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1. Introduction

Abstract

Mosques are skin-load-dominated buildings; the temperature of their surrounding
environment has a direct influence on their indoor thermal comfort and energy de-
mands. So, it is thought that mosques’ envelope design is a key element in optimiz-
ing their thermal and energy efficiency. Typically, perforated solar screens (PSS)
are used as an outer skin to control solar radiation, reduce energy consumption,
and improve visual appeal. The study aimed to use genetic algorithms (GAs) to
identify the ideal perforated ratio of PSS that can reduce the annual solar irradiance
in a hot, dry climate zone to its lowest values and consequently lessen thermal ra-
diation and energy consumption. The analysis was performed on the men's prayer
hall of El-Farouq Mosque in Cairo, Egypt, by applying an Islamic perforated screen
to its southeast and southwest facades and roof. Galapagos optimization engine, via
Grasshopper interface in Rhinoceros 3D software, was utilized to detect the optimal
perforation ratio with the least annual solar irradiance. After that, an analysis was
performed to measure the effect of the generated PSS on the thermal comfort and
cooling loads of the hall during the hottest week of the year. The results showed
that, compared to the current screen, a 0.25% PSS on the southeast and southwest
facades and a 0.2% PSS on the roof could reduce the peak annual solar irradiance
by 19%, improve thermal comfort measurements, and slightly lessen the cooling
loads. Finally, a comparison was conducted between the thermal and energy per-
formance of the current and the proposed PSS.

Keywords

Genetic Algorithms (GAs); Optimization; Mosque Building; Perforated Solar Screen
(PSS); Thermal Comfort; Energy Efficiency.

Mosques are classified as skin-load-dominated buildings,

which implies that their thermal and energy performance
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is greatly affected by their local climate. Research showed
that mosques has higher energy demands than other
buildings in the same region, particularly when it comes to
cooling loads. Others found that proper wall and roof ther-
mal treatment in mosque buildings can save up to 25% of
their energy consumption, as enhancing thermal perfor-
mance directly leads to a decrease in energy demands. Fur-
thermore, it is essential to make sure that the mosque ex-
terior envelope provides worshippers with sufficient ther-
mal comfort so they can feel relaxed, comfortable, and se-
rene (Azmi & Ibrahim, 2020) (Azmi & Kandar, 2019) (Ab-
dullah etal,, 2016).

Perforated solar screens (PSS) are passive vernacular
shading systems that are applied on building facades to
control solar heat gain, energy use, daylighting, and glare
effects. In recent decades, there has been a growing inter-
est in incorporating these vernacular technologies into
modern structures. Researchers began to explore the rela-
tions between PSS various shapes, materiality, and perfo-
ration ratios, as well as how they can affect indoor environ-

mental performance (Elzeyadi & Batool, 2018).

The research aims to use genetic algorithms to investigate
the optimal perforation ratio of a proposed solar screen
applied on a mosque in a hot, dry climate zone that can re-
duce the solar irradiance value to its lowest level and in-
vestigate its influence on indoor environmental thermal
quality and energy demands. To attain this aim, the re-
search methodology was divided into four parts. First, a
literature review clarifies; mosque building functional
and operational requirements. Thermal comfort defini-
tion and PMV thermal comfort model categories. PSS def-
inition, history, and interrelated research on its perfor-
mance. Along with genetic algorithms concept, usage, and
capabilities. Second, introduce the selected mosque loca-
tion, climate readings, functional zones, and modeling
process. Clarify the simulations performed: annual solar
irradiance, PMV thermal comfort, and energy simulation.
Present the proposed PSS design, perforation ratio and
parameters, and optimization process. Compare the

measurements of the current and proposed PSS. Third,
discuss and analyze results and outputs of the research.
Lastly, present the conclusion and future recommenda-
tions.

2. Literature review

2.1. Mosque Building

Mosques are religious buildings with a unique set of func-
tional and operational requirements coupled with partic-
ular aesthetic characteristics. The most basic design of a
mosque is a simple single-story rectangular structure (a
prayer hall), with a dome and minaret as its traditional
symbols, (Abd Rahman et al,, 2021). The longer side of the
rectangular prayer hall is usually oriented towards the
Qiblah (direction of the Ka’bah in KSA), along which the
worshipers pray in rows facing the Qiblah wall, with an
entrance at the opposite wall to ensure undisturbed
prayer. The prayer hall is often designed as a multiple-vol-
ume space to maintain a proper scale of the interior with
relation to the floor area and for visual comfort. Mosques
usually also have a female prayer space, either on one side
of the main prayer hall or in a separate space. The men's
prayer hall is usually surrounded by a number of func-
tional requirements that are somewhat similar in all
mosques, regardless of climatic and regional differences
or cultural influences, such as ablution facilities, toilets, a
maintenance office, services, lecture halls, etc. (Azmi &
Kandar, 2019) (Azmi & Ibrahim, 2020).

Unlike other buildings, mosques have intermittent occu-
pancy patterns and varying user levels throughout the
day. The occupancy level is usually high during the five
daily prayer times, which are determined based on the po-
sition of the sun: Fajr prayer (at the first light of dawn),
Dhuhr prayer (after midday), Asr prayer (late in the after-
noon), Maghrib prayer (after sunset), and Isha prayer (be-
ginning part of the night). However, the occupancy level
reaches its highest or full level at the weekly Jumuah
prayer (held instead of the Dhuhr prayer on Friday). Each
prayer typically lasts from 30 to 45 minutes. Beside these
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prayers, mosques usually arrange other activities, such as
Quran memorization lessons or community gatherings,
with different occupancy levels. Consequently, mosque
functional prerequisites and occupancy patterns are fol-
lowed by periodic operational characteristics that play a
vital role in the thermal comfort of the worshipers as well
as the thermal and energy performance of the mosque
buildings (Azmi et al., 2023) (Azmi & Ibrahim, 2020)
(Azmi & Kandar, 2019).

2.2. Thermal Comfort

Thermal comfort is a worldwide accepted scale for meas-
uring indoor environmental quality (Azmi & Kandar,
2019). It is defined as a state of mind that expresses ther-
mal satisfaction or acceptability within the environ-
ment. Providing appropriate thermal comfort leads to en-
hanced health, well-being, and productivity and helps the
occupants to satisfy themselves physiologically and psy-
chologically. However, thermal sensations are different
from one person to another, as several factors influence
the sensation. These factors can be divided into two cate-
gories: environmental parameters, including air tempera-
ture, air velocity, relative humidity, and mean radiant tem-
perature; and personal parameters, including metabolic
rate and clothing insulation (Arsad et al., 2023) (Abdullah
etal.,, 2016) (Abd Rahman et al.,, 2021). The environmental
parameters change according to the building location and
climate zone, while the personal parameters depend on
the activity level, gender, age, health, etc. In mosques, ac-
tivities such as prayers and lectures are considered light
activity levels that require sitting in a quiet position or
standing with minimal movement. Therefore, the meta-
bolic rate is the same for everyone throughout the year
(Azmi & Kandar, 2019).

During the past few decades, several thermal comfort eval-
uation models have been developed to evaluate thermal
comfort, such as the predicted mean vote (PMV) model, the
two-node model, and the multi-node model; however, the
PMV model is the most commonly used one, as the Ameri-

can Society of Heating, Refrigerating, and Air-Conditioning

Engineers (ASHRAE) Standard 55 has used PMV to assess
interior thermal comfort and ensure acceptable thermal
comfort for building occupants. The PMV model is calcu-
lated by Professor Fanger's comfort equation for human
heat transfer. It is a comprehensive evaluation index that
treats the human body as a whole being to predict its ther-
mal response in a steady-state air-conditioned environ-
ment. It considers the fundamental equation of human
thermal balance, which indicates the level of psychophysi-
cal thermal sensation and thermal comfort. The PMV
model measures the thermal comfort sensation on a scale
from -3 to +3, which corresponds to the categories: cold,
cool, slightly cool, neutral, slight warm, warm, and hot, re-
spectively, Figure 1. According to ASHRAE standard 55-
2020, in hot climates or in summer, the optimal thermal
comfort conditions occur at an air velocity of 0.2 m/s and
a PMV between -0.5 and 0.5, with a temperature range of
23.5 to 27 °C (hot temperature) and 20 to 24.5 °C (cold
temperature). (Ni et al., 2023) (Sabbour et al., 2023).

I
3 Hot
2 Warm
1 Slightly Warm
0 Neutral
S sy Coul
-2
3

Figure 1. PMV thermal comfort model (Sabbour et al., 2023)
(Edited by the Author).

In mosques, providing acceptable thermal comfort is es-
sential to allow users to feel comfortable and relaxed
enough to concentrate on their prayers. In addition, it is a

place for social-cultural gatherings, education, and welfare
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activities (Abdullah et al., 2016) (Azmi & Kandar, 2019).
Most mosques install a heating or cooling system to pro-
vide the worshipers with adequate thermal comfort dur-
ing prayer times, systems that use up to 80% of the overall
mosque energy consumption. Despite that, these systems
mostly fail to achieve the required comfort temperature
levels due to the low efficiency of their external envelope
Research had found that the mosque envelope (walls,
roofs, windows, and openings) contributed to 90% of the
overall thermal load, as the thermal load from humans or
equipment is negligible compared to the volume of the
mosque. Thus, it has a significant impact on users' thermal
comfort and degree of satisfaction. (Azmi & Ibrahim,
2020).

To create an appropriate mosque envelope, it is necessary
to study the surrounding environmental climate and its in-
fluence on the envelope. The current research focuses on
mosques in the hot, dry (HD) climate. The HD climate is
characterized by its high temperatures, up to 45 °C in the
daytime, with much lower temperatures at night that re-
main above 7 °C throughout the year. Regions with a hot-
dry climate generally receive less than 50 cm of annual
precipitation and humidity lower than 40%. The thermal
load of mosques in an HD climate is in the form of cooling
loads because of heat gain through the building envelope
(Azmi & Ibrahim, 2020) (United States Department of En-
ergy, n.d.). Especially on the western side, as it is exposed
to the afternoon sun, which results in increasing the heat
gain in the interior and raising the cooling load (Azmi &
Kandar, 2019).

2.3. Perforated Solar Screens (PSS)

Perforated solar screens (PSS) are flat, opaque, perforated
shading panels forming a double skin for partially or fully
glazed building facades. The opaque parts of the screen act
as solar control systems that reflect sunlight and reduce
solar heat gain, manage daylight penetration, glare, energy
consumption, and provide privacy protection. While the
perforated parts filter direct sunlight, permit airflow, and

allow users to view the surrounding environment.

Consequently, PSS has a direct influence on the users' ther-
mal comfort as well as lighting, heating, and cooling energy
requirements (Chi et al,, 2017) (Elzeyadi & Batool, 2018).

In the past, PSS was used for daylighting and thermal com-
fort control in Middle Eastern countries, known as
"Mashrabiya” (Sabry et al., 2012). Mashrabiya was one of
the most famous design elements in traditional mosque ar-
chitecture. It was used to cover windows and openings of
mosques that are considered the weakest components in
its envelope thermal design, as it allows direct and indirect
solar rays to enter the interior, especially in hot climates.
Mashrabiya was also used to maintain the privacy of the
interior and permit daylight and airflow into the interior
while ensuring shading from the direct sun, Figure 2. Now-
adays, the mashrabiya is adapted in mosque architecture
as a lightweight latticework that shades the wall and pre-

vents its direct exposure to solar radiation, limiting heat

gain, decreasing cooling loads, and providing Islamic aes-
thetic characteristics (Azmi & Ibrahim, 2020), Figure 3.

Figure 2. Traditional mashrabiya
Al-Maridani Mosque (Egypt, 1340 CE)
(Flickr, 2016).
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L

Figure 3. Modern Mashrabiya (Latticework)
DIFC Grand Mosque (United Arab Emirates, 2020)
(Abdullatif Al Fozan Award, n.d.)

With the increased interest in using PSS, many researchers
have studied and analyzed the impact of using various
screen geometries, materialities, and perforation ratios on
indoor environmental quality in different climate
zones. (Elzeyadi & Batool, 2018). Their findings showed
how PSS has a large influence on enhancing indoor envi-
ronmental performance. Among them was a study per-
formed on an office building in Tokyo, Japan (a humid sub-
tropical climate), which studied the screen perforated ra-
tio influence on heat removal. It used EnergyPlus and
DesignBuilder software to evaluate natural ventilation
performance and energy consumption, and then applied a
mathematical model to calculate the net heat removal by
the perforated screens. The results showed that optimal
heat removal throughout a year occurred when the perfo-
rated ratio on the south was 10% and on the west was

30% (Srisamranrungruang & Hiyama, 2021).

Another related study studied the influence of the shading
screen perforation ratio on the energy performance and
indoor thermal comfort of an office building on the south
and west facades in two different hot climate zones: Doha,
Qatar (a hot, dry desert climate) and Lahore, Pakistan (a
hot, humid climate). It used a dynamic environmental
modeling software and the IES-VE Apache thermal engine
to simulate the impact of the solar-screen shading system
on energy performance, solar heat gain coefficient, and

indoor thermal comfort. According to the findings, 30%
screen perforation improved thermal comfort and energy
efficiency in Doha, while 50% perforation performed bet-
ter in Lahore (Elzeyadi & Batool, 2018).

Another research performed on an open-plan office space
in Seville, Spain (a Mediterranean hot summer climate),
studied the solar radiation entering through the perfora-
tions and its influence on enhancing daylighting and re-
ducing solar gains. It used Rhinoceros software to model
the office, EnergyPlus for the energy performance simula-
tion, DIVA/Grasshopper for an annual solar irradiation,
and Archsim/Grasshopper linked with EnergyPlus for
thermal analysis. The study found that perforation per-
centage should not exceed 37.5% in the south facade to
give intermediate values with respect to lighting, heating,
and cooling energy consumption and reduce total energy
demand by 55% (Chi etal., 2017).

Additional research was performed on typical residential
buildings in the Kharga Oasis in Egypt (a hot, dry climate).
It studied the perforation ratio effect on energy consump-
tion by using EnergyPlus software. The study's findings
revealed that an 80-90% perforation ratio with a 1:1
depth/opening width ratio could effectively achieve en-
ergy savings of up to 30% of the total energy consumption
in the west and south facades. (Sherif et al., 2012). These
studies have generally evaluated the PSS in office buildings
and residences. In this study, the PSS proposed was exam-

ined specifically for mosques.

2.4. Genetic Algorithms

Genetic algorithms (GAs) are evolutionary algorithms that
resemble biological evolution processes such as the trans-
fer of genes, reproduction, and natural selection, and mu-
tation. In the GAs process, the best genes (parameters)
are continuously selected and transferred to the next gen-
eration (step). The process repeats continuously and stops
only if it reach the required criteria, so at the end of the
process, a new generation with ideal characteristics would
be generated (Altun & Orgiilii, 2014). GAs are usually used
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to find optimal solutions, especially if there are numerous
alternatives (Caglar & Gedik, 2021).

GAs were used in a wide variety of tools and programs to
operate toward the best-performing solutions. For in-
stance, Galapagos/Grasshopper, a genetic algorithm
plugin that takes sets of parameters and criteria to search
for the fittest alternative that fulfills the objective require-
ments (Souza & Pauletti, 2016). EifForm, a generative
structural design system, uses GAs and Shape Grammar to
reformulate, analyze, and promote structural effi-
ciency (Varela, 2013). GENE_ARCH, an evolution-based
generative design system that combines GAs with
DOEZ2.1E building simulation software, analyzes thermal
heat, daylight, and energy efficiency until it achieves opti-

mal sustainable solutions (Caldas, 2006).

The research used Galapagos optimization engine in its op-
timization process. Galapagos is an evolutionary solver
and a GAs optimization tool used within the platform of the
grasshopper interface within Rhinoceros 3D software
(Caglar & Gedik, 2021). It is considered one of the first op-
timization plugins in Grasshopper. Galapagos takes an

Parametrization
Grasshopper

Simulation
Honeybee/ Ladybug

objective and one or more sets of variable parameters to
search for the optimally optimized solution that fulfills the
required objective. It has the ability to select the optimal
solution by performing continuous simulations until it
reaches the optimal one. It can also perform both environ-
mental and structural optimization processes (Cubuk-
cuoglu et al, 2019) (Souza & Pauletti,2016) (Chi et al,,
2017).

Galapagos optimization process could be divided into
three main steps (Touloupaki. & Theodosiou, 2016) (Au-
thor), Figure 4.

1. Parametrization: in Grasshopper, the designer defines
the variables and constraints that control the simula-
tion parameters to create an initial population of ran-
domly generated solutions.

2. Simulation: use a simulation tool like Ladybug or Hon-
eybee to simulate the generated solutions.

3. Optimization: Galapagos uses the variable parameter
to perform numerous simulations based on an objec-
tive function or a requirement, analyze the solutions,
and eliminate unfit ones. After several iterations, it se-

lects the optimal solution.

Optimization
Galapagos

‘ Number of optimized solutions |

Variables Points |- = = =|-
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Figure 4. Galapagos optimization process (Author)
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3. Materials and Method

This part addresses the processes involved in modeling,
generating, and determining the ideal perforation ratio for
the proposed solar screen, with the aim of optimizing the
thermal and energy efficiency of the chosen mosque. It was
divided into four phases. First, introduce the selected
mosque, its location, climate readings, description, and
modeling. The mosque was modeled with Rhinoceros 3D
software, and then its functional zones, openings, con-
struction materials, current shading screen, and occu-
pancy schedule were coded by Honeybee plugin in Grass-
hopper/Rhinoceros 3D software. In addition, Ladybug
plugin was used in importing, analyzing, and visualizing

.epw

Rhino + GH

\__?__,

‘gl

» ;

Import data Analyze data Visualize data

Optimization Engine

the location climate data. Second, discuss the three simu-
lation processes and steps performed. In Grasshopper in-
terface, Honeybee plugin was used as an engine for Radi-
ance, OpenStudio, and EnergyPlus for annual solar irradi-
ance, thermal, and energy simulations. Ladybug plugin
was used to visualize the simulation results. Third, discuss
the proposed PSS design, parameters, perforation ratio,
and optimizing process steps. The PSS was coded in grass-
hopper interface, and then Galapagos optimization engine
was used to detect its optimal perforation ratio. Fourth,
compare the readings of the existing and optimized shad-
ing screens, including their annual solar irradiance, ther-
mal, and energy performance. Figure 5 shows the simula-
tion and optimization methodology.

- --> ! %
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Figure 5. The simulation and optimization methodology: the links between Rhinoceros software, Grasshopper interface, and Galapa-
gos, Honeybee, and Ladybug plugins (Ladybug Tools. Tools, n.d.) (Author).

3.1. The Selected Mosque
3.1.1. The Mosque Location and Climate Read-
ings.

The selected mosque is El-Farouq Mosque in the Sheraton
Residences neighborhood, Cairo, Egypt (30.1055° N,
31.3854° E). Egypt is a highly arid country that receives

very little annual precipitation; most of the rain falls along
its coast and decreases toward the south. Cairo (the capi-
tal of Egypt) is an inland city with a hot and dry summer
season (May to September), with varying temperatures
from 7°C at night to 43°C during the day. Cairo receives
about 10 mm of precipitation each year; it also experiences
high humidity during the summer months (Climate
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Change Knowledge Portal, n.d.).

The Ladybug tool was used to perform the climate analysis
of the study region. It is a comprehensive tool that can im-
port EnergyPlus weather files (.epw) into Grasshopper in-

terface in Rhinoceros 3D software, allowing Grasshopper's

visual programming interface to work in tandem with sim-
ulation engines and validated environmental data sets.
Figure 6 shows the meteorological data of Cairo, generated
by the Ladybug tool in grasshopper interface/ Rhinoceros
3D software.
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Figure 6. The meteorological data of Cairo: the monthly dry bulb temperature, relative humidity, direct radiation, wind rose, and
wind speed, respectively (Author)

3.1.2. The Mosque Description

El-Farouq Mosque is 2090 m2 and 16.5 m high, built with
concrete and brick, Figure 7. It has three floors: a lower
ground floor has the women entry, kindergarten, stairs, oc-
casion halls, administration rooms, and toilets; a high
ground floor has the men entrance, a double-height men
prayer hall, stairs, and toilets; and a first floor has the
women prayer hall, stairs, and toilets, Figure 8. The study
was applied to the male prayer hall on the high ground
floor, which is 2.5 m above the ground. The hall is 1230 m?,

with a 1250 worshipper capacity (the floor area divided by
the area required per worshipper to perform various
prayer motions: 0.80 x 1.2 = 0.96 m?) (Hossam Eldien & Al
Qahtani, 2012). The hall has a rectangular plan (44x 28x
(8-10.5) m), and its longer side faces the Qibla 138° SE. It
has a flat roof with two brick skylights (14x 8x 2.5 m), six
doors, and 27 rectangular windows topped with 27 arched
windows, in addition to 30 arched windows topped the
doors and skylight. The windows on the northeast,
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northwest, and southwest facades (exterior walls) have
single glass panels covered with steel shading screens with
an 89.4% perforation ratio, while the windows on the
southeast side (interior wall) and on the skylight have sin-
gle glass panels with no shading screens. In summer, the
mosque depends on freestanding air conditioners and
fans, while in winter it depends on natural ventilation.
Since the hall’s longer side was directed toward the Qibla,
two of its sides faced the southeast and southwest, causing
increases in solar gains, thermal discomfort, and energy

consumption.

El-Farouq Mosque was chosen for two reasons. First,
its location in Cairo, an inland Egyptian city with a hot and
dry summer and daytime highs of 43 °C. Second, the low
efficiency of its external envelope, which raises solar heat
gain, thermal loads, discomfort, and energy consumption.

Figure 7. El-Farouq Mosque (Author)

I Stairs and Elevator

Occasions Hall
Men Prayer Hall
Women Prayer Hall

Men Entrance

Occasions Entrance

|
!} Minaret
Minaret Entrance

Figure 8. Zone Analysis for El-Farouq Mosque,
The analysis was performed on the men prayer hall (Yellow)
(Author)

Administration rooms and Toilets

3.1.3. The Mosque Modeling

The analysis was performed on the male prayer hall only;
yet, to ensure the accuracy of the simulations and its meas-
urements, the whole mosque was modeled with its real di-
mension in Rhinoceros 3D software, Figure 9. Then, the
mosque functional zones, openings, construction materi-
als, current shading, and occupancy schedules were de-
fined by using Honeybee plugin in grasshopper interface.
First, each zone function was identified using the "HB
Room from Solid" component. The construction materials
were then identified using the "HB ConstructionSet" com-
ponent: brick exterior and interior walls, insulated con-
crete roofing, carpeted interior floors, wooden doors, and
single glass windows. The material settings were plugged
into the "HB Room from Solid" component, which was then
connected to the "HB Solve Adjacency"” component to solve
the interior and exterior wall adjacencies. After that, the
hall windows and doors were then located using the “HB
Add Subface” component, and the existing PSS on the hall
windows, as well as the external shading on the entrance
and patio, were identified using the “HB Shade” compo-
nent. Then, The "HB Apply Room Schedules” component
was used to set the prayer hall occupancy schedules and
Quran lessons that were adjusted according to the daily
prayers’ times and occupancy level (the occupancy levels
were adjusted according to an analysis performed on three
mosque occupancy patterns) (Azmi & Kandar, 2019).
Later, the cooling setpoints were set to adjust the temper-
ature from 23 to 27 °C (the recommended comfort temper-
ature range by ASHRAE (Azmi et al., 2023) to be changed
within this range according to the occupancy level. The
"HB IdealAir” component was used to condition the hall
and control the air conditioning working hours according
to the occupancy schedule of the hall. Lastly, all the previ-
ous setups were plugged into the “HB Model” component
to create an HB model. However, to start performing the
required environmental simulation, the “HB Model” com-
ponent needed to be connected into the “HB Sensor Grid
Rooms” component to create a sensor grid on the model
floor, which was set to be 1.1 m high (the height of the
gravity center of the human body) (Matzarakis et al,
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2014), then connected to the “HB Assign Grid and Views”
component to add a radiance sensor gird to the model. The
final model was visualized by using the “HB Visualize by
Type” component to ensure its accuracy, Figure 10.
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Figure 9. El-Farouq Mosque model in Rhinoceros 3D software
(Author)
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Figure 10. Identifying the mosque components in Honey-
bee/Grasshopper and visualizing them by the “HB Visualize by
Type” component (Author)

3.2. Environmental Simulations

Three simulations were performed on the hall. First, an
annual solar irradiance simulation, which reduces its
value to the lowest degrees, was the main target of the op-
timization process. Second, a PMV thermal comfort simu-
lation was used to detect the reduced solar irradiance ef-
fect on indoor thermal comfort: PMV thermal comfort
value, thermal comfort percent, operative temperature,
mean radiant temperature, and air temperature. Third,
an energy simulation was used to detect the reduced solar
irradiance effect on the energy performance: cooling

loads, heat index hours, and Humidex hours.

3.2.1. Annual Solar Irradiance Simulation

Solar irradiance is the total power from the sun falling on
a unit area of a surface (perpendicular to the sun’s rays),
and it is measured in watts per square meter (W/m2)
(Solank et al., 2013). The levels of solar irradiation enter-
ing through the perforations can directly affect the indoor
thermal comfort and energy demand of mosques; thus,
their reduction was the main target of the optimization
process. To measure the annual irradiance peak value, the
“HB Annual Irradiance” component was used to simulate
the worst solar load case that happens over a clear sky for
each sensor in the model’s sensor grids. It has two prereq-
uisites: an HB model file and an EPW file. The "HB Assign
Grid and Views” component was used for the HB model,
while the "LB Download Weather" component was used
for the EPW weather file by using the Cairo URL (Ladybug
Tools. EPW Map, n.d.).

3.2.2. PMV Thermal Comfort Simulation

The “HB PMV Comfort Map” component was used to sim-
ulate the indoor thermal comfort for the extreme hot
week in the year (at the daytime; from 9 a.m. to 6 p.m., as
the hottest time of the day with the highest thermal and
energy loads) as an examination period. It was used to
measure the PMV thermal comfort, thermal comfort per-
cent (TCP), and air temperature, as well as the operative
temperature, and the mean radiant temperature (MRT).
The operative temperature is an indoor environmental
standard for the thermal environment and the room tem-
perature requirements; it is defined as the uniform tem-
perature of an enclosure in which a person would radia-
tively exchange the same amount of heat as they would in
a non-uniform environment (Simone et al., 2007). While
the MRT is a main parameter for human energy balance,
especially during hot and sunny days; it is defined as the
uniform temperature of an imaginary environment in
which the radiant heat transfer from the human body is

equivalent to that in the actual environment (Li, H., 2016).

The “HB PMV Comfort Map” component uses both
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EnergyPlus and Radiance Software to perform the simu-
lation for each sensor in the hall surface. The component
has three prerequisites: an HB model file, an EPW file, and
a DDY file. The “HB Assign Grid and Views” component
was again used for the HB model, and the "LB Download
Weather" component for the EPW, DDY, and STAT
weather files of Cairo (Ladybug Tools. EPW Map, n.d.). The
STAT weather file was used to determine the extremely
hot week in the year period by plugging it in the “LB Im-
port STAT” component, which stated that the required du-
ration was from 20/7 to 26/7 in Cairo. Afterwards, the
“LB Analysis Period” component was used to set the re-
quired week and time, then was plugged into the “HB PMV
Comfort Map” component as the run period. After running
the “HB PMV Comfort Map” component, multiple compo-
nents were used to visualize the required measurements.
First, the “HB Read Thermal Matrix” and “HB Visualize
Thermal Map” components were used to visualize the
PMYV thermal map and the operative temperature. Second,
the “LB Spatial Heatmap” component was used to visual-
ize the TCP. Lastly, the “HB Read Environment Matrix” and
the “HB Visualize Thermal Map” components were used

to visualize the MRT and the air temperature.
3.2.3. Energy Simulation

The "HB Model to OSM” component was used to simulate
the energy efficiency and detect the cooling loads, heat in-
dex hours, and humidity index hours during the hottest
week in the year (from 20/7 to 26/7).

The heat index, also known as the apparent temperature,
is what the temperature feels like to the human body
when the air temperature and relative humidity are com-
bined (National Weather Service, n.d.). Figure 11 illus-
trates the danger levels associated with the different heat
index ranges as reported by the US National Weather Ser-
vice (ISGlobal Barcelona Institute for Global Health, n.d.).
While the humidity index, or humidex, is an index number
that describes how comfortable a place is for the typical
human when combining the effects of humidity and heat.
The Canadian meteorologists devised the Humidex range

as shown in Figure 12 (Canadian Centre for Occupational
Health and Safety, n.d.) (Luki¢ et al,, 2019).

Heat Index Danger Levels
<26 :
33-40
41-51
52-92 Extreme Danger
>93 Beyond Human Threshold

Figure 11. The heat index ranges and its danger levels
(ISGlobal Barcelona Institute for Global Health, n.d.) (Edited

by the Author).
Humidity Index | Degree of Comfort
<29 b
40 -44
45-54
> 55 Very Dangerous

Figure 12. The Humidex scale and the degree of comfort
(Canadian Centre for Occupational Health and Safety, n.d.)
(Luki¢ et al., 2019) (Edited by the Author)

The “HB Model to OSM” component has two prerequisites:
an HB model file and an EPW file. The "HB Assign Grid and
Views” component was used for the HB model, and the
"LB Download Weather" component was used for the
Cairo EPW weather file (Ladybug Tools. EPW Map, n.d.).
In addition, the “HB Simulation Parameter” component
was used to set the required output and analysis period. It
was set to run from July 20 to July 26 and measure the
cooling loads, relative humidity, and mean air tempera-
ture. Afterwards, the “HB Model to OSM” component con-
verted the HB model to an OpenStudio Model (OSM) file,
which was then translated to an IDF file to run through

DOI: 10.21608/fuje.2024.294258.1080

58

Fayoum University Faculty of Engineering, 2025, Vol: 8(1)



El-Bahrawy, A.M.F

EnergyPlus to perform the energy simulation. The simula-
tion results were produced in different formats, one of
which is an HTML file that displays every energy simula-
tion result in an EnergyPlus tabular report format.

It should be noted that the three simulations were run
twice. First, on the hall with its current shading screen, to
identify any areas with high thermal values and measure
the thermal comfort and energy loads. This phase re-
vealed that the central zone, which is under the hall sky-
lights, has high sun irradiance values, as do the southwest
and southeast zones. Second, after applying the proposed
PSS to the southwest and southeast fagades and the roof,
to investigate any discrepancies in measurements be-
tween the current and the optimized PSS.

3.3. PSS Optimization

This part aims to generate a PSS with an optimal perfora-
tion ratio that can reduce the annual solar irradiance to its
lowest value. The PSS was first designed in Grasshopper
within definite parameters, then Galapagos optimization

engine was used to detect its optimal perforation ratio.
3.3.1. The Design Process

The proposed PSS design was based on one of the funda-
mental forms of Islamic geometrical patterns (IGPs),
which is a constructive polygon that creates a star-poly-
gon by joining its vertices. The star-polygons are named
according to the number of points in their basic polygons;
for instance, a star that came from a hexagon is called a 6-
point star (Abdullahi & Embi, 2013), Figure 13. An 8-point
star polygon (octagon) and a 4-point star polygon
(square) were used as the fundamental shapes of the pro-
posed PSS, with a perforation ratio range of 20 to 90%,
with a maximum 20% to allow natural ventilation and
daylight and a minimum 90% to maintain the stars' aes-
thetic appeal. This ratio can be varied across the screen
height, Figure 14. The stars cover the southeast and south-
west facades and the roof; each 8-point star measures 1*1
m, while each 4-point star is 60*60 cm. Guided by the Is-
lamic mashrabiya, they were set to be made of wood to

further help in reducing thermal loads. Lastly, the screens
were connected to the main HB model as shading screens

by using the “HB Shade” component.

6-point 8-point 10-point
.’ / '-.'
Hexéqon Octagon Decagon
- \'\,w/‘—
10-point Star

Figure 13. The selected 8-point star shape
(Abdullahi & Embi, 2013)
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Figure 14. The screen perforation ratio, ranging from 20% (top)
to 90% (bottom), and its algorithm in grasshopper (Author)

3.3.2. The Optimization Process

Galapagos optimization engine was used to determine the
optimal perforation ratio on each facade and roof that
could decrease the peak annual solar radiation to its low-
est values. Galapagos required two inputs: the genome,
which was connected to the sliders that control the facade
perforation ratio, and fitness, which was connected to the
average annual peak irradiance (an output from “HB An-
nual Irradiance” components). Galapagos started numer-
ous continued solar irradiance simulations by changing
the pattern perforation ratio, Figure 15. It had generated
1304 solutions until it reached the lowest annual solar ir-
radiance value that occurred when the perforation ratio
was 25% in the fagades and 20% in the roof, Figure 16.
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Figure 15. Galapagos calculations during the optimization process (Author)
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332 332 332
248 248 248
& I 164 I 164 L 2 I 164
80 80 80
(@) The Worst Solution (b) An Average Solution (c) An Average Solution
Average annual irradiance 429 Average annual irradiance 406.8 | Awverage annual irradiance 398.8
W/m? W/m? W/m?
Southwest facade perforation 0.9% Southwest fagade perforation 0.7% Southwest facade perforation 0.3%
Southeast facade perforation 0.9% Southeast fagade perforation 0.6 % Southeast facade perforation 0.45 %
Roof perforation 0.9% Roof perforation 0.6 % Roof perforation 0.65 %
W/m2 W/m2 W/m2
) 920 I 920 3 920
836 836 836
752 752 & 752
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' 584 584 4 ¥ s
500 500 & 500
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(d) _An Average Solution (e) _An Average Solution (f) _ The Optimal Solution
Average annual irradiance 379 Average annual irradiance 349.3 Average annual irradiance 349.2
W/m? W/m? W/m?
Southwest facade perforation 0.4 % Southwest facade perforation 0.2% Southwest facade perforation 0.25 %}
Southeast facade perforation 0.3% Southeast facade perforation 0.2% Southeast facade perforation 0.25 %8
Roof perforation 0.35% | Roof perforation 0.2% Roof perforation 0.2 % I

Figure 16. Six samples from the generated solutions, from the highest (worst case) to the lowest (optimal case) peak annual

irradiance value (Author)
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3.4. Comparison between the measurements of
the current and proposed PSS

To verify the research objective and determine the effect
of the proposed PSS on reducing the annual solar irradi-
ance, indoor thermal loads and comfort, and energy loads

in the hottest week of the year, a comparison was per-
formed between measurements of the current screen and
the proposed optimized screen in terms of annual solar ir-
radiance, PMV thermal comfort, and energy simulations in

Tables 1, 2, and 3, respectively

Table 1. Annual solar irradiance simulation (Author)

The Peak Annual Solar Irradiance

The current shading screen

The optimzed shading screen

- W/m2 W/m2
) 920 ) 920

836 836

752 X 2 752

A ' 668 A« PN 668

584 ¢ 584

L 2 500 ¢ ) 500

L § v ‘ 16 | @) ¢ 416
332 332

248 ¢ 248

¢ 164 ¢ 164

80 80

Average peak irradiance= 431 W/m?2
The results showed high values along the southwest and
southeast zones and in the middle zone (under the hall
skylights)

Average peak irradiance= 349.2 W/m?
The results showed a decrease by 81.8 W/m?
The thermal loads along the southwest, southeast, and middle

zones have obviously decreased.

Table 2. The PMV thermal comfort simulation of the hottest week in the year (from 9 to 6 pm) (Author)

PMV Thermal Comfort Simulation

The current shading screen

The optimzed shading screen

Result

PMV

IHot

Warm

Slightly Warm
Neutral
Slightly Cool

Cool

ICoId

PMV thermal comfort map

In the current case:

PV - 90.5% was in the slightly]
I Hot warm category.
- 9.5% was in the warm
Warm

category, along the southwest
Slightly Warm Zones and some parts of the

lsoutheast and  northwest|
Neutral zones.
Slightly Cool [In the optimized case:
Cool - 100% was in the slightly

warm category.

ICold
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Thermal Comfort Percent (TCP)

In the current case:
- 100% uncomfortable.
In the optimized case:
-11.6% of the area was
comfortable by 24%.
- 15.9% of the area was
comfortable by 19%.
-16.7% of the area was
comfortable by 14%.
-6.4% of the area was
comfortable by 10 %.
-19.4% of the area was
comfortable by 5%.
- 30% uncomfortable.

In the current case:

¥ I26‘6

26.0

24.67 °C.

e In the optimized case:
g 23.57 °C.
o
St
)
=9
£
)
=
St
= C

24.7 I 24.7

23.5 23.5

C Cc In the current case (Range

from 27.8 to 32°C):
27 2.
) ks 320 - 1.2%is32°C -2.8%is 30.8°C
5 31.4 314 | 24%is302°C -3.2%is 29.6 °C]
S 30.8 30.8 | 22.8%is29°C -22.8%is 28.4°C|
é' - %02 l: iif:bol;tziﬁi;id case (Range
: 29.6

8 p 290 from 26 to 29°C):
© 290 290 L 1.6%is29°C - 2%is 28.4 °C
'E 28.4 284 | 2%is27.8°C -16.6%is27.2°C
g N 7.8 978 | 38%is26.6°C. -39.8%is 26 °C
= Q 272 272

I26.6
26.0

Mean Radiant Temperature

(@]

39
38
37
36
‘ 35
34
33

< 32
< 31

v I30

29

C
39
38
37
36

35
34
33
32
31

I30
29

In the current case (Range
from 31 to 39°C):
F1.2%is39°C - 1.6%is38°C
- 1.6%is37°C - 1.6%is 36 °C
- 24%is35°C - 6.7%is34°C
- 14.4%is 33°C -15%is 32°C

- 55.5% is 31 °C.

In the optimized case (Range
from 29 to 35°C):

- 2% is 35°C -1.2%is 34 °C
- 1.2%is 33 °C -7.5% is 32°C
- 20.6%is31°C -46%is 30°C
- 21.5% is 29 °C.
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Table 3. The energy simulation of the hottest week in the year (Author)

The current shading screen

The optimzed shading screen

Cooling Loads

Cooling [GJ]
54.44

Cooling

Heat Index Hours

Safe (<26°C) [hr] [ Caution (> 27°C, < 32°C)

(hr]

MENHALL 108.83

59.17

Humidex Hours

Heat Index Hours

Cooling Loads

Cooling [GJ]
54.43

Cooling

Safe (<26 °C) [hr]|Caution (>27°C,<32°C) [hr]

MENHALL 111.33 56.67

Humidex Hours

Little to no Discomfort (< 29) [hr]

Some Discomfort (> 29, < 40) [hr]

Little to no Discomfort (< 29) [hr] [ Some Discomfort (> 29, < 40) [hr]

MENHALL 72.50 95.50

MENHALL

81.50 86.50

4. Results and Discussion

This section demonstrates the results of the research by
comparing and analyzing the variations in measurements
between the current and proposed PSS, and that via three
stages, each of them represents the outcomes of one of the
three main simulations. Then, highlight the role of genetic
algorithms in detecting the optimal PSS perforation ratio,
their influence on promoting thermal and energy perfor-
mance, as well as the factors that can affect the optimiza-

tion process.

4.1. The annual solar irradiance simulations

This phase reflects the main target of the research, which
was how genetic algorithms can easily identify the ideal
perforated ratio of PSS that can minimize the annual solar
irradiance to its lowest values and, consequently, the ther-
mal loads on the mosque's envelope. Genetic algorithms
could generate 1304 different PSS solutions, filter and
sort them based on their efficiency until they reached the
conclusion that using a 25% perforation ratio on the fa-
cades and a 20% on the roof can reduce the peak annual
solar irradiance by 81.8 W/m2 (19% less than in the ex-
isting screen), and that’s the lowest possible value. Figure
17 shows the reduction in the peak annual solar irradi-
ance between the current and the proposed PSS gener-

ated by genetic algorithms.

W/m?2 Average Peak Irradiance

450
400
350
300
250
200
150
100
50
0

431
349.2

The Current The Optimzed
Shading Screen Shading Screen

Figure 17. The reduction in peak irradiance value (Author).

4.2. The PMV thermal comfort simulations

This part shows how applying the generated PSS could di-
rectly affect the thermal performance of the hall, particu-
larly during the daytime hours of the warmest week of the
year. Multiple results have been revealed, showing the ca-
pabilities of the generated PSS compared to the current
shade screen. First, it improved the PMV thermal comfort
by 9.5% by turning all the warm zones in the current case
to slightly warm zones, Figure 18. Second, it raised the
thermal comfort percentage by 70% (with different
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percentages), as shown in Figure 19. Third, it decreased
the air temperature by 1.1 °C, Figure 20. Fourth, it re-
duced the operating temperature by 3 °C at its highest and

1.8 °C at its lowest value, Figure 21. Lastly, it lowered
the mean radiant temperature by 4 °C at its maximum and

by 2 °C at its minimum value, Figure 22.

PMYV Thermal Comfort Thermal Comfort Percent (%) Air Temperature (°C)
120% 100% | 24.8
11.6
90% 24.6
100%
80% 15.9 4.4
80% 70% 24.2
60%
24
60% 50% 100
23.8
505 100 40%
A0% 30% 23.6
20% 23.4
20%
10% 23.2
0% 0% 23

The Current

The C t The Opti d
© furren e Lptimze Shading Screen

Shading Screen Shading Screen
m comfortable by 24%.
m comfortable by 19%.

comfortable by 14%.

B Warm M Slightly Warm

Figure 18. The percentage of PMV thermal

Figure 19. The thermal comfort percent

The Optimzed
Shading Screen

comfortable by 10 %

= comfortable by 5%.
m uncomfortable

The Current  The Optimzed
Shading Screen Shading Screen

W Air Temperature

Figure 20. The air temperature [Author].

comfort categories [Author]. [Author].
Operative Temperature (°C) Mean Radiant Temperature (°C)
35 37 45
308 1302 39 33
2 296 59 40 37 36
20 284 373 35 35 4, -
35 31
s 222 284 538 o, 30 35 35 3p 4,
: 26.6 26 32 31
25 30 29 29
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15 15
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Figure 21. The maximum and minimum operative temperature
[Author].

=@="The Current Shading Screen

==@==The Optimzed Shading Screen

Figure 22. The maximum and minimum mean radiant temperature
[Author].
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4.3. The energy simulations

This phase shows how the cooling loads, heat index hours,
and humidex hours have been affected by applying the
proposed generated PSS during the hottest week of the
year. First, it has slightly decreased the cooling loads from
54.44 GJ] to 54.43 GJ]. Second, the heat index safe hours
have increased by 2.5 hours, which correspondingly de-
creased caution hours by 2.5 hours, Figure 23. Third, the
humidex no discomfort hours have increased by 9 hours,
which in turn decreased some discomfort hours by 9
hours, Figure 24. These results show that despite the pro-
posed PSS having a small effect on the cooling loads, the
heat and humidity index hours have noticeably improved

with slightly lower cooling loads.

The Heat Index Hours (hr) The Humidex Hours (hr)

180 180
160 160
140 59.2 56.7 140

120 120 95.5 86.5
100 100
80 30
60 108.8 1113 60

40 40 s 815
20 20
0

The Current
Shading Screen

The Optimzed
Shading Screen

The Current
Shading Screen

The Optimzed
Shading Screen

u Safe hours M Caution hours m No discomfort  m Some discomfort

Figure 23. The heat index
hours [Author].

Figure 24. The humidex hours
[Author].

As per the above-mentioned results, genetic algorithms
could efficiently find the optimal perforation ratio of the
required PSS for the prayer hall, which was 25% on each
facade and 20% on the roof. These ratios could reduce the
peak annual solar irradiance value by 81.8 W/m2, which
consequently reduced the thermal loads on the hall enve-
lope, promoted indoor thermal comfort in multiple disci-
plines (as the thermal comfort percent, air temperature,
and heat and humidity index hours), and slightly de-
creased the cooling loads. These improvements could

efficiently enhance the worshippers’ comfort and relaxa-
tion during their daily prayers.

Lastly, itis essential to mention that the perforation ratios
generated by GAs can vary according to several factors, in-
cluding the location and orientation of the mosque, the
size and design of the screen, or the target of the optimi-
zation process. However, a detailed, accurate design for
the mosque and its required screen and the right coding
algorithm can allow GAs to find the ideal ratio easily.

6. Conclusion

The study was performed with the aim of revealing the ef-
ficiency of using genetic algorithms in detecting the ideal
solar screen perforation ratio and how choosing the cor-
rect percentage of perforation can maximize indoor ther-
mal comfort and lower energy consumption in mosque
buildings. The research has clarified the mosque building
functional, operational, and thermal requirements, the
history of PSS in mosque architecture, and genetic algo-
rithm concept, usage, and capabilities. Then, genetic algo-
rithms were used on a selected mosque in Egypt, in a hot,
dry climate zone, to find the optimal perforation ratio of a
proposed solar screen that can reduce its annual solar ir-
radiance to the lowest value. The results demonstrated
the effectiveness of Galapagos genetic optimization in
comparing, sorting, and filtering 1304 solutions until it
reached the ideal perforation ratio with the least amount
of solar irradiation. The proposed PSS could reduce the
peak annual solar irradiance of the selected mosque by
19%, improve its indoor thermal comfort, and slightly re-
duce its cooling loads in the hottest week of the year. The
study has gone some way towards enhancing our
knowledge and understanding of genetic algorithms capa-
bilities to facilitate reaching a better performative solu-
tion. However, the current study has only examined the
abilities of the genetic algorithms in detecting the optimal
perforation ratio of mosques’ solar screens; therefore, fur-
ther studies with more focus on optimizing other PSS de-
sign factors, such as its material, thickness, and distance

from the facade, by using genetic algorithms are
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suggested. It would be interesting to assess the effects of
using genetic algorithms in finding the optimal solution in

the whole design process.
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