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Abstract: Over 50% of the total energy consumed by buildings in a hot and dry climate goes toward
the cooling regime during the harsh months. Non-residential buildings, especially houses of worship,
need a tremendous amount of energy to create a comfortable environment for worshipers. Today,
mosques are regarded as energy-hungry buildings, whereas in the past, they were designed according
to sustainable vernacular architecture. This study was aimed at improving the energy performance
of mosques in a hot and dry climate using bioclimatic principles and architectural elements. To
achieve this aim, a process-based simulation approach was applied together with a generate and test
technique on 86 scenarios based on 10 architectural elements, with various arithmetic transition rates
organized in 9 successive steps. Starting from a simplified hypothetical model, the final model of the
mosque design was arrived at based on a holistic bioclimatic vision using 10 architectural elements.
The findings of this research were limited to a specific mosque size in a hot and dry climate, but the
proposed holistic bioclimatic concept can be developed to take into account all mosque models in
several harsh environments.

Keywords: mosque design; hot and dry climate; thermal comfort; thermal discomfort; process-
based simulation

1. Introduction

Factors affecting global energy consumption in the building sector include changes in
the population, area, demand for energy services (e.g., more appliances and cooling equip-
ment), weather variations, and how buildings are built and used. From 2010 to 2018, global
electricity use in buildings rose by over 19%. Globally, higher end-use energy consumption
due to significantly higher electricity consumption for space cooling, appliances, and hot
water leads to increased greenhouse gas emissions [1,2]. Since energy-saving challenges
differ depending on the main purpose of the building, the energy consumption pattern,
and operating schedules, therefore, frameworks should be considered for each category
of building. One of the most iconic buildings in Islamic countries are mosques, which
are religious worshipping buildings for Muslims that could also serve as multifunctional
community spaces. Besides the significant role that mosques play in shaping society, mainly
through religious activities, they have, as a building, a very particular energy consumption
scheme and occupancy schedule [3]. The number of mosques around the world exceeded
3.6 million in 2015. This subject interested many researchers that studied different aspects of
mosques, such as indoor comfort, energy consumption, and impact on sustainability [4,5].
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Mosques are known by different definitions, some of which speak about their posi-
tion and some of their functions, while some describe them lexically, semantically, and
legitimately (SHARIA). One of the simplest definitions that is of interest to architects is
the definition by Hassan [6], who says, “it is God’s house, intended for worshipping God,
gathering for performances, education and guidance, and regardless of the public functions
that mosques provide to the nation, their main function is prayer.”

Mosques have had various architectural forms throughout history, but their shape and
composition have not deviated from the first lesson in the history of the Prophet’s Mosque
in Madinah. Even if throughout history designers have mastered the various forms of
mosques (their mihrab, patios, minbar, and corridors), their context has remained the same.
According to Khalil [7], there are seven architectural forms of mosques, depending on their
historic antiquity: Moorish, Andalusian, Egyptian, Seljuk, Indian, Safavid, and Ottoman.
However, other studies by Hillenbrand, Al-Harithy, and Asfour [7-10] have classified
the architecture of mosques according to their shape into Arab, Persian, and Ottoman
mosques, while other classifications are variations based on geographical, climatic, and
cultural conditions.

Arab Mosques: The first model of this mosque to ever appear was the Prophet’s
Mosque. They are also called Baptist mosques due to their reliance on a structured system.
These mosques were famous for their huge patio, with a covered prayer hall adjacent to
it, and over time, several forms of domes, minarets, and covered galleries were attached
to them. The mosques of the Umayyad, Abbasid, Maghreb, and Egyptian periods are
considered as famous examples and witnesses of the Arab model [7,11]. Persian Mosques:
The Persian model became popular in the eastern part of the Islamic world, especially
during the reign of the Seljuks and Safavids. At first, the Persian mosques were a copy
of the Arab mosques, but the Persians kept developing and modifying their mosques to
distinguish them, such as by adding a vaulted room or dome above the mihrab, and an
iwan at the entrance to the prayer hall. After that, several variations appeared, such as
the use of a pair of minarets instead of one and changing the number and location of
the iwan [10,11]. Ottoman Mosques: Ottoman mosques are considered a quantum leap
in architectural history, either in terms of their shape or style. Unlike the mosques that
preceded them, Ottoman mosques relied on a system of domes, half domes, or quarter
domes in the roofing of the prayer hall, as well as on multiple tall minarets. Therefore, such
mosques consisted of huge covered prayer halls with a large and harmonious number of
domes [11]. Modern and Contemporary Mosques: All the mosque models and variations
that have been discussed so far are those that were built before the Islamic world came
into contact with the West. However, Islamic creativity was interrupted and remained
dormant for about two centuries with the emergence of colonialism. In the twentieth
century, and with the beginning of a wave of liberation from Western colonialism, the
wheels of creativity began to turn again, but with new forms. The most famous forms came
from those who extolled the glories of the past without a vision of the present or the future,
those who nailed the past to the wall and called for contemporary mosque architecture, and
those who fell into the trap of eclectic architecture. There were many such forms, where
mosques were composed of many elements, with each one belonging to a specific style and
period [12]. However, no matter what happens, the image of the mosque remains firmly
rooted in domes, minarets, and patios [11,13].

In the last years, several studies were conducted in the field of improving the energy
performance of buildings based on the principles of the bioclimatic architecture. Some
of them return to the vernacular architecture [14], others talk about a future vision of the
bioclimatic architecture based on reviews [15], while others refer to valuable old techniques
and strategies [16]. Despite the bioclimatic housing design, which is the most important
item in the field of bioclimatic architecture, several studies speak about the applications of
the bioclimatic approach on several buildings’ types. Martinez, Duarte [17] speaks about
improving the environmental quality in educational buildings, Tsala and Koronaki [18] talk
about strategies of saving energy in a campus building in Athene, while Erebor, Ibem [19]
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takes into account the application on the energy efficiency in office buildings. Mousavi Mot-
lagh, Sohani [20] present, in a valuable review of research, a wide review on economically
feasible plans for green, comfortable, and energy-efficient buildings, touching directly on
the principals of the bioclimatic architecture, where the author collects several recent works
on the bounding optimization field treating several building types as well as community
centers, tourist center, rest areas, university, museums, and much more. Furthermore, based
on a strong review, the author divided the building optimization process into two main cat-
egories: the single-objective optimization (SOO) and multi-objective optimization (MOO).
Finally, a list of the different aspects influencing the optimization process is established into
nine aspect families: (a) energy consumption, containing 13 indicators, (b) thermal comfort,
containing 8 indicators, (c) economic benefits, containing 9 indicators, (d) visual comfort,
containing 5 indicators, (e) environmental impact, containing 5 indicators, and (f) other
general aspects rarely studied and applied, including the shape, artwork preservation risk,
aesthetic perception, and the water consumption, all containing 6 sub-indicators.

In the same way, several researchers have talked about the mosque and how we
can apply the bioclimatic principles in the mosque’s design for improving its energy
performance, where Asfour [21] talked about the effects of architectural style on the thermal
performance of mosques, and the role of the general shape of mosques in providing thermal
comfort to worshipers, while Cook [22] spoke in the same context about passive cooling
and how it can be achieved through the shape of the mosque. Mahmoud [23] presented
an extensive study on the development of the thermal performance of mosques in Saudi
Arabia. The study was based on extracting the mosque elements that control thermal
modifications, namely, the building materials, number of halls, ventilation system, lighting
systems, and so on, and then, adopting an accurate mathematical analysis. Shohan et al. [24]
studied the effects of the mosque building envelope on gains in solar energy. The same
authors in another work [25] presented a detailed evaluation of the energy performance of
mosque buildings by studying 20 different mosque sizes. Meanwhile, Samiuddin et al. [26]
talked about comfort in high-occupancy spaces and used mosque buildings as an example.

It is an accepted fact that the major components of a mosque are the prayer hall,
patios, domes, and minarets. However, this study discussed the other details and precise
components that control the thermal comfort or increase the thermal performance of
mosques, which are classified as in Table 1.

Table 1. Components of mosques that can control the thermal comfort.

Factor Details

Mosques are subject to the direction of the gibla, which
means that each geographical area has a specific
direction according to the movement of the sun, and
that is why each region needs a specific climate study.

A. Orientation

Mosques are generally considered independent
B. The surrounding area structural islands, which makes them vulnerable to
weather factors from all sides.

Mosques are generally divided into three different sizes,
with the smallest ones being able to accommodate only

C. Size 100 worshipers, the middle-sized ones up to 400

worshipers, and the largest ones more than 1000
worshipers.
D. Geometric shape In general, mosques are either rectangular or square
shape.
E Architectural form This differs between closed mosques and half-opened
mosques with patios.
E Covered galleries They are generally found at the doorways of the prayer

hall.
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Table 1. Cont.

Factor Details

G. Roof shape The roof is either flat or vaulted.

Mosques have several types of prayer halls, with the
simplest being a single-story prayer hall, and the more

H. Prayer halls complex ranging from double-story to multistory prayer
halls.
L Height of the prayer hall It should be at a value of 1.5 of the unit design of the
prayer hall.

Openings are present in almost all the facades of
J. Openings mosques, except for the qibla wall, and if there are any,
they are located above the level of vision.

Usually, concrete and clay bricks are used for the
K. Building materials structure and concrete bricks and stones for the walls
and ceilings.

Color and texture are important factors that determine
L. Colors the amount of solar radiation that will be received from
the walls and ceilings.

From this intellectual standpoint, and based on the fact that prayer demands reverence,
a mosque must be designed to provide all the necessary conditions for comfort, be it sensual,
psychological [27], acoustic [28,29], visual, or thermal [30,31], with the last being considered
as the most important and worthwhile one to be studied since it is one of the key factors, if
not the main factor, that helps people to perform their prayers and Sunnah in comfort and
with reverence. This comfort, which can be easily achieved by artificial and technical means,
has led mosques to be considered as energy-hungry buildings, thereby contradicting the
basics of bioclimatic architecture [32,33] and the principles of sustainability, such as smart
materials [34], renewable energies [35,36], control, and smart use of space [3,37]. Therefore,
this research aimed to apply the principles of sustainability, which is considered one of the
ethical messages of Islam, by trying to improve the energy performance of mosques and
providing thermal comfort using conceptual methods and design solutions. Furthermore,
an attempt was made to apply this study to a hot and dry climate, which is prevalent
in most of the Islamic countries in general, and North Africa and the Arabian Peninsula
in particular. These countries are distinguished by their harsh and hot climate, where it
was noticed that the mosques there had been typically designed with only the functional,
structural, and aesthetic aspects in mind, while forgetting the climatic aspect, thereby
leaving the provision of thermal comfort to purely technical solutions.

Therefore, the following scientific questions were asked:

1. How far can the energy performance of mosques be improved and thermal comfort
be provided inside mosques in hot and dry regions before resorting to technical
solutions?

2. What are the architectural elements that constitute mosques and control their thermal
comfort in a hot and dry climate?

The main aim of this research was to conduct a numerical and quantitative assessment
of how far thermal comfort can be provided in mosques and their energy performance can
be improved in a hot and dry climate to help designers make design decisions.
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2. Research Method: The OVAT Sensitivity Analysis Method Coupled with the
Process-Based Simulation

This study is based on a coupled method between two of the most valuable methods
in the field of building design and simulation tools, which are the sensitivity analysis
method coupled with the process-based simulation

2.1. Sensitivity Analysis

Sensitivity analysis is a valuable tool for observational studies in buildings and energy
simulations to help the design decision-making for bioclimatic and climate-responsive
design [38,39]. Sensitivity analysis has been largely applied to explore the parameters
of building thermal performance in several applications, such as the impact of climate
change on buildings [40], building stock [41], building retrofits [42], calibration of energy
models [43] and building design [44].

Sensitivity analysis in building performance analysis is based on two methods, the
local sensitivity analysis and the global sensitivity analysis. The local sensitivity analysis
belongs to the OVAT method (One-Variable-At-a-Time) [45], which is the same method
used in the process-based simulation where the sensitivity is calculated when one variable
is changed and the other parameters are fixed [38]. The global sensitivity analysis is
widely used in detailed energetic studies based on several methods, such as the regression
method, screening-based method, variance-based method, and the meta-model-based
method [38]. In this research, we will apply the local sensitivity analysis due to several
points: (a) it is based on the OVAT method, which utilizes the same method for the process-
based simulation and the generate and test technique, (b) due to its apparent advantages,
(c) because it is very straightforward compared to the global sensitivity analysis, and
(d) because it is easily applied and interpreted.

The methodology for sensitivity analysis is the same method as in the process-based
simulation coupled with the generate and test technique, starting by determining input
parameters’ variation, then creation of the building model, run the model simulation,
collect the simulation results, run sensitivity analysis, and presentation of the sensitivity
analysis [38]. All these steps are respectively applied in this research, from the selection of
the method to the detailed sensitivity analysis of the discomfort index for the three periods:
the hot period, cold period, and global period.

2.2. Process-Based Simulation

The experimental process of this study was dependent on the OVAT method coupled
with the process-based simulation using the Autodesk Ecotect Analysis software, where the
climatic behavior of a mosque was simulated from the beginning of its design until the end.
At each design step, we appeal to the generate and test technique, where trials and tests
were performed on several cases until the optimal state was reached, before proceeding to
the next step and so on, until the final step was reached and the final model was completed
(Figure 1) [46].

Three basic steps in the process were necessary to achieve this aim: the first step
was the creation of the hypothetical basic model, and the underlining of all the fixed and
variable parameters to be tested, the second step was the digital simulation process to
achieve the results, and the last step was the interpretation and analysis of the results to
create the final form and to highlight the general recommendations (Figure 2).

3. Case Study

For this research, the Righ Valley Region was chosen as a case study model of regions
with a hot and dry climate. This region, which is considered as an oasis in the northeast of
the Algerian Sahara, extends linearly from south to north for a distance of approximately
170 km between latitudes 32.54 °N and 34.9 °N (Figure 3) [47]. Today, the Righ Valley is
divided into three large palm groves, namely, El Meghaier in the north, Djamaa in the
center, and Touggourt in the south, covering an area of more than 50,000 hectares and
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containing more than 4,000,000 palms, making it one of the largest palm groves in the
Sahara and the world.

Figure 1. The process-based approach coupled with the generate and test technique.

Righ valley has a hot desert climate (Koppen climate classification BWh), with long,
extremely hot summers, and short, warm winters [48]. According to the global meteorolog-
ical database METEONORM [49], over the course of the year, the temperature typically
varies from 5 to 41 °C and is rarely below 2 or above 45 °C, with a total annual rainfall
around 69 mm and especially dry summers. The average hourly wind speeds in Righ
valley experience mild seasonal variation over the course of the year, varying between
2.5m/s in November and 4.01 m/s in May. Ahriz [46] presents a detailed climatic analysis
based on valuable bioclimatic indices, where the rainfall quotient of Emberger gives a
Q2 rate of about 6.57, with a desert climate with a moderate winter, Aridity index of De
Martonne gives an I value of 2.14, which means a hyper-arid region, and finally, Bagnouls
and Gaussen ombrothermic index (BGI) gives a BGI value of 512, which also mean a
hyper-arid region (Figure 4).
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Figure 2. Conceptual framework of the study.
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Figure 3. Location of Oued Righ by authors from Google (n.d.) [47].

Figure 4. Climatic data of the case study analyzed by authors using Weather Tool from ME-
TEONORM [49].

4. Experimental Model and Analysis Parameters

To achieve the most accurate details and results, a set of the general variables men-
tioned above, such as the climate control elements, was underlined and organized from
outside to inside, from general to specifics, as follows and summarized in Table 2:

(a) Orientation: According to its astronomical position, the direction of the qibla in the
region of the Righ Valley is at an angle of 12.72° east towards the south, which makes
the mosque, with directions close to the geographical directions, oriented towards the
direction of the gibla in the east.

(b) The surrounding area: In this study, the independent mosque was to be designed as
an urban island, thereby making it vulnerable to climatic factors.

(c) Size: For scientific reasons, this research tried to focus on small mosques or what is
known as nearby mosques, with worshipers totaling 80 to 120 individuals at a rate
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(d)

(e)
(f)

(8)

(h)

()

(k)

W)

of 0.9 m? per worshiper, and an arithmetical transition rate of 0.9 m? from the initial
area estimated at 72 m? until the maximum area of 108 m? was reached.

Geometric shape: In this paper, the thermal performance of two common shapes of
mosques was studied, namely, square and rectangular mosques, while bearing in
mind the geometric relationship between the length and width of the rectangle, with
an arithmetical transition rate of 1/20.

Prayer hall: This study relied on a single-story mosque with a horizontal prayer hall
to maintain the degree of complexity for other patterns and works in the future.

The height of the prayer hall: Scientifically, the height of the prayer hall should be at
a rate of 1.5 design units, except that this research started from the lowest possible
height of an internal space, which was 2.8 m, with an arithmetical transition rate of
10 cm, until the optimum height was reached.

The roof shape: This study began by examining the thermal performance of a flat
roof, and then a vaulted shape or dome was inserted as an architectural element
with a minimum radius of 1 m and a computational transition rate of 0.2 m, until the
optimum radius was reached.

Covered galleries: In this research, the thermal performance of the covered corridors
was tested at the level of each independent facade, then this was tested with a two-
corridor system at the level of two facades, and finally, at the level of all the facades,
with the length of the corridors and the facades being at a minimum height of 2.8 m
with an arithmetical transition rate of 10 cm, and the default minimum width being
2.4 m with an arithmetical transition rate of 10 cm until the ideal thermal dimensions,
shape and position were reached.

The patio: Here, the closed and the half-opened mosques were tested by proposing a
patio with the same dimensions as the facade, while manipulating the opening of the
patio with an arithmetical transition rate of 0.5 m, with the height of the mathematical
minimum being 2.8 m with an arithmetical transition rate of 10 cm.

Openings: The ratio of the open area to the wall area of each facade was tested
separately, and then the general ratio with the openings on all the facades was tested,
where a minimum rate of 10% was suggested as a start, with an arithmetical transition
rate of 5%, until the optimum thermal ratio was reached.

External colors: External colors play a great role in determining the amount of energy
that will be reflected compared to the energy that will be absorbed by different
surfaces. In this study, the surface was tested at a medium reflection rate of 0.5 and
an arithmetical transition rate of 0.02, until the optimum ratio was reached.
Building materials: Four materials that were available in the area were tested: mud
bricks, cement bricks, polished stones, and compacted soil, and the thermally opti-
mum materials were selected with the suggested wall thickness.

5. Experimental Process, Steps, and Input Data

The digital simulation process was dependent on the Autodesk Ecotect Analysis

software. First, the area was selected, and the climate data file was entered. Then, the
default model was created for the simulation. In this research, thermal discomfort curves
within the architectural space were created and extracted by the software based on the
ratio of the warm period and the cold period compared to the optimum thermal level,
which is considered as the thermal comfort level. This level has been the focus of many
studies, such as [33,50-53], who recommended that the rate of thermal comfort for humans
is within the range of 18 to 26 °C. However, in practice, it is impossible to achieve this rate
by relying only on natural design solutions and without resorting to technical solutions,
especially in a hot and dry climate.
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Table 2. Details of analysis parameters.

Analysis Parameter Fixed Variable = Hypothetical Model First Step Simulation Rate Final Step

Orientation X 12.72 °E /// /17 /17

The surrounding area X independent mosque /17 /17 /17

Size 80 to 120 worshipers 72 m? 0.9 m? Best

Geometric shape square and rectangle square 1/20 ratio Best

Prayer halls X single-story prayer /17 /17 /17

The height of the 1.5 of design unit 28m 0.1 cm Best
prayer hall

The roof shape flat and dome 1 m diameter 02m Best

per 1 facade L = facade /17 /17

Covered galleries per 2 facades H=28m 0.1m Best

per 4 facades W=24 0.1m Best

The patio same prayer hall area /// 0.5m Best

Openings ratio from all of walls 10% 5% Best

External Colors Reflection factor 0.5 0.02 Best

04 propositions mud bricks /17 /17

Building materials X cement bricks /17 /17

polished stones /// 11/

compacted soil /17 /17

Mahoney tables were used to determine the optimum thermal comfort level that
could be reached by relying on the design and natural solutions. Based on the climatic
data previously mentioned for the Righ Valley Region obtained by extracting the average
humidity ratio for each month to determine its humidity group, it was concluded that
the humidity group for the Righ Valley Region was group 1 for the four summer months
and group 2 for another seven months, which confirmed that the dryness of the area was
for a period of 11 months, with the lowest humidity being 50%. Then, the annual heat
rate, which was estimated to be 22 to 35 °C, was calculated using the Mahoney thermal
comfort tables, where the field was extracted according to each month. It was found that
the temperatures ranged from 26 to 34 °C in the summer months, and from 25 to 31 °C in
the spring, autumn, and winter months, except in December, when the thermal comfort
was naturally achieved within the range 23 to 26 °C.

Based on all the previously mentioned information, the climatic data, the hypothetical
model that was created, and the thermal comfort ranges that were determined, a digital
simulation process was carried out using the following steps:

Step zero: This was the starting step, in which the first hypothetical model was pro-
posed. The starting model was a cube that was 10 m in length and width, and 2.8 m in
height (Figure 5).

First step: Testing square and rectangular shapes with a minimum area of 72 m? up to a
maximum of 102 m? at an arithmetical transition rate of 0.9 m?, with the minimum height
of the prayer hall estimated to be 2.8 m at an arithmetical transition rate of 10 cm, bearing
in mind the geometric relationship between the length and width of the rectangle at an
arithmetical transition rate of 1/20 (Figure 5).

Second step: Testing the thermal performance of a vaulted shape by inserting a dome with
a minimum radius of 1 m and at an arithmetical transition rate of 20 cm (Figure 6).

Third step: Testing the thermal performance of mosques using sunshades as a new tech-
nique. This was carried out by proposing a shaded layer for the roof, thereby leaving a
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space of less than 25 cm above the roof of the mosque for ventilation and cooling of the
roof of the mosque at an arithmetical transition rate of 10 cm (Figure 6).

Fourth step: Testing the system of covered galleries by using a single corridor at the level
of each facade separately with a length equivalent to the length of the facade, and a width
of 2.4 m at an arithmetical transition rate of 10 cm, and a minimum height of 2.8 m at an
arithmetical transition rate of 10 cm. Then, experiments were carried out on the system of
covered galleries using several facades at the same time, and the thermal performance of
the mosque was tested (Figure 7).

Fifth step: Testing the thermal performance of the mosque patio instead of the covered
galleries located at the facades, and proposing patios at the western, southern, and northern
facades with the same dimensions, while manipulating the opening of the patio at an
arithmetical transition rate of 0.5 m, and from a minimum height of 2.8 m at an arithmetical
transition rate of 10 cm (Figure 7).

Sixth step: Simulating the thermal performance with an open ratio of the walls by testing
each facade separately, and then all the facades together, where simulations were conducted
with a minimum opening of 10% at an arithmetical transition rate of 5% until the optimum
temperature was reached (Figure 8).

Seventh step: Testing the thermal performance of the external colors of the surfaces. The
test started with an average reflection rate of 0.5 and an arithmetical transition rate of 0.02
until the optimum ratio was reached.

Eighth step: The performance was simulated by testing four materials that were available
in the region, namely, mud bricks, cement bricks, polished stones, and compacted soil.

Figure 5. Step 1—the square shape, and step 2—the rectangular shape.

Figure 6. Testing the thermal performance of the dome and the roof sunshade technique.
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Figure 7. Testing the thermal performance of the covered hallways and the corridors.

Figure 8. Testing the thermal performance of the patios and the wall openings.

To obtain the final model, a process-based simulation was carried out according to
the cumulative method by stopping and analyzing the results at each step, selecting the
optimal ones to install the solution, and testing the solutions proposed for the next step
and so on, adding, in each step, an optimal solution until the ideal thermal model was
achieved.

6. Results

Based on the digital simulation of the hypothetical model, and all the steps mentioned
previously, thermal discomfort curves were obtained according to the thermal comfort
range of the Mahoney tables. The thermal discomfort curves expressed the percentage
of hot and cold periods or what was above and below the presumed thermal comfort
range (Figure 9).

Figure 9. Sample of the thermal discomfort curves.
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At the end of each step, hundreds of curves were obtained, out of which the optimal
ones were chosen to be converted into mathematical tables that would help explain the
development of the thermal performance of the building every month.

6.1. Sensitivity Analysis
6.1.1. Setting Up the Sensitivity Analysis Main Aim

As mentioned in the introduction section, the main aim of this research was to conduct
a numerical and quantitative assessment of how far thermal comfort can be provided in
mosques in a hot and dry climate to help designers make design decisions. This experiment
was conducted in nine different steps; first of all, a hypothetical model is proposed as a
starting model, and in the next step, general geometric shapes were tested, to place and
test on the best choice the vault and the sunshade systems in second and third steps. In the
fourth and the fifth steps respectively, the covered galleries and the patio are recommended
and tested; here, the global architectural form of the mosque is built up and there are
three steps to finish it: the windows, the colors, and the building materials, in the sixth,
seventh, and eighth steps, respectively. Based on the local sensitivity analysis, all variables
were changed on the basis of the OVAT method (One-Variable-At-a-Time) to reach a single
reading, which is the overall discomfort index.

6.1.2. Run of Sensitivity Analysis

The sensitivity analysis for this study was performed using the Autodesk Ecotect
Analysis software. Microsoft Excel was used to present the results based on the SRC
sampling method (sample-rate conversion), and the SRC of the eight steps with all variables
listed in Table 2 was determined on the basis of a single aim. The rate of each design variable
in each month is presented in Figure 10 and Table 3. The illustrated rates are for the hot
period because of its sensitivity in the hot and dry climate.

The results of the local sensitivity analysis in the hot seasons shows that among the
eight steps, a positive global influence of the seventh parameter step, varying between
0 and 0.1855 for the influence of the geometric shape on the overall discomfort index in
October, is the most influential variable, and the vault shape has a maximum influence
rate reaching 0.1514 in June and a negative influence only in March, reaching —0.0323.
The use of the sunshade reaches its maximum positive influence in September, with a
rate of 0.0917, while the influence of the covered galleries reaches only a 0.0471 positive
influence in October. Furthermore, openings, colors, and building materials present a slight
influence on the overall discomfort index, reaching 0.1625 as a maximum in September for
the openings, 0.0161 as a maximum in August for the colors, and 0.0349 for the building
materials in October. However, the use of patio variable in the fifth step of the experiment
shows a negative influence in hot months, reaching —0.0457 in October.

Figure 10. Sensitivity analysis rates for the hot period.



Sustainability 2021, 13, 6254 14 of 22

Table 3. Sensitivity analysis rates for the hot period (rates from 0 to 1).

Step0 Stepl Step2 Step3 Step4 Step5 Step6 Step7 Step8

Jan 0 0 0 0 0 0 0 0 0
Feb 0 0 0 0 0 0 0 0 0
Mar 0 0.0349 —0.0323 0.0283  0.0027 —0.0027 —0.0054 0.004 0.0054
Apr 0 0.0778  0.0305 0.05 0.0236 —0.0236 0.0333  0.0098  0.0097
May 0 0.1385 0.0457 0.0847  0.043 —0.043 0.0887 0.0107 0.0242
Jun 0 0.0926 0.1514 0.0736 0.032 —-0.032 01181 0.0125 0.0236
Jul 0 0 0.004 0.0229 0.0134 —0.0134 0.133 0.0135  0.0067
Aug 0 0 0.0175 0.047  0.0121 —0.0121 0.1398 0.0161  0.0108
Sep 0 0.0458 0.1375 0.0917 0.0236 —0.0222 0.1625 0.0139  0.0305
Oct 0 0.1855  0.0967  0.082 0.0471  —0.0457 0.0779  0.0108  0.0349
Nov 0 0 0 0 0 0 0 0 0
Dec 0 0 0 0 0 0 0 0 0

6.2. Thermal Discomfort Analysis during Hot Period

The results of the general curves of the thermal discomfort rate (Figure 11 and Table 4)
were divided into 5 categories, according to the months of the year.

Figure 11. Annual summary of thermal discomfort curves during hot periods (%).

Table 4. Annual summary of thermal discomfort during hot periods (%).

Step 0 Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7 Step 8

Jan 0 0 0 0 0 0 0 0 0
Feb 0 0 0 0 0 0 0 0 0
Mar 3.49 0 3.23 0.4 0.13 0.4 0.94 0.54 0
Apr 28.47 20.69 17.64 12.64 10.28 12.64 9.31 8.33 7.36
Hot period thermal May 58.74 44.89 40.32 31.85 27.55 31.85 22.98 2191 19.49
discomfort (%) Jun 98.57 89.31 74.17 66.81 63.61 66.81 55 53.75 51.39
Jul 100 100 99.6 97.31 95.97 97.31 84.01 82.66 81.99
Aug 100 100 98.25 93.55 92.34 93.55 79.57 77.96 76.88
Sep 97.64 93.06 79.31 70.14 67.78 70 53.75 52.36 49.31
Oct 64.38 45.83 36.16 27.96 23.25 27.82 20.03 18.95 15.46
Nov 0 0 0 0 0

Dec
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The first category covered the months of July and August, where the results started
with a thermal discomfort rate of 100%, and all the proposed solutions failed to show
any effectiveness. It was only when step 3 was reached, and the roof was covered with a
sunshade, that the percentage decreased to 95%. However, an unexpected result was the
high thermal discomfort rate when the patio system was followed in comparison to the
covered gallery’s system. Then, a real change began in the sixth step, when a system of
openings was proposed, where the natural ventilation led to an immediate gain of about
14%, thereby reducing the thermal discomfort rate to 84%. Finally, by using compacted soil
with an external reflection factor of 0.84, the level of thermal discomfort was reduced to a
minimum of 80%, which meant a gain of more than 20% in the thermal comfort rate in the
middle of the hottest summer months.

The second category covered the months of June and September, where the discomfort
rate at the beginning of the simulation was close to 100%, but the proposed solutions
over all the steps gave impressive results, with a remarkable decline of about 0.8% in the
discomfort rate at each step, except in step 5, where again, the patio system proved to be
unsuccessful. At the end of the simulation, a discomfort level of about 50% was reached. In
other words, a thermal comfort gain of 50% was achieved once the design solutions were
approved.

The third category covered the months of May and October, where the discomfort
rate at the beginning of the simulation was approximately 60%, but the proposed solutions
over all the steps gave impressive results, with a significant decrease of 0.7% in the dis-
comfort rate at each step, except at step 5, where again, the system of patios proved to be
unsuccessful. So, at the end of the simulation, a discomfort rate of approximately 20% or a
thermal comfort gain of 40% was achieved once the design solutions were approved.

The fourth category covered the month of April, where the discomfort rate was
reduced from 30% at the start of the simulation to less than 10% at the end of the process,
with a reduction of 4% regularly at each step, except at step 5. Finally, the last category
covered the months of November, December, January, February, and March, where the
thermal ratio was originally close to 0%, which means no discussion was needed about
cooling in these months.

6.3. Thermal Discomfort Analysis during Cold Period

The cold discomfort rate was considered to be within the loss of comfort range. Thus,
relying on the general measure of thermal comfort, which ranges from 18 to 26 °C, and
based on the climatic data for the region, it was concluded that this was possible in several
months of the year, except during winter. From this perspective, and based on the reading
of the general curves of the percentage of cold thermal discomfort (Figure 12 and Table 5),
the results were divided with the months of the year into 4 categories.

The first category covered the hot months of July, August, and September, where all
the proposed solutions failed to bring about a reduction of more than 2%. The second
category covered the months of May and October, where finally, there was a reduction
in the percentage below the assumed level, which approached 30%, knowing that at the
beginning of the simulation the rate was 0%. It is worth mentioning that the system of
patios backfired again. The third category covered the months of April and March, where,
despite the thermal difference at the start at 10% to 40%, there was a cooling loss of about
40% at the end of the operation for both at a regular rate of about 5%. The last category
covered the cold season months of November, December, January, and February, where the
rate of discomfort approached 100%, although the climatic data for the region proved that
the temperature during these months was below the level of thermal comfort. Therefore,
here, it was worthwhile to speak about the heating strategies rather than the cooling ones.
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Figure 12. Summary of annual thermal discomfort curves during cold periods (%).

Table 5. Summary of annual thermal discomfort during cold periods (%).

Step0 Stepl Step2 Step3 Step4 Step5 Step6 Step7  Step 8

Cold period thermal
discomfort (%)

Jan 100 100 100 100 100 100 100 100 100

Feb 97.92 100 99.26 99.85 100 99.85 99.7 99.7 100

Mar 42.88 56.59 66.13 72.98 76.75 72.86 79.84 81.18 83.47

Apr 3.47 11.39 30.42 38.61 42.08 38.61 48.89 49.58 52.64

May 0 0.4 6.45 9.27 10.22 9.27 20.03 20.97 22.31
Jun 0 0 0 0 0 0 0.42 0.69 0.42
Jul 0 0 0 0 0 0 0 0 0
Aug 0 0 0 0 0 0 0 0 0
Sep 0 0 0 0 0 0 2.78 3.33 3.61
Oct 0 1.21 7.53 13.04 15.46 13.04 29.7 31.32 32.8
Nov 73.06 86.25 88.33 92.36 95 92.36 94.17 94.44 95.56
Dec 95.16 100 98.52 100 100 100 100 100 100

6.4. Thermal Discomfort Analysis during the Combined Period

Finally, for a holistic reading of the overall results of the thermal discomfort rate
(Figure 13 and Table 6), the proposed solutions were divided according to the months of
the year, into 3 main categories.

The first category concerned the month of January, where the results showed a reduc-
tion of 0% in the level of discomfort. The second category covered the hot months from
May to October, where the results showed a reduction in the level of discomfort due to the
use of the different solutions. A minimum gain of 16.12% was recorded in October and
a maximum gain of 46.76% was recorded in June. The third category concerned the cold
months from November to April, where, except for January, the results showed that there
was a loss in the level of comfort due to the use of the different solutions. A minimum
loss of —2.18% was recorded in February and a maximum loss of —37.1% was recorded
in March.
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Figure 13. Summary of the annual thermal discomfort curves during the combined period (%).

Table 6. Summary of the annual thermal discomfort during the combined period (%).

Step0 Stepl Step2 Step3 Step4 Step5 Step6 Step7  Step 8

Combined period thermal
discomfort (%)

Jan 0 0 0 0 0 0 0 0 0
Feb 2.08 0 0.74 0.15 0 0.15 0.3 0.3 0
Mar 53.63 43.41 30.64 26.62 23.12 26.74 19.22 18.28 16.53
Apr 68.06 67.92 51.94 48.75 47.64 48.75 41.8 42.09 40

May 41.26 54.71 53.23 58.88 62.23 58.88 56.99 57.12 58.2

Jun 1.43 10.69 25.83 33.19 36.39 33.19 44.58 45.56 48.19

Jul 0 0 0.4 2.69 4.03 2.69 15.99 17.34 18.01
Aug 0 0 1.75 6.45 7.66 6.45 20.43 22.04 23.12
Sep 2.36 6.94 20.69 29.86 32.22 30 43.47 44.31 47.08
Oct 35.62 52.96 56.31 59 61.29 59.14 50.27 49.73 51.74
Nov 26.94 13.75 11.67 7.64 5 7.64 5.83 5.56 4.44
Dec 4.84 0 1.48 0 0 0 0 0 0

7. Discussion

In this study, bioclimatic performance tests were carried out on several architectural
elements of the design of a mosque in a hot and dry climate. Initially, simulations were
conducted on a hypothetical model using 86 scenarios. The thermal performance of the
selected architectural elements of the mosque design was measured at each step of a 9-step
test. Next, the best solution for each architectural element was selected based on the
best thermal performance using a reading of hot and cold discomfort curves. Finally, the
mosque design model was elaborated based on this holistic bioclimatic vision.

An overall gain in the level of comfort was recorded for most months at each step for
all the proposed solutions in the analysis parameters, with the gain in the level of comfort
during the hot periods varying between 3.49% in March to 48.92% in October, which was
a significant gain. Here, it was noticed that there was a decrease in the gain in July and
August because of the very high temperature and radiation of the sun, where the passive
solutions were unable to resist this harsh situation (Table 7 and Figure 14).
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Table 7. Annual summary of the comfort level gains.

Hot Period Comfort Cold Period Comfort Combined Period
Gains (%) Gains (%) Comfort Gains (%)
Jan 0 0 0
Feb 0 —2.08 -2.08
Mar 3.49 —40.59 -37.1
Apr 21.11 —49.17 —28.06
May 39.25 —22.31 16.94
Jun 47.18 —0.42 46.76
Jul 18.01 0 18.01
Aug 23.12 0 23.12
Sep 48.33 —3.61 44.72
Oct 48.92 —32.8 16.12
Nov 0 —-22.5 —-22.5
Dec 0 —4.84 —4.84

Figure 14. Annual summary of the comfort level gains during hot periods (%).

Furthermore, a loss in the level of comfort was recorded during the moderate months,
varying between —2.08% in February and —49.17% in April because of the passive cooling
solutions adopted. Here, two important points were noted. First, the loss in the level of
comfort was detected more during the spring months than in the autumn months, and
this was strongly related to the climatic conditions, where autumn is much hotter than
spring in the northern Sahara. Second, the results showed that the loss and gain in the level
of comfort during the moderate months were interpreted as gain during the day under
sunny conditions and as a loss during the cold nights, where hot days and cold nights are
characteristic of the northern Sahara during the moderate months (Table 7 and Figure 15).
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Figure 15. Annual summary of comfort level losses during cold periods (%).

Finally, the overall rate between loss and gain in the comfort level during the 12 months
varied between 0% in January and a maximum overall gain of 46.76%, which was recorded
in June with a hot day and a hot night, where the passive solutions were able to reduce the
level of discomfort, and there was an overall loss of —37.1% in March due to cold nights,
where the passive solutions aggravated the situation. As a final reading of all the results,
it was decided that the passive solutions for all the selected parameters had a significant
effect on reducing the level of discomfort throughout the year, especially during the hot
months (Table 7 and Figure 16).

Figure 16. Annual summary of comfort level gains (%).

8. Conclusions

In conclusion, this research created a general model of a small mosque for a hot and
dry climate in the Righ Valley, which is one of the oasis regions in the Algerian Sahara
that is considered one of the harshest deserts in the world. In this model, bioclimatic
principles and architectural elements were combined to provide thermal comfort, leaving
the technical solutions to those fields where they are needed the most (Figure 17).
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Figure 17. Final bioclimatic model proposed.

Finally, it was realized that the ideal size for a small mosque should be within the
limit of providing space for 111 worshipers at a rate of 0.9 m? per worshiper and that the
general area of the prayer hall should be about 100 m?. The use of a rectangular shape
instead of a square has proven to be effective, where the ratio of the length to width would
be from 1.5, with the optimum length being 12.5 m, and the optimum width being within
8 m. As for the height, the best thermal solution was for it to be within 6 m using a vaulted
roof, where the best diameter of the dome for the best thermal performance was within
3 m. The strategy of covering the roof to shade it was more effective, with a distance of
50 cm being between the original ceiling and the canopy sunshade. The results also proved
that the patios were ineffective for mosques of this type and size in the region. In contrast,
it was proven that a covered gallery was the ideal solution, where a single covered gallery
was used at the level of the western facade with the same length of the facade, and with a
width of 3 m and a height of 4.5 m. For the openings, the results proved that the optimum
ratio of openings was estimated to be 27% for the western facade, at a minimum height of
1 m for the beginning of the openings, and 25% for the southern and northern facades at
a minimum height of 1 m for the beginning of the window. The optimum ratio was 23%,
with a minimum height of 2 m for the beginning of the window for the eastern facade. As
for the external colors, the study proved that a reflection factor of 0.84 should be adopted,
which was also the most realistic degree of reflection, and finally, compacted soil should be
used for building the walls, while preserving the concrete structure (Figure 17).
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