, with an EUI of 105.48 kWh/m?/yr, nearly
matching the base model. These metal louvers, with a WWR of
70% and a depth of 0.9 meters, allow significant heat transfer into
the building, resulting in minimal energy savings. Lastly, the egg-
crate system, with a WWR of 50%, a depth of 0.5 meters, and a
combination of vertical and horizontal fins, reduces the EUI to
99.02 kWh/m?/yr.

4.2. ASE

In the base model with no shading, the ASE is 38.12%, meaning a
significant portion of the building's interior is exposed to direct
sunlight for long periods. This high exposure can lead to problems
with glare and discomfort for occupants. With a WWR of 30%,
the windows allow ample sunlight to penetrate, especially in a
climate of Qom, where the intense sunlight exacerbates the issue
of overexposure. When side fins are introduced, the ASE
decreases slightly to 36.25%. The 1-meter depth side fins, made
of wood, help reduce sunlight entering from lateral angles.
However, since they are designed only to block sunlight from the
sides, they do little to prevent direct sunlight from entering when
the sun is higher in the sky. As a result, their effect on overall
sunlight exposure is limited, offering only a modest improvement
over the base model.

On the other hand, overhangs show a marked reduction in ASE,
lowering it to 20.0%. With the same WWR of 30%, 1 meter depth,
and wood material, overhangs are particularly effective in
reducing sunlight exposure from higher angles, especially during
midday when the sun is at its peak. By providing consistent shade
throughout the day, they significantly reduce the amount of direct
sunlight entering the building, creating a more comfortable indoor
environment. Light shelves go a step further, reducing ASE to
18.75%. These wooden shelves, positioned 0.2 meters from the
top of the window and extending 1 meter, not only block sunlight
but also reflect daylight deeper into the building.
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The H-louvers perform the best, reducing ASE to just 9.38%.
With a 50% WWR, 1 meter depth, and 4 fins spaced 0.3 meters
apart, these louvers block sunlight from multiple angles, providing
excellent control over direct sunlight. Despite the larger window
area, H-louvers are highly effective at minimizing sunlight
exposure, making them the best option for reducing glare. In
comparison, V-louvers with a WWR of 70% and 22 metal fins
spaced 0.4 meters apart perform poorly, with an ASE of 28.12%.
The large window area allows too much sunlight to enter, reducing
their overall effectiveness. Finally, egg-crates, with a WWR of 50%
and 0.5 meters depth, reduce ASE to 10%, performing almost as
well as H-louvers by providing shading from multiple angles.

Table 7. Performance metrics of optimized solutions.

M. H. Abedini et al. / Journal of Daylighting 12 (2025) 91-110

4.3. sDA

In the base model, the sDA is 96.25%, which means that most of
the building’s interior receives adequate daylight throughout the
year. While this indicates good natural lighting, the lack of shading
also leads to issues like glare and discomfort, as seen in the high
ASE. The WWR of 30% allows plenty of light to enter, but
without any shading, the daylight distribution may not be balanced,
and the space could become visually uncomfortable. With the
addition of side fins, the sDA increases to a perfect 100%. The 1-
meter depth, wooden fins, combined with the same 30% WWR,
allow sufficient indirect light to enter while preventing
overexposure to harsh sunlight.

Shading Type Result
ASE sDA TCP EUI Figure
(%) (%) (%) (kWh/m?/yr)

Base model 38.12 96.25 27.18 106.80

(without shading)

Side fins 36.25 100 32.69 99.02

Overhang 20.0 100 56.28 90.83

Light-shelf 18.75 100 55.31 92.43
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H-louver 9.38 100 70.21 100.34
V-louver 28.12 98.75 60.56 105.48
Egg-crate 10 98.25 74.18 99.02
Side fins are designed to block lateral sunlight, but their 4.4. TCP

performance in maintaining daylight is excellent, ensuring a well-
lit interior without causing excess brightness or glare. Similarly,
overhangs also achieve 100% sDA. These overhangs, with a
WWR of 30%, 1 meter depth, and wood material, allow diffuse
daylight to penetrate while blocking direct overhead sunlight.
Overhangs effectively balance shading and daylight, making them
a good option for reducing solar heat while ensuring optimal
daylight conditions within the space. Light shelves also maintain
100% sDA, reflecting daylight deeper into the room. These
wooden shelves, positioned 0.2 meters from the top of the window
and extending 1 meter, provide excellent daylight distribution,
ensuring that the entire space benefits from natural light.

The H-louvers offer similar performance, achieving 100% sDA
as well. With a 50% WWR, 1 meter depth, and 4 fins spaced 0.3
meters apart, the H-louvers allow sufficient daylight to enter while
blocking excessive sunlight. This makes them a versatile option
for controlling glare while maintaining high daylight autonomy.

However, V-louvers slightly underperform, reaching 98.75% sDA.

With 22 metal fins and a WWR of 70%, the V-louvers allow
significant daylight penetration, but some light may be blocked
due to their design, resulting in a minor reduction in sDA. Finally,
egg-crates, with a WWR of 50%, 0.5-meter depth, and a
combination of vertical and horizontal fins, achieve 98.25% sDA.

The impact of different shading systems on TCP wvaries
significantly across models. In the base model, without any
shading, the TCP is just 27.18%, reflecting poor thermal comfort
due to high solar heat gain. The WWR of 30% allows excessive
sunlight to enter, particularly during peak hours, leading to
uncomfortable indoor conditions with overheating and higher
reliance on cooling systems. Introducing side fins provides only a
modest improvement, raising the TCP to 32.69%. The 1 meter
depth, wooden side fins help block sunlight from lateral angles but
do little to reduce heat from direct sunlight entering from above.
By contrast, overhangs offer a substantial boost in thermal
comfort, raising the TCP to 56.28%. With a WWR of 30%, 1 meter
depth, and wood material, overhangs effectively block sunlight
from higher angles, especially during midday when the sun is
strongest. This significantly reduces the amount of direct sunlight
entering the building, lowering the indoor temperature and
creating a more comfortable environment for occupants. Light
shelves perform similarly to overhangs, with a TCP of 55.31%.
These wooden shelves, positioned 0.2 meters from the top of the
window, not only block direct sunlight but also reflect daylight
deeper into the space.

The best performer in terms of thermal comfort is the H-louver
system, which achieves a TCP of 70.21%. With a 50% WWR, 1
meter depth, and 4 fins spaced 0.3 meters apart, the wooden H-
louvers block sunlight from multiple angles, effectively reducing
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heat gain and maintaining a more balanced indoor temperature
throughout the day. Meanwhile, V-louvers, with a WWR of 70%
and 22 metal fins, show a lower TCP of 60.56%. The larger
window area allows more heat to enter, making them less effective
at improving thermal comfort compared to other systems. Finally,
egg-crates, with a 50% WWR, 0.5-meter depth, and a combination
of 5 vertical and 4 horizontal fins, offer the highest TCP at 74.18%,
providing the best overall thermal comfort by efficiently blocking
sunlight from multiple directions and reducing solar heat gain.

Table 8 shows optimized variables for different shading systems
and their WWR to improve performance. The data from the
Colibri plugin highlights a trade-off among EUI, ASE, sDA, and
TCP. Egg-crate and H-Louver systems provide a balanced
performance, reducing ASE and maintaining high TCP and sDA
with moderate EUI. On the other hand, Overhang and Light-shelf
systems are more efficient in reducing energy consumption but
offer slightly lower thermal comfort. The results suggest choosing
a shading system based on the project's focus, whether on energy
savings, comfort, or daylight optimization. The table assists
architects in selecting the right shading according to WWR or
adjusting window sizes for specific shading types.

5. Sensitivity analysis

The Morris method was used in this study to assess the sensitivity
of key input parameters on critical performance metrics like EUI,
TCP, ASE, and sDA. By varying one parameter at a time, it
effectively identifies factors such as WWR and shading variables
that significantly influence overall building performance. This
method provides two key metrics for sensitivity assessment: p
(mean of elementary effects), indicating a parameter's overall
impact, and o (standard deviation), reflecting the variability of its
influence. According to the results (Fig. 7):

Regarding the overhang shading system, the material variable
was the most influential factor in both reducing EUI and
enhancing TCP. Additionally, the WWR variable played a crucial
role in daylight performance, having the highest impact on
maximizing sDA and minimizing ASE. For light shelves, the
WWR variable had the greatest effect on minimizing EUIL,
followed by the shading depth variable. To maximize TCP, the
material variable was the most critical, with WWR playing a
secondary role. sDA was most impacted by the material variable
of the light shelf, followed by the height variable. In minimizing
ASE, WWR remained the most significant factor.

In the case of H-louvers, the fin number variable was the key
factor in minimizing EUI, while the fin distance variable had the

Table 8. Variables of the optimized solutions.

most influence on maximizing TCP. Additionally, the fin number
variable played a critical role in both maximizing sDA and
minimizing ASE, indicating that fine-tuning fin configurations is
crucial for optimizing performance in this system. In the case of
egg-crates, the shading depth variable was the most significant in
reducing EUI, while the H-number variable had the greatest
impact on maximizing TCP and sDA, as well as minimizing ASE.
Therefore, focusing on shading depth and H-number is essential
for improving the performance of egg-crate shading systems.

When considering side fins, the shading depth variable had the
greatest influence on both minimizing EUI and reducing ASE. To
maximize TCP, the material variable was the most critical factor.
In terms of sDA, no specific variable had a dominant impact,
indicating a balanced effect of all parameters. This highlights the
importance of optimizing shading depth and material to improve
the performance of side fins. Finally, in the case of V-louvres, the
material variable had the most significant impact on both TCP and
sDA. For minimizing EUI, the most influential variables were
number, followed by material, distance, and WWR. Additionally,
the depth and distance variables were key to reducing ASE. Thus,
focusing on material, depth, and distance is essential for
maximizing the performance of V-louvres.

6. Discussion

This comparative analysis underscores the significance of the
current research in relation to previous studies, setting the stage
for a detailed discussion of how our findings contrast with and
extend beyond existing work. The following sections will delve
into a thorough comparison, highlighting the advancements and
unique contributions of this study in the context of shading system
optimization.

Talaei and Sangin [41], who conducted their study across five
cities, primarily emphasized EUI, reporting a 25.22% reduction,
particularly in the hot and dry climate of Yazd. In contrast, the
current research achieved a 14.95% reduction in EUI, alongside
ASE of 10%, sDA of 100%, and a TCP of 74.18%, providing a
more comprehensive evaluation of shading system performance
across these metrics. Heidarzadeh et al. [43] noted a 14.86%
reduction in cooling energy with the egg-crate system but lacked
a thorough assessment of TCP and daylighting impacts. Rezaei et
al. [40] employed multi-objective optimization similar to the
current research. However, they focused on two objectives—
Discomfort Glare Probability (DGP) and Predicted Percentage of
Dissatisfied (PPD)—while our approach considered four
objectives, including TCP, EUI, ASE, and sDA.

Shading Type WWR Depth Fins number Distance between Distance from top Material
fins of the window

Base model 30% - - -

Side fins 30% 1m - - - Wood
Overhang 30% I m - - - Wood
Light-shelf 30% Il m - - 0.2m Wood
H-louver 50% 1m 4 0.3 - Wood
V-louver 70% 09m 22 0.4 - Metal
Egg-crate 50% 0.5m Vertical: 5 - - Metal

Horizontal: 4
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Fig. 7. Morris method for design variables (WWR and shading characteristics) on EUI, ASE, sDA, and TCP.
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Zhao and Du [13] used NSGA-II optimization and Design
Builder software to optimize shading systems in various regions.
While their approach is similar, our study extends this by
incorporating additional objectives like TCP and sDA for a more
comprehensive performance evaluation. Nazari et al. [42]
optimized window configurations in Tehran, emphasizing energy
efficiency and comfort. Their focus was mainly on shading
effectiveness, whereas our research further evaluates shading
material properties, providing a more detailed assessment. In
summary, the current research builds on previous studies by
incorporating multiple performance metrics and considering
additional factors such as material properties. It is the first to
address four objectives simultaneously, offering a more holistic
approach to shading system optimization.

7. Conclusion

This research enhances the understanding of performance-driven
architectural design by optimizing fixed shading systems in office
buildings located in Qom (BWh). Through a comprehensive
multi-objective optimization (MOQO) approach, key performance
metrics (EUI, TCP, ASE, and sDA) were evaluated while
adjusting parameters such as WWR, shading depth, fins number,
and material type. Various shading systems (overhangs, light
shelves, side fins, H-louvers, V-louvers, and egg-crates) were
examined, each offering unique advantages depending on their
configuration, providing insight into the effectiveness of passive
design strategies in improving energy efficiency and daylight
quality in office environments.

The results show that shading systems, particularly overhangs
and light shelves, significantly enhance energy performance and
thermal comfort. For instance, overhangs with a 1 m depth and
wood material effectively reduced EUI to 90.83 kWh/m?/yr and
improved TCP to 56.28% by mitigating direct solar heat gain
while maintaining sufficient daylight. Similarly, light shelves,
designed with 0.2 meters of spacing from the top of the window
and a 1 meter depth, achieved an EUI of 92.43 kWh/m*yr and a
TCP of 55.31%, demonstrating their capability to balance energy
efficiency and daylight distribution. Systems such as H-louvers
(with 50% WWR, 1 meter depth, and 4 fins spaced 0.3 meters
apart) and egg-crates (with 50% WWR and a combination of 5
vertical and 4 horizontal fins) achieved the most balanced
performance across metrics. H-louvers attained a TCP of 70.21%,
while egg-crates reached the highest TCP at 74.18%. In contrast,
side fins (with a 1 meter depth and wood material) and V-louvers
(with 70% WWR and 22 metal fins spaced 0.4 meters apart)
displayed moderate improvements, with less impact on overall
thermal comfort and energy savings. Moreover, The Morris
method for sensitivity analysis identified WWR and shading
characteristics as the most influential parameters affecting
building performance. The material and fin number variables
played critical roles in optimizing thermal comfort, energy
efficiency, and daylight performance across various shading
systems. For overhang shading system, the material variable was
essential in reducing EUI and enhancing TCP, while WWR had
the greatest impact on maximizing sDA and minimizing ASE. In
light shelves and side fins, the material and WWR variables
remained consistently significant, whereas in H-louvers and egg-
crates, the fin number and shading depth variables proved crucial.

For V-louvres, the material, depth, and distance variables were the
most important factors in enhancing overall performance.

Despite the promising findings, certain limitations must be
acknowledged. One significant limitation is the reliance on
simplified assumptions within the simulation tools, such as
Honeybee and Ladybug, which may not fully capture real-world
complexities, including occupant behavior and precise material
properties. Additionally, the study focused exclusively on fixed
shading systems, which, while effective, lack the adaptability of
dynamic shading solutions capable of responding to varying
environmental conditions. Furthermore, the research was limited
to the hot desert climate of Qom (BWh), and the applicability of
the findings to other climates may require further investigation and
adaptation. Looking ahead, future studies could explore several
innovative and creative approaches to further enhance building
performance:

e Develop energy-harvesting shading systems that capture
energy from wind or vibrations, using it to power building
systems like lighting or cooling.

e Investigate smart materials for shading devices that change
opacity in response to environmental factors, optimizing
daylight and energy use without external power.
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