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Abstract

Perforated solar screens (PSSs) have been widely used as an outer skin for the fully glazed fagades of office buildings for their
environmental and aesthetic benefits. However, PSS have several parameters that can affect their efficiency, including perforation
percentage, thickness, material properties, and others. Controlling and balancing the influence of these parameters is critical for
optimizing the quality of the indoor environment while meeting the required demands and needs. This paper investigates the impact of
balancing the effect of four design parameters—matrix, perforation percentage, thickness, and separation distance—on promoting the
daylighting and glare performance of south fagades in office buildings in a hot, dry climate. The analyses were performed with Honeybee
and Ladybug plugins through Grasshopper interface in Rhinoceros 3D software on a base case (without PSS), four independently
optimized solutions for each parameter, and a balanced solution at three times per four days around the year. Genetic algorithms and the
Python component in Grasshopper were utilized to identify the optimal balanced solutions. The results showed a noticeable reduction
in the overlit areas in the balanced solutions by 21-61% compared to the base case, outperforming independent parameter optimizations
by up to 36%. Additionally, the balanced solutions effectively eliminated glare across all analyzed periods and provided more effective
solutions in terms of visual access and material sustainability. These findings suggest that balancing the influence of multiple design
parameters is more effective than optimizing individual parameters, providing better control over daylight efficiency and glare reduction.

© 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

According to the International Energy Agency (IEA), artificial
lighting contributes to approximately 19% of global electricity
consumption. Replacing artificial lighting with natural daylighting
has the potential to reduce energy consumption related to electric
lighting by 50-80%. Beyond its energy-saving benefits, natural
daylight has the capability to provide positive psychological,
physiological, and mental effects to the building occupants. It
enhances productivity, well-being, mood, alertness, and circadian
rhythms. Consequently, integrating natural daylight into
architectural design has become a fundamental strategy for
improving energy efficiency, promoting sustainability, and
enhancing users’ health and well-being [1-3].

In contemporary architecture, fully glazed fagades are widely
utilized in office buildings to maximize natural daylight, create an
open visual environment, and enhance aesthetic appeal. However,
in hot, dry (HD) climates, such facades are considered significant
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challenges regarding both energy efficiency and occupant visual
comfort due to their clear, sunny skies, extended sunshine
durations, and minimal cloud cover throughout most of the year.
Expanding glazed surfaces in these climatic conditions increases
the building envelope’s exposure to excessive solar radiation,
thereby increasing cooling loads, visual discomfort, and glare, and
elevating the dependence on artificial lighting [2,4-7]. These
challenges are particularly pronounced when glazed fagades are
oriented towards the west or south in the northern hemisphere,
leading to raising the overheating and thermal discomfort [8].
Perforated solar screens (PSSs), a type of passive shading
system, have been implemented in office buildings to balance the
two purposes: reducing heat gain and lowering cooling energy
demand while simultaneously allowing natural daylight
penetration and minimizing direct and reflected glare.
Additionally, PSSs maintain visual access to external views,
thereby contributing to a more balanced indoor climate and visual
comfort condition [4-7]. Moreover, the shading perforated screen
has cultural and historical meaning in multiple urban
environments, as they resemble the traditional Mashrabeya, which
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was historically used to enhance privacy and promote natural
ventilation. This connection emphasizes the capability of PSSs to
provide efficient environmental performance while reflecting
aesthetic values in architectural heritage [4,5].

However, despite their advantages, shading devices can
sometimes present conflicting functions. For instance,
maximizing solar protection may reduce daylight penetration,
potentially affecting the visual comfort of occupants and
increasing the artificial lighting demands. Therefore, an optimized
screen design is essential to achieve a balance between heating,
cooling, and lighting demands. The effectiveness of shading
screens is influenced by several factors, including the fagade
orientation, the screens’ type, material, color, geometric form,
depth, and perforation percentage, among others. To balance the
influence of these factors, parametric design and multi-objective
optimization algorithms have been widely used in the last decades.
These advanced tools have the ability to enhance the overall
building performance by facilitating multi-objective optimization,
which aims to identify solutions that effectively balance multiple
goals among numerous solutions with very similar environmental
performance [4,9-11].

Over the past few decades, numerous researchers have
examined the various parameters of PSSs and their influence on
enhancing indoor environmental performance. However, a limited
number of studies have explored the simultaneous optimization of
multiple parameters within the design process and the difference
between manipulating single versus multiple parameters. The
objective of this paper is to investigate the combined effect of
balancing four design parameters of PSS to optimize the daylight
and glare performances for a south-facing office facade in Egypt,
where the HD climate significantly influences the design and
performance of shading systems. The study also assesses the
differences between manipulating multiple parameters
simultaneously versus single parameters independently. For this
purpose, the Grasshopper interface was utilized for PSS modeling,
and Honeybee and Ladybug for simulating and analyzing the
daylight and glare performances. Additionally, the Galapagos
optimization engine, in conjunction with the Python component in
Grasshopper, was used to identify optimal solutions across the 12
tested durations throughout the year. The novelty of the current
research lies in integrating a Python script into the genetic
optimization process to control and filter alternatives more
effectively within the single optimization process and assessing
the difference between manipulating single versus multiple
parameters on daylight and glare performances. The results
revealed that the balanced solutions outperformed both the base
case (without PSS integration) and the four single-parameter
solutions (where each parameter was optimized individually).
Moreover, they effectively mitigate excessive daylight
illuminance, minimize daylight glare probability, and provide
more effective solutions in terms of visual access and material
sustainability.

2. Literature review

Approximately 40% of the world's total primary energy is
consumed by the building sectors [12], and it is expected to reach
50% by 2050 [13]. According to the International Energy Agency
(IEA), artificial lighting alone accounts for around 19% of global
electricity consumption [3].

In Egypt, the built environment has been found to consume
more than 60% of the country's total electric energy, as reported
by the recently published Egyptian Electricity Holding Company
(EEHC) report. Within Egypt’s office building sector, air
conditioning and artificial lighting during working hours account
for more than two-thirds of total energy consumption [14].
Therefore, integrating natural daylight into architectural design,
rather than relying primarily on artificial lighting, has become a
fundamental strategy for enhancing energy efficiency and
promoting sustainability.

2.1. Natural lighting and glare in office environments

Providing adequate visual comfort is a critical factor in office
spaces, as it directly impacts occupants' well-being and
productivity. Visual comfort depends on the ability to control light
performance by ensuring an adequate amount of natural daylight,
a uniform luminance distribution, avoiding excessive brightness
and sharp contrasts, and preventing glare [15].

Since employees spend most of their time indoors, natural
lighting is a crucial design element in office spaces. Studies
showed that natural light has important non-visual influences on
human biological processes, offering positive psychological,
physiological, and mental benefits. It enhances productivity,
health, well-being, circadian rhythms (including sleep-wake
cycles and activity/inactivity rhythm), mood, and alertness [1,15-
17]. For instance, melatonin production (the darkness hormone)
is strengthened under illuminance levels below 100 lux, while
illuminance levels exceeding 1000 lux are necessary to prevent
seasonal affective disorder (SAD). An illuminance level of
approximately 2000 lux is recommended for synchronizing
circadian rhythms, with levels above 1000 lux generally
considered optimal for regulating the biological clock [18,19].
Beyond its biological and psychological benefits, daylighting also
plays a key role in reducing reliance on artificial lighting and
active thermal conditioning systems, thereby improving energy
efficiency [9,16,20].

However, natural daylight needs to be balanced, as insufficient
daylighting can negatively affect users' comfort, productivity, and
working quality and increase lighting energy demands [21].
Conversely, excessive daylight can cause glare, leading to visual
discomfort and, in some cases, a loss of visibility, and increasing
reliance on artificial lighting and air conditioning. Therefore, an
effective daylighting strategy must ensure sufficient natural light
while minimizing glare to enhance both visual comfort and energy
efficiency [1,11].

In recent decades, modern office architecture has increasingly
incorporated fully glazed facades to reflect a sense of luxury,
maximize natural light, and provide an open visual environment
[9,11,16]. The extensive use of glazing has been shown to have a
positive psychological impact on occupants, enhancing
satisfaction and performance because of the sense of openness of
the space. Research indicates that employees prefer working in
office spaces with natural daylight, minimal glare, and visual
access to the outdoors [11]. Still, the widespread implementation
of fully glazed buildings without considering climatic variations
across different regions can lead to excessive energy consumption
for heating and cooling, as well as thermal and visual discomfort
[9,11,16].
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2.2. Excessive daylight and glare in hot dry climate

Hot, dry climate regions, like Egypt and Saudi Arabia, are
characterized by high daylight availability and clear skies, offering
an excellent opportunity for optimizing natural light utilization in
indoor spaces. However, the use of fully glazed fagades in such
regions can lead to significant visual discomfort and cause glare
and disturbing reflections. High levels of daylight in office space
have the opposite effect of the optimum levels of visual conditions;
it causes visual discomfort, glare, eye strain, and difficulties in
performing tasks, and potentially increases reliance on artificial
lighting [1,9,11,15,16,22].

Beyond visual discomfort, fully glazed facades also
compromise the thermal performance of buildings because of their
excessive solar radiation, which leads to overheating indoor
spaces. This, in turn, significantly increases cooling loads,
particularly during the hot months. Consequently, achieving a
balance between daylight sufficiency and minimizing glare
remains one of the greatest challenges in HD climate regions
[10,13].

2.3. Illuminance and glare performance assessment metrics

Several performance metrics have been developed to address the
variation between individuals in the sufficient illuminance range
for the human eye. These metrics, primarily annual climate-based
metrics, utilize illuminance to assess daylight sufficiency by
considering actual sky conditions and dynamic calculations over
extended periods. They evaluate illuminance levels at a given
point based on specific minimum and maximum thresholds, based
on research on occupant preferences, comfort, and daylighting
requirements. The daylighting performance at that point is then
assessed accordingly as being adequate or not according to the
percentage of hours throughout the year when it meets or falls
within these thresholds [5,15].

The most commonly used daylighting metrics include:

e Daylight autonomy (DA): the percentage of occupied hours
during which daylight illuminance at a point remains above
a specified minimum threshold. According to the
[lluminating Engineering Society of North America
(IESNA), a threshold of 300 lux is statistically significant for
daylight performance assessment [15].

e Useful Daylight [lluminance (UDI): the annual percentage of
time during which indoor daylight levels are useful for
occupants. The UDI categorized illuminance levels into three
ranges: underlit or insufficient (<100 lux), usable daylight

Glare
Classification

Intolerable Glare

0.4< DGP<0.45

DGP Thresholds

Disturbing Glare

Perceptible Glare 0.35<DGP<0.4

Imperceptible Glare

H

Fig. 1. The glare classification of DGP [15].

(100-2000 lux), and overlit or excessive brightness that may
cause glare (>2000 lux) [1,15,23,24].

e Spatial Daylight Autonomy (SDA): the percentage of floor
area that exceeds a specified illuminance level for a specified
number of annual hours (typically 50% of the hours from
08:00 a.m. to 06:00 p.m.) [15].

e Annual Sunlight Exposure (ASE): the percentage of the
occupied area where direct sunlight illuminance exceeds a
specific value (usually 1000 lux) for a defined number of
hours per year (typically 250 hours) [15].

While the above metrics are primarily used to assess daylight
sufficiency, other metrics help in assessing glare phenomena.
Glare is the sensation caused by excessively high luminance in the
field of view, which prevents the eye from adapting effectively. It
occurs either when an excessive amount of light reaches the
observer's eyes or when the observer experiences an extreme
contrast between illuminated and dark areas in the visual field
[1,11].

Discomfort Glare Probability (DGP), a luminance-based metric,
is considered one of the most powerful metrics in analyzing glare
phenomena. DGP measures the probability that a person will
experience discomfort due to glare, rather than assessing the actual
intensity of glare [1,15]. DGP is categorized into four levels based
on its impact on visual comfort. Intolerable glare (DGP>0.45) is
the most severe, causing extreme discomfort and significantly
affecting vision. Disturbing glare (0.4<DGP<0.45) is noticeable,
making it difficult to work comfortably. Perceptible glare
(0.35<DGP<0.4) is slightly distracting but still tolerable for
occupants. Finally, imperceptible glare (DGP < 0.35) is barely
noticeable and does not interfere with visual tasks. As DGP values
increase, the level of discomfort rises, which can impact
productivity and indoor environmental quality [1,25]. Figure 1
clarifies the glare classification of DGP.

These performance metrics play a crucial role in designing
daylighting strategies that optimize both daylight availability and
visual comfort while minimizing glare and excessive solar
exposure.

2.4. Illuminance and glare standards for office buildings

Lighting requirements in indoor workplaces vary across
international standards. Different countries and organizations
provide guidelines for recommended illuminance levels to ensure
optimal working conditions. In the UK, the recommended
illuminance levels are 300 lux for computer-based work and 500
lux for paper-based tasks. In North America, the suggested range
for workplace illuminance is between 300 and 500 lux. In
Australia and New Zealand, routine office tasks require an
illuminance level of 320 lux [18]. In Malaysian standard MS1525,
recommended illuminance levels vary based on task type—200
lux for general background lighting, 400 lux for routine work, and
600 lux for tasks with poor contrast [26]. In European Standard
EN 12464-1, the required illuminance levels range from 500 lux
for reading and writing tasks to 750 lux for technical drawing [27].
However, according to the three institutions Illuminating
Engineering Society of North America (IESNA), the NRC
Institute for Research in Construction, and the European Standard
for Light and Lighting for Indoor Workspaces, the illuminance
range of 500-2000 lux is recommended for workplaces [28].
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2.5. Research on occupant preferences for illuminance levels

Several studies have investigated the useful illuminance range in
office environments. They built their results based on surveys
about occupant preferences and behavior in daylit offices. The
Lawrence Berkeley National Laboratory (USA) allowed office
workers to create their own lighting environment by manually
controlling the blade angles of mechanical Venetian blinds and
varying the intensity of electric lighting. The result illuminance
range was 782 lux to 2146 lux [23]. L. Roche (2002) noted that
the daylight illuminance range of 700 lux to 1800 lux was
acceptable for both computer- and paper-oriented tasks [29].
According to a survey conducted by A. Nabil and J. Mardaljevic
(2005), office employees felt most comfortable during working
hours when the illuminance range was between 100 lux and 2000
lux [24]. A. Kaushik, et al. (2021) investigated the relationships
between indoor environmental quality, occupant comfort, and
productivity in a Middle Eastern office over 12 months. The
survey asked occupants to respond to illumination levels and how
it was affecting their productivity. Results indicate an illuminance
level of 225 lux had a ‘positive’ effect on productivity, while
levels between 325 and 450 lux had a 'very positive' impact [17].

2.6. Shading systems and perforated solar screens

Solar shading systems have been a primary strategy for optimizing
the indoor environment of fully glazed facades in office buildings.
They have the capability to reduce lighting, heating, and cooling
energy consumption, solar heat gain, control daylight levels, and
enhance thermal and visual comfort [30,31]. Solar shading
systems have various types, including perforated solar screens,
fixed solar screens, fixed overhangs, operable solar screens,
Venetian blinds, louvers, and roller blinds. The effectiveness of
these shading systems depends on many factors, such as fagade
orientation, material properties, and operational flexibility [7,32].

Perforated solar screens (PSSs), one of the main shading
systems, are flat, opaque perforated panels placed in front of fully
glazed building facades to enhance aesthetic appeal and promote
building environmental performance [33]. PSSs hold significant
cultural and historical value, as they are deeply rooted in
traditional architectural elements, particularly in hot climate
regions. They resemble Mashrabeya in Egypt, Moshabak in Iran,
and the Jali in India, all of which are characterized by wooden
latticework following repetitive arabesque patterns. These
traditional screens have been employed for centuries to mitigate
solar heat gain, improve natural ventilation, diffuse daylight, and
ensure privacy, demonstrating their enduring relevance in
contemporary sustainable architecture [5,16,22,34].

In the modern era, the traditional mashrabiya was reinterpreted
as lightweight latticework, enabling fully glazed facades while
simultaneously enhancing indoor environmental performance
[34]. The perforations of PSSs, including their shape,
arrangement, size, and ratio, filter direct sunlight according to the
spatial requirements while maintaining visual connectivity to the
exterior. The opaque parts act as solar control systems, reflecting
sunlight, reducing solar heat gain, managing daylight penetration,
mitigating glare, enhancing visual and thermal comfort, and
ensuring privacy [9,30,32,33,35]. Thereby, the design and
properties of PSSs play a critical role in determining their
effectiveness in enhancing indoor environmental performance
[15]. This reflects the essentiality of understanding the effect of

screen variable parameters, such as thickness, perforation
percentage, separation distance, and others [9].

Historically, the design of shading screens was primarily driven
by aesthetic, morphological, and symbolic considerations rather
than their contribution to improving indoor environmental
conditions [33]. However, in recent decades, many studies have
been conducted to enhance the performance of various shading
systems by manipulating key parameters such as geometrical
shape and dimensions, perforation percentages, material
properties, color, static versus dynamic configurations, and
climatic adaptability.

For instance, studies have explored the impact of location and
climate zones on the efficiency of shading systems. Research has
analyzed the performance of fixed exterior shading systems
(FESSs) in cities across Iran—including Yazd, Bushehr, Kerman,
Rasht, and Mashhad—each representing desert, semi-arid, and
Mediterranean climates [36]. Further studies have assessed the
effectiveness of Venetian blinds in Houston (hot climate) and
Minneapolis (cold climate) in the United States [37]. The Venetian
blinds across various climate zones in China [38]. PSSs in Lahore,
Pakistan (hot-humid climate), and Doha, Qatar (hot-arid climate)
[35]. Jali perforated screens in hot-moderate (Lahore, Pakistan),
hot-arid (Doha, Qatar), and hot-humid (Los Angeles, United
States) environments [39].

Other researchers have focused on the influence of shading
systems orientation; southern fagades were highly investigated for
their intensive radiation [15,40-42]. Others have examined the
influence of shading systems on west-facing facades for their
unequal distribution of solar radiation and thereby non-uniform
daylighting distribution [3,16].

Different types of fixed shading devices have been studied as
tools to enhance indoor energy, thermal comfort, and daylight
performance; such as; overhang, H-louver, V-louver, side fins,
light-shelf, egg-crate [10], vertical louver, horizontal louver, light
shelf, overhang, and egg-crate [36], overhanging, overhang &
side, side fins, vertical, horizontal, eggcrate and geometrical [43],
light shelves [12], PSS [8,13,25,30,44], parametric Mashrabiya
[3], louver screen [45], Venetian blinds [37,38,46,47], double-
tilted Venetian blind [4], prismatic slats [48], nonuniform woven
solar shading screens [32], optical louver system and a
conventional Venetian horizontal blind [49], venetian and the
roller blinds [26].

Dynamic shading systems have also been investigated to assess
their effect on energy and daylight performances, glare potential,
and thermal comfort: fixed horizontal louvers with static control,
external roller blinds, and Venetian blinds [7], integrated kinetic
fins [21], dynamic shading system [50], automated shading system
[51], kinetic shading system [40]. Further studies have focused on
the influence of shading systems’ material [45], and others on
color [4].

Many researchers have investigated perforate solar screens
(PSSs) and the influence of their variable parameters on enhancing
indoor environmental performance. For instance, the non-
uniformity of PSS was studied by L. Huang, et al. (2024),
investigated the influence of non-uniform circular perforated PSS
on daylighting performance, daylight availability, daylight
uniformity, and annual glare probabilities. They utilized
orthogonal experiments and data envelopment analysis in their
analysis. The results showed that non-uniform PSS with specific
perforation patterns significantly outperformed uniform screens in
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terms of daylighting performance at equal perforation ratios [13].
F. Oghazian, et al. (2017) have studied the influence of geometry
and non-uniform distribution of seven geometries—circle,
hexagonal, square, cross, jagged hexagonal (circle), rhombus, and
tabl (decagram tile)}—on the daylighting and glare performance of
south-facing facade of an office room in Tehran, Iran, by using
Honeybee plugin via Grasshopper. The results showed that
rhombus-shaped cells performed best in terms of SDA due to their
larger grid area compared to other geometries. For screens with a
constant cell size, square-shaped perforations yielded higher SDA
values, whereas cross-shaped patterns were the least effective.
Additionally, the study found that non-uniformity in the pattern of
solar screens had varying effects based on the location of the
attractor line [52].

The shape of the perforations have also been explored. D. Pool
(2019) has wused circular geometrical shapes for his PSS
perforations to study the influence of their orientation, perforation,
matrix, thickness, and distance on the daylighting and shading
performance of office buildings in a Mediterranean climate. He
used Design through Orthogonal Arrays (DOA) and DIVA plugin
for Grasshopper/Rhinoceros 3D in his analysis. The results
showed that the optimal solutions at south orientation are PP 20-
50%, M 3x7, T 3-7 cm, and D 90-120 cm. At east orientation are
PP 30-50%, M 3x7 and 6 x 14, T 7 cm, and D 120 cm. At west
orientation are PP 40-50%, M 3x7 and 6 x 14, T 7 cm, and D 60-
120 cm [9]. While O. Etman, et al. (2013) used rectangular
geometrical shapes for his PSS perforations to enhance indoor
illuminance distribution of West-facing facades in office buildings
in Egypt. They used Grasshopper/Rhinoceros 3D and DIVA and
Galapagos plugins. The results showed that the optimal module
was 10x10 cm with a 180° rotation angle, improving illumination
distribution from 54% to 78% with illuminance levels of 300-500
lux and reducing glare probability [16]. C. Lavina and F. Fiorito
(2017) have studied the impact of varying sizes and distribution of
the square perforations on UDI and DGP of a northwest
orientation  office  space in  Australia. They used
Rhinoceros/Grasshopper, Ladybug and Honeybee, and Galapagos
plugins. They could improve UDI by up to 86% and reduce DGP
compared to the base case [11]. A. El-Bahrawy (2025) has
explored the optimal perforation ratio of an Islamic pattern screen
that decreases annual solar irradiance while optimizing thermal
comfort and energy cooling loads for a mosque in Cairo, Egypt.
Grasshopper/Rhinoceros 3D, Honeybee, Ladybug, and Galapagos
plugins were utilized in the simulation and optimization process.
The result indicated that, compared to the current screen,
implementing a 0.25% perforation ratio PSS on the southeast and
southwest facades, along with a 0.2% PSS on the roof, could
reduce peak annual solar irradiance by 19%, enhance thermal
comfort, and slightly decrease cooling loads [53]. A. Maksoud, et
al. (2022) have sought to improve the visual and thermal comfort
of the corridors at the university in UAE by varying the porous
size, shape, and gradient of Islamic patterns perforations. They
have used Rhinoceros/Grasshopper, Ladybug plugin in their
analysis. The results showed improvement in the useful daylight
illumination compared to the current status, with an increase in
excess of 54%, a decrease in vertical and horizontal radiation
exposure, and the potential glare by more than 9% [54].

Other researchers compared the efficiency of PSS and other
shading systems. B. Dabaj, et al. (2022) have compared the
influence of PSS and three types of Venetian blinds (exterior,

interior, and exterior integrated with overhangs) on the visual
comfort, daylight, and glare performance of a library’s reading
room in Rasht, Iran. They wused Rhinoceros/Grasshopper,
Ladybug, and Honeybee plugins for their analysis. The results
stated that PSS is effective in enhancing annual daylight metrics
and view quality but less effective in reducing glare. In contrast,
the three Venetian blinds successfully mitigated glare on most
dates, despite variations in their characteristics [1].

Researchers have also studied the various parameters of PSS, to
detect their optimal ratios. T. Srisamranrungruang and K. Hiyama
(2021) studied the influence of three PSS parameters: perforation
percentage, facade orientation, and thickness for an office building
in Tokyo, Japan, on the daylight, energy saving, and natural
ventilation performance. They utilized DIVA plugin for
Grasshopper/Rhinoceros 3D and EnergyPlus plugin in
DesignBuilder. The results showed that thickness had the lowest
impact, with 0.5 m being the optimal value. For the best
daylighting access without glare, the PP of 40% on the south and
10% on the west were the optimal ratios. However, to achieve a
balance between natural ventilation and daylighting, a PP of 10%
on the south and 30% on the west proved to be the most effective
for year-round heat removal [44]. F. Caglar and G. Gedik (2021)
aimed to optimize solar radiation, ASE, and the view of a
classroom in Istanbul, Turkey by varying the dimensions,
perforation ratio, width, distance, twist angle, and rotation angle
of a screen. They used Rhinoceros/Grasshopper, Ladybug and
Honeybee, and Galapagos plugins in their analysis, which showed
that the twist angle of 0° has the optimal results for solar radiation
[8]. D. Chi, et al. (2019) have studied the influence of perforation
percentage, matrix, shape, and orientation of PSS on the daylight
availability of office buildings in Seville, Spain. He used
Radiance-based Daysim and orthogonal and listing methods in his
analysis. The results showed that PP was the most influential
parameter, followed by orientation, matrix, and shape. The
optimal PP was 37.5%, then 50%, reducing overlit areas by 27%-
36%. Matrices with bigger sizes are recommended to reduce the
overlit area. Irregular shapes are not suggested since they increase
the overlit area, and the north orientation has the best performance
[20]. A. Sherifa, et al. (2012) have studied the influence of
changing the perforation percentage and depth of PSS on the
annual energy loads for a residential lounge in El-Kharga Oasis,
Egypt. They used Design Builder and EnergyPlus modeling
software in their analysis. The results noted that solar screens with
perforation rates between 40% and 90% provided an illuminance
of 200 lux for at least 50% of annual occupancy hours, covering
at least 30% of space. Additionally, energy consumption was
reduced by up to 30% for west and south orientations [6]. A.
Sherifa, et al. (2012) analyzed the screen perforations for a
residential living room in Cairo, Egypt, to improve its daylight and
thermal performance and reduce glare. They used Diva for Rhino
and Evalglare in their analysis. The result indicated that a
perforation ratio of 80% for south-oriented screens achieved an
acceptable annual performance improvement of 34% while also
reducing glare probability [22].
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Table 1. Summary of recent studies utilized parametric modeling and genetic algorithms for shading systems optimization.

Ref Date Location Building type Shading system Objective Simulation tool
[10] 2025 Iran Office Building Fixed shading system Energy, thermal, and daylight Rhinoceros, Grasshopper,
performance Honeybee, and Ladybug
[53] 2025 Egypt Mosque PSS Annual solar irradiance, thermal Rhinoceros, Grasshopper,
and energy performance Honeybee, Ladybug, and
Galapagos
[36] 2024 Iran Educational Fixed shading system Thermal and daylight performance  Rhinoceros, Grasshopper, Honeybee
building and Ladybug
[12] 2024 Iran Office building Light shelves Thermal comfort and glare Rhinoceros, Grasshopper,
performance Honeybee, and Octopus
[7] 2023 Belgium Office building Dynamic shading system Energy performances and thermal EnergyPlus
comfort
[21] 2023 Egypt Office building Integrated kinetic fins Daylighting distribution and Rhinoceros, Grasshopper,
potential glare Honeybee, Ladybug, and
Galapagos
[3] 2023 Egypt Office building Parametric Mashrabiya Daylighting performance Rhinoceros, Grasshopper,
Honeybee, and Ladybug
[15] 2023 Egypt Educational Shading units Daylighting performance Rhinoceros, Grasshopper,
building Honeybee, Ladybug, and Octopus
[55] 2023 Iran Office building Shading fins Energy performance Rhinoceros, Grasshopper, Honeybee
and Ladybug, and Octopus
[1] 2022 Iran Library PSS Visual comfort, daylight, and glare =~ Grasshopper, Honeybee, and
performance Ladybug
[371 2022 USA Residential building ~ Venetian blinds Energy performance WINDOW software, Radiance, and
EnergyPlus
[54] 2022 UAE Corridor PSS Visual and thermal comfort Rhinoceros, Grasshopper, and
Ladybug
[8] 2021 Turkey Educational PSS Solar radiation, ASE, and View Rhinoceros, Grasshopper,
building Honeybee, Ladybug, and
Galapagos
[43] 2021 Iran Residential building  Fixed shading system Daylighting and thermal Ecotect software
performance
[50] 2021 Egypt Educational Dynamic shading system Daylighting performance Designbuilder, Radiance, and
building Daysim.
[44] 2021 Japan Office building PSS Daylight, energy, and natural DIVA/ Rhinoceros and EnergyPlus/
ventilation performance DesignBuilder
[48] 2020 Egypt Office building Prismatic slats Daylighting performance Rhinoceros and Grasshopper/
Radiance
[46] 2020 Italy Virtual room Venetian blinds Energy performance EnergyPlus
The above-mentioned studies have demonstrated the the present research; however, they may vary in terms of building

effectiveness of shading systems in general and PSSs in particular

functions,

climate zones,

investigated parameters,

and

in enhancing indoor environmental performance. In addition, due
to the numerous parameters influencing the efficiency of shading
screens, many researchers have turned to parametric modeling
and, in some cases, genetic algorithms to optimize their
performance through a multi-objective optimization process.

2.7. Parametric modeling and genetic algorithms optimization of
shading systems

Parametric design and genetic algorithms play a crucial role in
enhancing the efficiency of shading systems and improving
overall building performance. These strategies facilitate the
exploration of a wide range of design alternatives and enable the
identification of optimal solutions among numerous options with
comparable environmental performance, facilitating a multi-
objective optimization process [10]. As highlighted in previous
studies, many researchers have employed parametric modeling
and genetic algorithms in their simulation and optimization
processes to enhance the performance of shading screens. Table 1
summarizes a number of performed studies within the last five
years with the aim of highlighting parametric modeling and
genetic algorithms’ contribution to the shading system
optimization process. These studies follow a similar approach to

optimization requirements.

3. Materials and method

The research aims to investigate the influence of balancing four
PSS design parameters—Matrix (M), Perforation Percentage (PP),
Thickness (T), and Separation Distance (SD)—on optimizing
daylight efficiency and reducing glare probability of an office
space in Cairo, Egypt. With a target illuminance range of 100—
2000 lux across at least 75% of the office area. The research
methodology comprised two main phases. The first phase included
an overview of the office space, including its location,
characteristics, and settings, as well as the PSS and its four
variable parameters. The second phase introduced the software
and plugins employed, the modeling process and its settings
adjustments, and the daylight illuminance and daylight glare
probability simulations.

3.1. Case study description

The analysis was performed on a virtual office space in Cairo,
Egypt. Egypt is classified as a hot, arid desert climate according to
Koeppen’s climate classification [56]. Cairo, the capital city, is
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Fig. 2. The plan, section, and perspective view of the office space.

Table 2. Characteristics of the case study model and the four design parameters of the PSS.

Components  Characteristics Fixed Variable
Floor Ground
Room WxLxH Imx9mx35m
Walls Visible reflectance 50%
Solar reflectance 50%
Material Brick walls
Floors Visible reflectance 20%
Solar reflectance 20%
Material Granite Tile
Ceiling Visible reflectance 80%
Solar reflectance 80%
Material Plaster
Glazing Visible reflectance 64%
Solar reflectance 100%
Material South
PSS Length x Height 9mx3.5m
Geometrical shape Triangular
Visible 80%
Orientation South
Material Aluminum
Solar reflectance 80%
Matrix (M) - Triangular shape

- Hight divisions: 4, 6, 8
Range from 20% to 80%, with the ability to be fixed or random along the fagade and a

Perforation Percentage (PP)

- Width divisions: 6, 8, 10

step of 10% for the simulation

Thickness (T)
Separation Distance (SD)

Range from 4 to 10 cm, with a step for the simulation of 1 cm

Range from 60 (which is the minimum distance for a maintenance catwalk [16]) to 120

cm, with a step for the simulation of 10 cm

located at a latitude of 30.0444° North and a longitude of 31.2357°
East. It experiences a hot and dry summer season, with
temperatures ranging up to 43°C during the day. Cairo receives
minimal annual precipitation, averaging approximately 10 mm,
and experiences high humidity levels during the summer months
[57]. Cairo was selected for the current research due to its distinct
climate characteristics, which require specialized fagade
treatments to minimize heat gain while ensuring sufficient
daylighting and glare control.

The office space has a total area of 81 m? and a height of 3.5 m,
as shown in Fig. 2. It features a fully glazed south-facing facade,
which is covered by a triangular perforated solar screen (PSS).
Four design parameters were selected for the optimization process:
matrix, perforation percentage, thickness, and separation distance.
The matrix (M) refers to the number of horizontal and vertical
divisions within the perforated screen. The perforation percentage
(PP) defines the ratio of triangular voids in the screen; the
triangular shape was selected as one of the basic geometrical
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shapes to study its potential in optimizing daylight and glare
performance. The perforation percentages could be either constant
or random along the fagade to assess their impact on the
optimization process. The thickness (T) refers to the depth of the
screen, while separation distance (SD) defines the gap between the
screen and the glazed fagade. The characteristics and
specifications of the office space, glazing, PSS, and the four
design parameters are summarized in Table 2.

Figure 3 provides samples for the matrix and perforation
percentage parameters to clarify the properties and range of the
triangular perforated screen. In each parameter, the average values
of the remaining parameters were held constant to ensure a clear
representation of their influence on the screen's formation.

3.2. Modeling and simulations
3.2.1. Software and plugins

The study utilized Rhinoceros 3D software alongside the
Grasshopper interface, as well as Ladybug and Honeybee (Version
1.6.0) and Galapagos plugins. Rhinoceros is a 3D computer-aided
design (CAD) software. Its parametric capabilities are gained by
Grasshopper, a parametric form-generating interface. Grasshopper
is a visual programming tool that enables designers to
algorithmically script and manipulate geometries through
mathematical functions (a set of constraints or parameters defined
by the designer) [54,58].

Honeybee and Ladybug are open-source plugins for the
Grasshopper interface. Honeybee has the ability to create,
simulate, and visualize detailed analyses, including annual
daylight, electric daylight, illuminance, and glare, using Radiance
software. It also performs energy modeling, indoor and outdoor
thermal comfort analyses, air-flowing studies, and HVAC
performance assessments through Open Studio or EnergyPlus
software. Ladybug can import EnergyPlus weather files (.epw)
into Grasshopper and perform several analyses such as sun path,

Matrix (4*6)

solar radiation, out—door thermal comfort, and view analyses
while providing tools for visualizing environmental analysis
results [58-60].

Galapagos is an evolutionary solver and GAs-based tool
accessed via the Grasshopper interface [8]. Galapagos operates by
defining a criterion and one or more sets of variable parameters,
iteratively simulating and refining solutions until it reaches the
optimal solution that fulfills the specified criterion efficiently
[30,61,62].

3.2.2. Modeling and settings

The office model was constructed in Rhinoceros 3D software, with
its surfaces and material specifications scripted in Grasshopper
interface through Honeybee plugin. The program and the
occupancy schedules were set as a medium-closed office with
operational hours from 9:00 a.m. to 5:00 p.m. The PSS geometry
was parametrically constructed in Grasshopper, enabling accurate
control over its variable parameters during the optimization
processes. The perforated screen was then integrated as a shading
system covering the south-facing facade. The material
specifications of the screen were also scripted via Honeybee
plugin. The specifications of the office surfaces, glazing, and PSS
were held constant throughout all simulations to ensure their
effects on the results were neutralized. The only variables were the
four design parameters of PSS: M, PP, T, and SD.

All the adjustments were linked to the “HB Model” component
to enable simulating the model as one environment. A sensor grid
was then added to the HB model; it was configured with a spacing
of 1x1 m and a height of 91.6 cm, which is the average sitting
height for males (94.05 cm) and women (89.34 cm) [63].

To simulate daylight illuminance at a specific time and date, the
“HB Point-In-Time Grid-Based” component was used. It uses a
specific location weather file (the Ladybug plugin was used to
import Cairo’s climatic data [64]) and a specific duration month,

Perforation Percentage 80%

Fig. 3. Samples of the matrix and perforation percentage parameters.

Perforation Percentage 40%
(random distribution)

Perforation Percentage 60%
(random distribution)
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Fig. 4. The Python code in the "GhPython Script" component.
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Fig. 5. The complete grasshopper script.

day, and time to simulate the required analysis. The Ladybug
plugin was then used to visualize the results of the simulations.

The result of each illuminance simulation comprised 81 values
(corresponding to the 81 sensor grid points). The office space is
exposed to excessive daylight, attributed to its geographic
location. Thereby, the target of the optimization process was to
reduce the highest illuminance value to its lowest possible value
by manipulating the PSS parameters. However, some
configurations could result in illuminance levels below 100 lux,
contradicting the study’s minimum illuminance target. Therefore,
a Python script was implemented within the Grasshopper interface
using the "GhPython Script" component. The script was coded to
pass the result to the optimization engine only if its lowest value
is equal to or more than 100 lux. If a configuration fell below this
threshold, the script would turn the values into a number that the
optimization engine would reject (50000 lux in this study),
effectively filtering out unsuitable configurations and ensuring
that all areas maintain a minimum illuminance above 100 lux. This
balance was critical, as integrating a PSS may reduce illuminance
in zones farther from the daylight source. Figure 4 illustrates the
Python script within the "GhPython Script" component.

}inkulations

After the “GhPython Script" component filtered and passed the
suitable results, the accepted values were sorted in descending
order, from highest to lowest. The highest value was then assigned
as the fitness criterion that needed to be minimized in Galapagos
optimization engine. Meanwhile, the four PSS parameters were set
as the genome, representing the variable parameters that
Galapagos adjusted iteratively during the optimization process.
Figure 5 presents the complete Grasshopper script, while Fig. 6
demonstrates the optimization process steps.

Lastly, to analyze the glare probability of the optimal solutions,
the “HB Point-In-Time View-Based” component was utilized to
enable simulating glare at a specific time and date. It also used the
location weather file and specific duration. The results were then
connected to the “HB Glare Postprocess” component to simulate
DGP.

3.2.3. Daylight illuminance simulations

This section represents the research core; it describe the daylight
performance of six cases: a base case without PSS, four cases
representing the optimal solution for each parameter individually,
and the last case for the optimal balanced solution of the four
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Variable Parameters Simulation Python Optimization
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Fig. 6. The steps of the optimization process.

parameters. The simulations were performed to explore the
effectiveness of each case in achieving optimal daylighting
performance while mitigating glare, identify the differences in
their performance across the year, determine the most influential
parameters, and assess the benefits of optimizing multiple
parameters simultaneously versus individual optimization.

Each case was simulated independently for four specific days of
the year—21st March, 21st July, 21st September, and 21st
December—representing spring, summer, autumn, and winter,
respectively. Simulations were conducted three times per day
(9:00 a.m., 12:00 p.m., and 3:00 p.m.). Simulating specific days,
rather than an entire year, was essential for two reasons: (1) to
reveal the variations in performance during the day and across
seasons, due to the sun's changing position and angle, and (2) to
enable the genetic algorithm and Python code to effectively
control the minimum and maximum illuminance values during the
optimization process. This phase is comprised of three stages.

3.2.3.1. The base case

In this stage, the office space was analyzed as a base case without
integrating the PSS to achieve three main objectives: (1) identify
the areas requiring optimization, (2) quantify the potential
optimization range achievable through optimizing one or
balancing multiple parameters, and (3) emphasize the importance
of implementing a PSS to enhance daylight performance.

3.2.3.2. Single parameter optimization

This stage aimed to evaluate the effectiveness of each of the four
parameters separately—matrix, perforation ratio, thickness, and
distance— in reducing the high illuminance levels while
maintaining a minimum illuminance above 100 lux. For each
parameter simulation, the average values of the remaining three
parameters were fixed throughout the process to neutralize their
effects.

The matrix, thickness, and separation distance parameters were
manually simulated due to their relatively small number of
variables—9 for M and 7 for both T and SD. However, the
perforation percentage involved a larger number of variables, as it
was programmed to include both constant and random perforation,
controlled by two number sliders. Consequently, Galapagos and
"GhPython Script" components were used to detect the optimal
solution, with an average iteration of 100 in each of the twelve
durations.

3.2.3.3. Multiple parameter optimization

This stage directly addressed the research objective by optimizing
the four selected parameters simultaneously to balance their
combined effects on daylight illuminance. Manually manipulating
all four parameters would be impractical and time-consuming for
the vast number of potential solutions. To overcome this
challenge, Galapagos optimization engine and "GhPython Script"
components were employed to identify the optimal solution for
each of the twelve durations, with an average iteration of 750 in
each of the twelve durations.

3.2.4. Daylight glare probability simulations

This phase evaluates the impact of the generated solutions across
six scenarios on glare probability. The DGP was simulated for the
base case, the four optimal solutions derived from single-
parameter optimizations, and the optimal solution from the multi-
parameter optimization for each of the twelve durations. The
primary objective was to ensure that the balanced solutions
effectively minimize glare, maintaining imperceptible glare levels
throughout the year.

4. Results
4.1. Daylight illuminance simulations results

The results of the daylight simulations for the six scenarios are
presented in Figs. 7 and 8, illustrating the percentage of overlit and
usable zones for each scenario. These figures provide a
comparative analysis, highlighting the effectiveness of each
optimization approach in achieving balanced daylight distribution.

4.1.1. The base case

The results of the base case revealed excessively high luminance
levels, with 27% to 65% of the office space exceeding 2000 lux.
The peak overlit condition was observed on Dec. 21 at 12:00 PM,
when 65% of the space experienced excessive daylight. While
variations were observed throughout the year, and notably, no
zones within space had illuminance levels below 100 Ilux.
Thereby, the daylight optimization process must focus on reducing
excessive luminance while preserving the lowest illuminance
value above 100 lux.
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Fig. 7. The results of daylight illuminance simulations in March and June.
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4.1.2. Single parameter optimization

The results of the optimal solutions of the four parameters showed
varying effectiveness in reducing overlit areas throughout the
year:

e Matrix: The overlit area ranged from 10% to 40% of the
office space, achieving a 17-26% reduction in solar
penetration compared to the base case. The optimal matrix
divisions were primarily 8x8 and 8x10. The Matrix achieved
its highest influence on reducing the overlit percentage on
Jun. 21 at 12 pm, followed by Dec. 21 at 9 am and 12 pm.

e Perforation percentage: The overlit area ranged from 1% to
33%, demonstrating the highest impact, with a 20-43%
reduction in solar penetration. The optimal perforation
percentage ranged from 20 to 35%. It had its highest
influence on reducing the overlit percentage on Dec. 21 at 9
am, followed by Dec. 21 at 12 pm. Additionally, among the
12 evaluated durations, random perforations were more
effective in 4 durations, while fixed perforations performed
better in 8 durations.

e Thickness: The overlit area ranged from 10% to 40%,
resulting in a 15-26% reduction in solar penetration. The
optimal solution remained constant across all durations at 10
cm, the maximum allowed thickness. Thickness had its
highest impact on reducing the overlit percentage on Dec. 21
at 9 am and Jun. 21 at 12 pm followed by Dec. 21 at 12 pm.

e Separation distance: The overlit area ranged from 0% to
33%, leading to a 20-36% reduction in solar penetration. The
optimal separation distance was consistently 60 cm, the
closest allowed distance between the screen and the fagade.
Thickness had its highest impact on reducing the overlit
percentage on Dec. 21 at 9 am, followed by Dec. 21 at 12
pm.

Based on these findings, PP has the highest influence on

reducing overlit zones, followed by SD, matrix, and finally
thickness.

4.1.3. Multiple parameter optimization

In the optimal balanced solutions, the overlit area ranged from 0%
to 22% of the office space, achieving a 21-61% reduction in solar
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Fig. 9. The percentage of overlit zones (>2000 lux) across the year.

® Thickness

penetration compared to the base case. The balanced solution,
contrary to the base case, reached its optimal optimization level on
Dec. 21 at 12 pm, reducing the overlit area percentage to 4% of
the space, thereby increasing the usable daylit areas by 61%.

Throughout the year, the balanced solution showed noticeable
variations in the four parameters and their optimal balanced range.
This variation can be summarized as follows:

e Matrix: The optimal divisions were typically 6x6 and 4x6.

e Perforation percentage: The optimal PP ranged from 20 to
45%. Further, among the 12 evaluated durations, random
perforations were more effective in 3 durations, while fixed
perforations performed better in 9 durations.

e Thickness: The optimal T ranged in most cases from 6 to 8
cm.

e Separation distance: The optimal SD remained consistently
60 cm.

Based on these results, the balanced solutions outperformed the

individually optimized parameter solutions.

In brief, across the year, the balanced solution could
significantly reduce the overlit areas and outperform the individual
parameter solutions by reducing the overlit areas by up to 29%
more than the PP and SD solutions and up to 36% more than the
matrix and thickness solutions. Accordingly, the balanced solution
had the highest impact in reducing high illuminance levels,
followed by the PP solutions, then the SD solutions, with the
matrix and thickness solutions having the least impact. The
percentages of overlit areas of the six scenarios throughout the
year are illustrated in Fig. 9.

4.2. Daylight glare probability results

The results of the daylight glare probability simulations for the
base case, the four single-parameter optimal solutions, and the
balanced solution are presented in Figs. 10 and 11. Illustrating the
percentage of glare probability in each scenario, providing a
comparative analysis of their effectiveness in mitigating glare.

21 Jun. - 21 Sept. - 21 Sept. - 21 Sept. - 21 Dec. - 21 Dec. - 21 Dec. -

9 am 12 am 15 pm 9 am 12 am 15 pm

mDistance ™ Balancing 4 parameters
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4.2.1. The base case

The results of the base case revealed a high daylight glare
probability, peaking on Dec. 21 at 9 and 12 pm with intolerable
glare levels. These findings align with the daylight illuminance
results, confirming the excessive luminance in the office space.
Across the twelve evaluated durations, no imperceptible glare was
observed; the DGP levels fell within intolerable glare (0.5 and 0.55
DGP), disturbing glare (0.41 to 0.43 DGP), and perceptible glare
(0.35 to 0.40 DGP). Highlighting the importance of integrating a
shading system to enhance visual comfort and focusing on
reducing excessive luminance in the daylight optimization
process.

4.2.2. Single parameter optimization

The DGP results of the optimal solutions of the four parameters
can be summarized as follows:

e Matrix and Thickness: The two parameters exhibited
identical performance across the twelve durations. They
achieved an imperceptible glare in eleven durations, with a
DGP ranging from 0.29 to 0.34, and perceptible glare in one
duration (21 Dec. at 12 pm, a peak glare period in the base
case) with a DGP of 0.37. They could reduce the high DGP
of the base case by 6 to 18%.

e Separation distance: Demonstrated slightly better
performance. SD achieved an imperceptible glare in eleven
durations with DGP ranging from 0.28 to 0.33 and a
perceptible glare in one duration on 21 Dec. at 12 pm, similar
to M and T; however, with a slightly lower DGP value of
0.36 DGP. It could reduce the high DGP of the base case by
7 to 20%.

e Perforation percentage: Provided the most effective glare
reduction among the four parameters. It effectively achieves
an imperceptible glare in the twelve durations, with DGP
ranging from 0.27 to 0.33 DGP. Its highest recorded DGP

%
60
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occurred on 21 Dec. at 12 pm (similar to M, T, and SD), with
an imperceptible glare of 0.33 DGP. PP could reduce the high
DGP of the base case by 8 to 23%.
Based on these results, the PP has the highest in reducing DGP,
followed by SD, and then M and T are the least efficient with the
same performance.

4.2.3. Multiple parameter optimization

The balanced screen solutions demonstrated their effectiveness in
mitigating glare across all twelve durations, achieving
imperceptible glare levels with DGP ranging from 0.26 to 0.31.
They could reduce the high DGP of the base case by 7 to 24%.
Additionally, the balance solutions peak and highest influence on
reducing DGP was on 21 Dec. at 12 pm with an imperceptible
glare of 0.31 DGP, outperforming all single-parameter
optimizations.

In brief, across the year, the balanced screen solution proved to
be the most effective approach for glare mitigation, ensuring
optimal visual comfort throughout the year while outperforming
single-parameter optimizations, especially during high-glare
periods. They reduced the DGP by up to 1% more than the PP
solutions, up to 4% more than the SD solutions, and up to 6% more
than the T and M solutions. Thereby, balanced solutions had the
highest influence on reducing glare probability, followed by PP,
SD, and then thickness and matrix solutions. Additionally, only
the balanced and PP solutions were able to completely eliminate
glare in the highest glare probability duration (on 21 Dec. at 12
pm). The percentages of daylight glare probability of the six cases
throughout the year are demonstrated in Fig. 12.

4.3. Comparative analysis between single and multi-parameter
optimization

This section analyzes the variations in the optimal solutions when
manipulating a single parameter compared to balancing four
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Fig. 12. The percentages of daylight glare probability throughout the year.
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parameters, aiming to emphasize the significance of integrating
the influences of multiple parameters in enhancing daylight
efficiency, reducing glare phenomenon, and generating more
comprehensive and effective solutions. The analysis is structured
into two key phases: first, an evaluation of the differences between
the optimal solutions of the four individual parameters and the
balanced solution throughout the year. Second, a comparison of
the top five optimal solutions for each of the four parameters and
the balanced solution during the two highest peak glare durations,
providing insights into their relative effectiveness in extreme
daylight conditions.

4.3.1. The optimal solutions
4.3.1.1. Matrix (M)

When optimizing solely the matrix to minimize the high
illuminance levels, the optimal divisions were primarily 8x8 and
8%10. These divisions are characterized by their small, narrow
perforations along the screen, which effectively reduce solar
penetration by 17-26% and DGP by 6-18%; however, they
significantly obstruct the external view and limit the user’s
connection to the outdoor environment. In contrast, the optimal
divisions of the balanced solution were typically 6x6 and 4x6, as

Division
8*10

8*8

8*6

6*10

6%8

6%6

4*10

4*8

4%6

21 Mar. -
9 am

21 Mar. -
12 am

21 Mar. -
15 pm

21 Jun. -
9 am

21 Jun. -
12 am

=== Matrix

Fig. 13. The differences between manipulating M and M within four parameters.
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Fig. 14. The differences between manipulating PP and PP within four parameters.
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shown in Fig. 13. These divisions have larger and wider
perforations, which provide better views of the exterior while
further reducing daylight illuminance by 21-61% and DGP by 7—
24%, despite permitting more solar penetration.

4.3.1.2. Perforation percentage (PP)

The optimal perforation percentages, when manipulating PP only
to reduce high illuminance, ranged from 20 to 35%, resulting in a
reduction of overlit areas by 20-43% and DGP by 8-23%.
However, when PP was balanced with the other three parameters,
the percentage increased to between 20 and 45%, with further
reduction in overlit areas to 21-61% and DGP by 7-24%. Across
the twelve durations, both approaches shared a 20% perforation
percentage in six durations, as shown in Fig. 14. However, in the
remaining six durations, the balanced solutions had larger
perforation percentages, improving both daylight illuminance and
outdoor view.

4.3.1.3. Thickness (T)

While optimizing the thickness alone, the optimal solution across
all durations was 10 c¢cm, the maximum allowed thickness in the
simulation. This thickness could reduce the high illuminance

21 Dec. -
9 am

21 Dec. -
12 am

21 Dec. -

9 am 12 am 15 pm 15 pm

e=@==Matrix within four parameters

21 Dec. -
12 am

21 Dec. -

9 am 12 am 15 pm 9 am 15 pm

«=@== Perforation percentage within 4 parameters
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Fig. 16. The differences between manipulating SD and SD within four parameters.

values by 15-26% and DGP by 6-19%. However, in the balanced
solutions, when manipulating the thickness alongside three other
parameters, the thickness was generally reduced, in most cases, to
6-8 cm, as shown in Fig. 15. The balanced solution could increase
the material efficiency by reducing its consumption and promoting
sustainability while reducing the high illuminance values by 21—
61% and DGP by 7-24%.

4.3.1.4. Separation distance (SD)

For both single-parameter optimization and multi-parameter
balancing, the optimal separation distance was consistently 60 cm
(the closest allowed distance in the simulation), as shown in Fig.
16. However, when optimizing SD alongside three other
parameters, the balanced solutions achieved a 21-61% reduction
in the percentage of overlit areas and 7-24% in DGP, compared to
the reduction of 20—36% in the percentage of overlit areas and 7—
20% in DGP attained through optimizing SD only.

4.3.2. The top five optimal solutions

This section compares the top five optimal solutions for each of
the four parameters and the balanced solution during the two peak
illuminance durations, December 21 at 9 am and 12 pm. The
durations were chosen based on the results of daylight and glare

==o== Separation distance within 4 parameters

simulation, as they exhibited the most significant influence of the
four parameters and the balanced solution on daylight
performance and glare reduction. Table 3 demonstrates a detailed
comparison of the top five solutions of the four parameters and the
balanced solutions at these time periods.

According to Table 3, the results of the top five of the optimal
solution during the two peak illuminance durations can be
summarized as follows:

e Matrix: The five solutions showed varying divisions across

both durations.

e Perforation percentage: The first three solutions showed
identical results across both durations, with a fixed 20%
being the most influential, followed by random PP of 25%
and 30%. While the fourth and fifth solutions—random 35%
and fixed 30%—were interchanged between the two
durations. The results highlight the capability of the random
perforations to reduce excessive illuminance levels, allowing
larger perforation percentages that enhance both daylight
illuminance and outdoor visibility.

e Thickness: The five solutions revealed identical results in
both durations, with the maximum allowed thickness of 10
cm as the optimal solution and decreasing constantly until
reaching 6 cm as the fifth place.
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Table 3. The top five optimal solutions of the four parameters and the balanced solution on December 21 at 9 am and 12 pm.

Dec.21at9am M PP T SD Balanced

M PP T SD
1 8*8 Fixed 20% 10 cm 60 cm 4*6 Fixed 20% 8 cm 60 cm
2 8%6 Random 25% 9cm 70 cm 6*8 Fixed 20% 6 cm 60 cm
3 8*10 Random 30% 8 cm 80 cm 4*6 Fixed 20% 6 cm 60 cm
4 6*8 Random 35% 7 cm 90 cm 6*6 Fixed 20% 7 cm 60 cm
5 6*6 Fixed 30% 6 cm 100 cm 4*6 Fixed 20% 7 cm 60 cm
Dec.21 at12 pm M PP T SD Balanced

M PP T SD
1 4*6 Fixed 20% 10 cm 60 cm 4*6 Fixed 20% 8 cm 60 cm
2 6*6 Random 25% 9 cm 70 cm 6*8 Fixed 20% 8 cm 60 cm
3 6*10 Random 30% 8 cm 80 cm 6*8 Fixed 20% 9 cm 60 cm
4 8*10 Fixed 30% 7 cm 90 cm 6*6 Fixed 20% 8 cm 60 cm
5 8*8 Random 35% 6 cm 100 cm 6*6 Fixed 20% 4cm 60 cm

Matrix Perforation Ratio (%) Thickness (cm) Distance (cm) Usable daylight (%) Overlit (%) .
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Fig. 17. The seasonal variations in optimal balanced solutions and it’s on daylight and glare performance across the year.

e Separation distance: The five solutions showed identical
results in both durations, with the closest distance of 60 cm
being the optimal solution and increasing constantly to 100
cm in fifth place.

e The balanced solutions: The matrix showed similar divisions
in both durations, with 4x6 emerging as the optimal
configuration, followed by 6x8 and 6x6 divisions. The
perforation percentage remained fixed at 20% across the top
five solutions. Thickness varied, with 8 cm being the optimal
value. Separation distance was consistently maintained at 60
cm among the top five solutions in both durations.

4.4. The seasonal variations in optimal balanced solutions

This part presents a detailed analysis of the daylighting and glare
control of the optimal balanced solutions, illustrating how they
vary throughout the day and across the year. This analysis focuses
on four seasonal scenarios: spring, summer, autumn, and winter,
emphasizing how the differences in the solar angle and path
influence the balanced solutions.

e Spring - 21st March: Moderate matrix division (6x8 to 6x6),
varied perforation percentages (20% to 40%), thickness 6
cm, and separation distance 60 cm. Achieved 78-95% useful
daylight, 5-22% overlit areas, and 0.28-0.29 DGP.

e Summer- 21st June: Moderate matrix division (6x8 to 6x6),
varied perforation percentages (20% to 40%), thickness 6
cm, and separation distance 60 cm. Achieved 100% useful
daylight, 0% overlit areas, and 0.26-0.28 DGP.

e Autumn- 21st September: Large matrix divisions (6x6 to
4x6), varied perforation percentages (20% to 35%), varied
thickness (5 to 10) cm, and separation distance 60 cm.
Achieved 84-94% useful daylight, 6-16% overlit areas, and
0.28-0.29 DGP.

e Winter- 21st December: Large matrix divisions (6X6 to 4x6),
varied perforation percentages (20% to 45%), varied
thickness (7 to 8) cm, and separation distance 60 cm.
Achieved 86-96% useful daylight, 4-14% overlit areas, and
0.28-0.31 DGP.

In brief, across the four seasons, the balance solutions could
keep the useful daylight percentage above 79%, reduce the overlit
areas percentage up to 100%, and preserve DGP values equal to or
below 0.31, providing imperceptible glare throughout the year.
However, there were variations in optimal balanced solutions
throughout the day and year, which required a PSS capable of
responding dynamically to different times of day to achieve
optimal performance. The seasonal variation of the optimal
balanced solutions and their impact on useful daylight, overlit
areas, and daylight glare probability across the year was illustrated
in Fig. 17.
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Summarizing the results, the study demonstrated the
effectiveness of balanced solutions in reducing high illuminance
levels and mitigating glare compared to individually optimized
parameters. They reduced the overlit areas by up to 61% compared
to the base case, outperforming the perforation percentage and
separation distance by up to 29% and matrix and thickness by up
to 36%. Additionally, balanced solutions eliminated the glaring
probability across all twelve durations, reducing the high DGP of
the base case by up to 24% and outperforming PP by up to 1%, SD
by up to 4%, and M and T by up to 6%. Accordingly, balanced
solutions were the most effective in reducing high illuminance
levels and glare probability, followed by the PP solutions, then the
SD solutions, with the matrix and thickness solutions having the
least impact. Furthermore, a comparison between the single and
multiple optimization approaches revealed that the balanced
solutions not only enhance daylight and glare performance but
also present more sustainable solutions in terms of material saving,
providing better views of the exterior with larger matrix divisions
and perforation percentages, and lower material usage. However,
they showed noticeable variations throughout the day and year,
emphasizing the need for a PSS that can dynamically adapt to
different times of the day for optimal performance. Lastly, the
balance solutions maintained a useful daylight percentage above
79%, surpassing the research target, while ensuring imperceptible
glare throughout the year.

5. Discussion

The research highlights the effectiveness of Perforated Solar
Screens (PSSs) in improving daylighting and glare performance.
It demonstrates how the interaction of PSS parameters within a
holistic design strategy can significantly enhance their
performance. The research studied the combined influence of four
design parameters—matrix, perforation percentage, thickness, and
separation distance—on the daylighting and glare performance of
a south-facing fagade of an office building in Egypt, characterized
by a hot, dry climate. Computational tools such as Rhinoceros 3D,
Honeybee and Ladybug plugins, and Galapagos, along with the
“GhPython Script” component in Grasshopper, were employed for
office modeling, daylight and glare simulations, result
visualization, and optimization processes.

The results revealed a significant reduction in overlit areas in
the balanced solutions, ranging from 21-61% compared to the
base case, which exhibited high daylight illuminance throughout
the year. They also outperformed single-parameter optimizations,
which achieved reductions in overlit zones ranging between 15%
and 43%. Additionally, at the time, the base case exhibited
perceptible, disturbing, and intolerable glare; the balanced
solutions could eliminate the glare across all the analyzed periods,
reducing the DGP by 7-24%. It also outperformed the single-
parameter optimizations’ glare control, which achieved DGP
reductions of 6-23%. Accordingly, balanced solutions exerted the
highest influence in reducing high illuminance levels and glare
probability, followed by the PP solutions, then the SD solutions,
with the matrix and thickness solutions having the least influence.

A comparative analysis of individual parameter optimizations
and balanced solutions revealed that balanced solutions provide
more sustainable solutions. For instance, optimizing the matrix
alone led to smaller perforation sizes (8x8 and 8x10 divisions) that
reduced solar penetration but also limited visual access. In

contrast, the balanced solutions employed larger perforations (6x6
and 4x6 divisions) that not only enhanced daylight distribution but
also improved views. Similarly, optimizing the thickness only led
to thicker screens (10 cm), while the balanced solutions generated
thinner screens (6-8 cm), contributing to both sustainability (by
material savings and reduced environmental impact) and optimal
daylighting performance. The results support the idea of a
balanced approach that interplays multiple parameters for more
effective solutions.

The results also noted that PP of 20-45%, M of 4x6, 6x6, and
6x8, T of 5-10 cm, and SD of 60 cm are the optimal parameter
values for south-orientation fagades in hot, dry climates. The
perforation percentage values align with previous research by Pool
(2019), who studied circular PSS perforations in a Mediterranean
climate, which is characterized by hot, dry summers, and found
that PP of 20%-50%, M of 3x7, T of 3-7 c¢m, and SD of 90-120
cm are the optimal parameters at the south orientation fagade [9].
While matrix and thickness parameters were relatively close, the
separation distance differed significantly from the current study's
results.

Furthermore, an analysis of the four single-parameter
optimizations in daylight and glare performance revealed that
perforation percentage exerted the highest influence, followed by
separation distance, matrix configuration, and thickness, which
had the least impact. These findings are consistent with the
research by Srisamranrungruang and Hiyama (2021), who
identified a PP of 40% as optimal for an office building in Tokyo,
Japan (hot and humid summer climate), while also noting that
thickness had the lowest impact on daylight performance [44].
Similarly, Chi et al. (2019) found that PP was the most influential
parameter in PSS design, reporting an optimal perforation
percentage of 37.5% for office buildings in Seville, Spain
(Mediterranean climate), followed by orientation, matrix, and
shape [20].

The study also demonstrated the effectiveness of random
perforation percentages in enhancing daylighting performance.
Among the twelve evaluated durations, random triangular
perforations emerged as the optimal solution in reducing overlit
areas in four durations. Additionally, within the top five optimal
solutions identified during the two highest peak durations, random
perforations occupied three positions in each. These findings
support those of Huang et al. (2024), who studied the impact of
non-uniform circular perforations on PSS daylighting
performance and found that non-uniform screens with specific
perforation patterns significantly outperformed uniform screens at
the same perforation ratio [13].

The research adopted a multi-objective optimization approach
using Galapagos optimization engine to minimize excessive
illuminance levels by simultaneously adjusting all four parameters
with equal weight. This approach aimed to assess the individual
impact of each parameter on daylight and glare performance while
identifying their optimal balance. In contrast, D. Pool (2019)
utilized the Design through Orthogonal Arrays (DOA) analysis
method to examine the influence of orientation, perforation,
matrix, thickness, and distance on daylighting and shading
performance in a Mediterranean climate. The DOA method
reduced the number of experimental runs by selecting a subset of
possible factorial combinations, thereby leveling the influence of
different parameters. In Pool’s study, PP was analyzed at six levels
due to its direct impact on both daylight penetration and glare
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control, while the other three parameters were assessed at three
levels each [9]. Similarly, Chi et al. (2019) applied orthogonal
listing methods to analyze the effects of PP, M, shape, and
orientation on daylight availability in office buildings in Seville,
Spain (Mediterranean climate) [20]. While both studies employed
multi-objective optimization approaches, the current research
differs by focusing on neutralizing the influence of all four
parameters and treating them equally. This approach ensures a
more comprehensive assessment of each parameter’s impact on
daylight and glare performance while determining their optimal
balance.

Additionally, the research employed Grasshopper/Rhinoceros
3D, along with Honeybee, Ladybug, and Galapagos plugins for
daylight performance analysis. This approach aligns with previous
studies, such as A. El-Bahrawy (2025), who utilized the same
computational tools to explore the optimal perforation ratio of an
Islamic pattern screen for enhancing thermal comfort and energy
efficiency in a mosque in Cairo, Egypt [53]. Similarly, A.
Maksoud et al. (2022) used Rhinoceros/Grasshopper and the
Ladybug plugin to improve visual and thermal comfort in
university corridors in the UAE (hot arid climate) [54]. Likewise,
C. Lavina and F. Fiorito (2017) applied Rhinoceros/Grasshopper,
Honeybee, Ladybug, and Galapagos plugins to analyze the impact
of varying square perforation sizes and distributions on UDI and
DGP [11]. While these studies employed similar computational
approaches, the current research extends their methodology by
integrating Python scripting into the optimization process. The
study incorporates the “GhPython Script” component to ensure
that the generated solutions adhere to the target illuminance range.
This integration contributes to the novelty of the research by
enabling the simultaneous simulation of all parameters while
maintaining optimal illuminance levels within a single
optimization process.

The study also demonstrates that seasonal variations in solar
angles and paths require adjustments in matrix configurations,
perforation percentages, and thickness of the balanced solutions to
maintain optimal daylighting performance and imperceptible glare
levels. Therefore, the implementation of dynamic systems, such as
kinetic or adaptable PSS, is recommended to accommodate these
changes over time, achieving optimal daylight and glare
management.

Finally, the research highlights the capability of perforated solar
screens to promote daylighting and glare performance by
integrating the influence of multiple parameters within a cohesive
design strategy. Furthermore, it emphasizes the critical role of
computational simulation tools, genetic algorithms, and Python
scripting in balancing design parameters to enhance daylight and
glare performance. These findings provide a robust framework for
future research and the practical implementation of optimized PSS
solutions in architectural design.

6. Conclusion

The research highlights the potential of PSS in improving the
visual performance of office buildings in hot, dry climate zones by
studying the combined influence of four design parameters—
matrix, perforation percentage, thickness, and separation
distance—on enhancing daylighting and glare performance. The
results revealed that the balanced approach led to a noticeable
reduction in overlit zones by up to 61% and effectively eliminated

glare, compared to the base case without PSS, offering a more
efficient and sustainable solution. Additionally, it outperformed
the optimization of individual parameters independently.
Furthermore, the research revealed the capabilities of integrating
advanced simulation tools, such as Honeybee and Ladybug in
Grasshopper, along with genetic algorithms and Python scripting
for balancing design parameters, which provides a robust
framework for future research and practical applications.

The current study has focused on a specific climate zone, fagade
orientation, building type, definite parameters, and visual comfort
aspects. However, the results may vary in different geographical
locations or for fagades with different orientations. Future research
could investigate the performance of these design parameters in
different climate zones and orientations, evaluate additional
environmental aspects such as thermal performance and energy
efficiency, and explore the combined influence of other
parameters, such as different materials and various shapes of
perforations.
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