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Integrating physical experiments 
with computational fluid dynamics 
to transform mosque minarets 
into efficient solar chimneys
Hesham H. Awad 1 & Mahmoud Desouki 2*

This study explores the potential of repurposing mosque minarets as solar chimneys in hot arid 
regions to facilitate natural ventilation and diminish the reliance on energy-intensive cooling systems. 
Originating as a means to call the faithful to prayer, minarets have become iconic landmarks within 
Islamic cities. This research focuses on Cairo, Egypt, as a representative hot arid environment. 
The paper traces the evolution of the minaret, underscoring the variations in form that influence 
the experimental design. The investigation proceeded in two stages: the construction of physical 
mosque models with variably positioned minarets for laboratory testing, ensuring standardized 
measurements, followed by computational fluid dynamics (CFD) simulations for comparison. 
Findings indicate that mosque minarets can be effectively adapted for passive ventilation, with 
their performance significantly influenced by orientation and placement. This study concludes that 
traditional mosque minarets offer a viable, sustainable option for passive cooling in hot climates.

Keywords  Mosque minaret, Solar chimney, Passive ventilation, Computational simulation, CFD, Natural 
ventilation, Sustainability

Minarets are tall structures that are built alongside mosques. The word minaret is derived from the Arabic 
"Manara" which means "place of light". Historically, minarets were used to light the way for travelers at night 
and to call the faithful to prayer during the day. It was always used to highlight the presence of a mosque and to 
guide travelers as a landmark. They are often made of different construction materials, and stand tall and slender1.

The minaret has a rich history that dates back to the early days of Islam. There is a historical debate regard-
ing the first minaret. Some believe it was during the era of Caliph Othman bin Affan, the third Rightly Guided 
Caliph2, while others attribute it to Ziyad bin Abih, the Umayyad Governor of Basra in 45 AHS3. Alternatively, 
al-Maqrizi credits the silos of the Amr bin al-Aas mosque, constructed by Muslim bin Mukhlad, the Governor 
of Egypt in 53 AH4. Another view holds that the first minaret was built as an additional component of the great 
mosque in Damascus during the seventh century by the Walid I the Umayyad Caliph. It was a simple structure 
that consisted of a platform and a small roof5. However, as Islam spread throughout the world, the minaret 
began to take on new forms and functions. The minaret’s design and style varied depending on the region and 
period, some minarets being tall and slender, while others were shorter and wider. Some had elaborate decora-
tions, while others were simple and plain. The evolution of minarets showcases a diversity in design form. In 
the Umayyad era, minarets were tower-like structures with square plans. This evolved during the Abbasid era 
into round minarets, introducing new designs such as the twisted minaret in Samarra. An example from this 
period is the multi-layered Ibn Tulun Mosque’s minaret in Cairo, featuring a square base, cylindrical middle, and 
an eight-sided top. The Fatimid era saw the emergence of tall, slender minarets ending in bulbous domes, like 
those of Al-Azhar Mosque in Cairo6. In the Mamluk era, the minarets were high and often built on balconies, 
lacking a distinctive base, as seen in the Sultan Hassan Mosque. The Mughal era minarets are characterized by 
significant height and diameter, adorned with multiple plates and plant decorations, notable in the Quwwat 
al-Islam Mosque in Delhi and the Taj Mahal. In the Far East, Timurid minarets in Uzbekistan were known for 
their barrel shapes, while the Safavid era in Iran introduced tall, circular minarets with a distinctive inclination. 
The Seljuk state, stretching from Central Asia to Turkey, featured various types of minarets, including polygonal 
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shapes with ribbing and usually a single balcony7. Lastly, the Ottoman Empire is renowned for its slender mina-
rets with pencil-like ends, as exemplified by the Mohammed Ali Mosque in Cairo8. This diversity in size and 
form is influenced by the parallels drawn between the minaret’s architecture and Muslim head coverings. Studies 
suggest that minaret design may have been inspired by contemporary fashion. This is particularly evident in the 
resemblance between headscarves and the tops of minarets, symbolizing the minaret as a distinctive emblem of 
the Islamic state across different periods9.

The minaret’s functions have also evolved beyond its original purpose. In some regions, the minaret is used 
as a watchtower to keep a lookout for potential threats10, while in others, it is used as a symbol of the mosque’s 
prestige and influence in the community11,12. Rather it goes beyond that to be a symbol of the Islamic presence 
and raise controversy about its presence in different communities13,14. It is also used to observe the lunar phases 
and Inspection of the Hijri Month’s Crescent. The minaret was used as an astronomical observatory15. A copper 
crescent is erected on the top of the minaret. The rounded opening of the crescent faces the direction of the 
qibla to direct the prayers in the surrounding streets16. Nowadays the muezzin recites the call to prayer with 
loudspeakers installed at the top of the minaret to broadcast the call across the neighborhood. But actually, the 
loudspeakers could be hung on any high building it could also be connected wirelessly. Prayer times can be 
accurately determined using astronomical tables, allowing the muezzin to simply consult a watch. This raises the 
question of whether a minaret is still necessary, and if so, what its function should be4,17. Muslims still adhere to 
mosques minarets a symbol of Islamic identity, reminding the community of their faith and the call to prayer18. 
The minaret evolution was always influenced by the community ever changing needs19. Recently the global shift 
towards sustainability and green architecture. That has prompted the question of whether the minaret can offer 
more than just its current functions. Although the primary purpose of minarets in mosques has diminished over 
time, and although it is an expensive element in a mosque construction, they remain an indispensable aspect 
due to the emotional connection in worshippers’ minds. That created the need to find a sustainable usage of the 
minaret. Its unique design as a tall, narrow structure, makes it a potential candidate for incorporating sustain-
able features such as solar chimney.

A solar chimney is a passive ventilation system that uses the natural convection of air to ventilate a building. It 
consists of a vertical shaft, typically made of opaque glass, which is placed on the roof of a building and connected 
to an air intake at the base. The chimney works by allowing sunlight to heat the air inside the shaft, causing it to 
rise and create an updraft. This updraft then pulls in fresh air from outside and pushes out stale air from inside 
the building20. Figure 1a shows the concept. They are an innovative and sustainable solution for ventilation and 
passive cooling in buildings. This technology has been used for centuries in vernacular architecture, especially 
in hot and arid climates21–23. Solar chimney technology, used in power plants since the 1980s, leverages the sun’s 
thermal energy to generate electricity through a pressure differential caused by thermal variation24. As shown in 
Fig. 1b, Recently, with the increasing concern over global warming and energy efficiency, solar chimneys have 
regained attention as a potential solution to reduce energy consumption in buildings25. Solar chimneys can 
be an effective way to improve indoor air quality and reduce energy consumption in buildings26. Studies have 
found that an integrated system with solar chimneys can reduce energy consumption by up to 50%27. Addition-
ally, they can be used as part of a hybrid ventilation system, combining natural and mechanical ventilation for 
optimal performance9. Solar chimneys have also been found to be effective at reducing indoor temperatures 
during hot summer months28. This is due to their ability to draw in cooler outside air and exhaust hot indoor air, 
thus creating a cooling effect inside the building. Additionally, they can be used as part of an integrated design 
approach that combines passive cooling strategies with active cooling systems such as evaporative cooling29. 
Multi-channel solar chimney groups could be used in tunnels for natural ventilation and smoke exhaustion 
under various conditions30.

Overall, solar chimneys offer many benefits for buildings in terms of energy efficiency and indoor comfort. 
However, there are still some challenges associated with their implementation. For example, they require care-
ful design considerations such as orientation and sizing to maximize their effectiveness31. Solar chimneys may 
not always be the best solution for all climates due to their reliance on sunlight for operation making them 
particularly efficient in hot desert regions where periods of solar radiation are prolonged32. In conclusion, solar 

Figure 1.   The concept of solar chimney.
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chimneys offer many benefits for buildings in terms of energy efficiency and indoor comfort. However, careful 
consideration must be given when designing them to ensure optimal performance.

The paper aims to fill a research gap by exploring the potential of repurposing mosque minarets as solar chim-
neys in the hot arid regions. While the use of solar chimneys has been studied in building design, the potential of 
repurposing architectural elements, such as minarets, has not been explored in depth. It was explored by different 
methods in different contexts unlike the current study. Table 1 shows the previous literature main findings and 
its relationship to the current study. This research is novel in its approach of tracing the minaret form throughout 
Islamic history to know the design principles that influence the experiment, integrating computational modeling 
and physical experiments to evaluate the effectiveness of the minaret and the best variables. Replicating the 
physical measurements in different laboratories sets, and in computational modeling. The study objective is to 
investigate the feasibility of repurposing minarets as sustainable solar chimneys in hot arid regions. The results 
are important for promoting sustainable building practices and reducing energy consumption. Architects and 
building engineers could benefits from those findings. The findings can also inform the retrofitting of existing 
buildings with sustainable features. Ultimately, this research contributes to the broader goal of creating a more 
sustainable built environment.

Methodology
This study employed a two-pronged approach to evaluate the viability of adapting a mosque minaret as a solar 
chimney in a hot arid region. Initially, the researchers conducted a literature review to identify relevant existing 
research. This will help to inform the development of the physical models and the selection of the experiment 
design variables. Various physical models of mosques with differently positioned minarets were constructed 
and subjected to a controlled laboratory setting to mimic the chosen regional climate, with standardized meas-
urements taken for consistency. To ensure the accuracy and reliability of the experimental data, the study was 
conducted independently in two distinct laboratories using two separate devices each calibrated with identical 
standards. This approach facilitated the verification and validation of the measurement results.

Following the physical experiment, computational fluid dynamics (CFD) software was utilized for a compu-
tational simulation to virtually analyze the minaret’s performance as a solar chimney, mirroring the setup of the 
physical experiment for accurate comparison. CFD software is a tool that simulates the flow of gases and liquids, 
heat transfer, and associated phenomena in a virtual environment. It uses numerical analysis and algorithms 
to solve and analyze problems involving fluid flows. This is particularly useful in situations where real-world 
testing might be impractical, expensive, or dangerous33. Researchers rely on CFD software for its user-friendly 
interface and automation capabilities, making it accessible to a wider range of users34. CFD is a powerful tool for 
predicting fluid behavior, its accuracy is highly dependent on the user’s expertise and the specific application. 
CFD’s accuracy in modeling fluid flows and heat transfer is highly dependent on several factors. It requires valida-
tion with experimental data35. A range of educational and research institutes have developed and utilized CFD 

Table 1.   Reviewed literature.

Paper title Main findings Relevance Reference

A comprehensive review on thermal performance and 
envelope thermal design of mosque buildings

Reviews thermal performance and envelope design 
in mosques, stressing the need for optimal design to 
improve thermal comfort and energy efficiency

It suggests to investigate how minarets, affect the ther-
mal comfort and energy consumption, considering 
their design. It suggests future studying minarets as a 
wind catcher or cooling towers

17

The Minaret: A reassessment of architectural function 
and religious value, in light of modern technology

The minarets are no longer needed for their original 
purpose. It suggests reallocating funds spent on mina-
rets towards economical alternatives

This shift represents a call to rethink mosque architec-
ture in response to technological advancements and 
economic considerations

4

Elements of Islamic architectural heritage: Minaret
Highlights the evolving of minarets. It underscores the 
potential for contemporary technology and construc-
tion methods to reinvent minarets not just as symbols, 
but as integral, functional elements

The study suggests minarets can serve innovative roles, 
such as air traps, power generators, and sources of 
natural lighting, thus contributing to green objectives

47

Ventilation in a mosque—an additional purpose the 
minarets may serve

Explores how minarets can serve in ventilation in 
mosques, particularly in the warm-humid climate of 
dhaka. It proposes the innovative use as ventilation 
towers. Using coiled pipes to heat the shaft as a solar 
chimney

The passage highlights the significant potential for 
future research to delve into the specific benefits of 
using minarets for ventilation, focusing on the varying 
effects under different conditions. It also pointed to 
the importance of CFD software to simulate different 
variables

48

A new design of the minaret as a two-sides wind 
catcher integrated with the wing wall for passive 
evaporative cooling in hot climates

Introduces a design for a minaret acting as a two-sided 
wind catcher integrated with a wing wall, aimed at 
enhancing passive cooling in hot climates

The methodology combines computational fluid 
dynamics (CFD) simulations with wind tunnel experi-
ments to evaluate the design’s effectiveness

49

Viability of wind towers in achieving summer comfort 
in the hot arid regions of the Middle east

Both conventional and modern designs of wind towers 
can effectively provide thermal comfort in hot arid 
regions of the Middle East

It discusses the advantages of integrating such systems 
into modern building designs

50

The application of traditional architecture as passive 
design strategies for modern architecture in hot dry 
climate

The effectiveness of integrating traditional elements 
into building designs in hot dry climates, like Cairo, to 
improve energy efficiency

The methodology includes computer simulations 
analyzing building performance in terms of solar 
radiation, wind direction, and heating/cooling loads. 
Future research could explore other passive design 
strategies to further reduce energy consumption

51

A review for the applications of solar chimneys in 
buildings

Reviews the applications of solar chimneys in build-
ings for enhancing ventilation and reducing heat gain, 
emphasizing their potential to lower operational costs, 
and CO2 emissions

The need for further experimental studies to validate 
design strategies across different climates

20
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software for teaching and research purposes. FlowLab, a CFD-based educational software, has been used by over 
30 universities worldwide36. The need for cooperation between universities and academic institutions in teaching 
CFD modeling has been emphasized, with examples from the Moscow Aviation Institute37. Utilizing CFD aligns 
with the study objective to evaluate the effectiveness of the minaret as a solar chimney and the best variables.

The juxtaposition of physical and computational results helped validate and verify the model and shed light on 
how the minaret’s orientation and location affect the efficiency of the solar chimney mechanism. This methodol-
ogy aims to provide a solid basis for transforming traditional mosque minarets into sustainable solar chimneys, 
contributing to the reduction of reliance on energy-intensive cooling systems in hot arid regions. Figure 2 shows 
the research steps.

Imposing the experiment variables
The researchers in this study took a thorough approach in preparing for both the physical experiment and the 
computational simulation, ensuring that all variables relevant to the experiment were carefully considered and 
accurately represented. The dimensions, and proportions of the mosque and minaret were reviewed to construct 
the physical model. The Climatic properties were collected to mimic the regional climatic characteristics in both 
study phases.

The minaret proportions
The proportions of minarets have varied a lot and evolved through various eras into the modern age. The 
researchers tracked the dimensions of a number of the most famous Islamic minarets, each of which reflects the 
minarets of its period and the Islamic state in which it appeared, and then deduced the approximate proportions 
of the different minarets, and the results were presented Fig. 3. The analysis reveals significant variations in the 
base-to-height ratio of minarets across Islamic history. This ratio was at its lowest, approximately 1:1.5, during the 
Abbasid era, and peaked in the Ottoman era, exceeding 1:16. On average, the ratio between the base and height 
of minarets in various Islamic periods was around 1:7 to 1:7.5. This average ratio was adopted by researchers 
in the experiment to maintain Islamic identity. Consequently, a square minaret was proposed with a base side 
length of 3.5 m and a height of 25 m.

Cairo climatic properties
The study focuses on Egypt as an example of a hot, arid region, situated at the juncture of Africa and Asia within 
22°–32° N latitude and 25°–35° E longitude. Which provides it with long periods of solar radiation. Egypt has a 
wet cool climate in winter, and a hot and dry in summer, with strong winds areas along the Red Sea and Medi-
terranean coasts. The average annual wind speed is 8.0–10.0 ms−1 along the Red Sea coast and approximately 
6.0–6.5 ms−1 along the Mediterranean coast38. Recent studies, have divided Egypt into seven climatic regions 
for engineering purposes, as depicted in Fig. 4. Cairo, specifically, is situated in a hot, dry zone9. The city has 
a significant number of mosques, earning it the epithet ’the city of the thousand minarets’39. Cairo, the open 
museum of Islamic civilization is one of the largest Islamic cities globally, its climate data is accessible and can 
be summarized by the climate consultant program. That makes Cairo a perfect Candidate to experiment with. 
Climate Consultant is a software tool designed to assist in the creation of climate-responsive building designs. 
This program utilizes weather data to offer insights into the local climate. Its key features include the analysis of 
temperature, humidity, wind, and solar radiation, allowing architects and designers to understand the climatic 
conditions of a specific location comprehensively40.

The wind chart for Cairo is detailed in Fig. 5. The outermost ring indicates the percentage of wind coming 
from each direction, while the adjacent ring shows the average wind temperature, color-coded for different 

Figure 2.   Research steps.
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comfort levels. Another ring displays average humidity, with colors representing comfort, dry, and humid con-
ditions. The inner circle shows wind velocities, with different shades of brown marking maximum, average, and 
minimum speeds. Notably, the chart excludes zero wind speed periods. It reveals that the most prolonged wind 
periods in Cairo are from the north and northwest, where wind temperatures are within comfortable limits 
and reach their peak speeds. The relative humidity of Cairo’s winds predominantly falls within a 30–70% range, 
considered thermally comfortable.

Figure 6a shows that the Solar Atlas highlights Egypt’s status as a sunbelt country with intense direct solar 
radiation, varying between 2000 and 3200 kWh/m2/year from North to South. Sun shines daily for 9–11 h with 
few cloudy days annually41. Climate Consultant shows in Fig. 6b that the daily solar radiation average exceeds 
4000 watts/m2 for over nine months each year, with the intensity primarily concentrated in the south in Fig. 6c. 

Figure 3.   The ratio of the minaret base to its height throughout the different Islamic eras.

Figure 4.   The seven climate zones in Egypt.
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The figure also displays the shadow patterns of a gnomon at 15-min intervals throughout the year, with colored 
dots indicating different temperature conditions: yellow for comfort, red for overheating, and blue for under-
heating. These patterns suggest strategies for passive heating and cooling. Figure 6d reveals Cairo’s temperature 
trends, indicating that for over six months of the year, average temperatures are above the thermal comfort 
zone, around two months within it, and about four months below it. This data underscores the importance of 
considering solar radiation and temperature in architectural and urban planning in Cairo.

Mosques dimensions
For optimal functionality design and adherence to Islamic architectural principles, Key principles included:

Space requirements
Rectangular plans require a net area of 1.30 m2 per person, while non-rectangular plans need 1.50 m2. The 
designated prayer area measures 1.20 × 0.80 m2 per person42. The overall mosque area depends on various fac-
tors, including services offered, location, and congregation size, with service areas ranging from 1.2 to 1.4 m243.

Orientation and plan types
The mosque’s largest side is oriented towards the Qibla, which may require adjustments to prevent sunlight from 
disturbing worshippers. Preferred plan types include rectangular, square, and trapezoidal, with rectangular being 
the most efficient for organizing rows of worshippers and minimizing column usage. Circular or octagonal plans, 
which disrupt orderly rows, are discouraged.

Dimensions and height
Plans vary based on type and size, the height is typically one-third of its depth, ranging between 3 and 8 m for 
visual comfort and atmosphere44.

Entrances and windows
Entrances should accommodate at least 300 worshippers, ideally located on walls other than the Kiblah wall, pref-
erably in the first quarter of the two side walls. The entrance should be no less than 1.5 m wide. Windows should 
be a minimum of 1 m high and distributed evenly for proper ventilation, with at least 20% being openable43.

Physical models variables
The researchers developed a mosque model to investigate the experiment. This model, designed to hold 500 
people, is typical of congregational mosques and has a rectangular shape measuring 28 × 24 m2 with a height of 
8 m. The placement of windows and the entrance on the Kiblah facing side, located on the Eastern South wall, is 
to enhance worshipper convenience and comfort, as well as to align with the spiritual and functional design. The 

Figure 5.   Cairo wind wheel.
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northwest wall, opposite the Kiblah, was chosen for these features due to its favorable wind direction in Cairo 
and its direct alignment with the Kiblah wall.

A key feature is the square-sectioned minaret, positioned on the southeastern side to optimize heat gain, a 
crucial consideration for the solar chimney application. The square shape choice, as opposed to a circular one, 
is to maximize heat gain, considering that a circular shape would result in partial shading. Additionally, the 
minaret’s southeastern and southwestern walls are made of dark black glass to enhance thermal capacity, and 
the adjacent mosque wall is insulated to prevent heat leakage. While a southwestern placement of the minaret 
was considered, the southeastern orientation was preferred for alignment with the northwestern wall openings. 
The minaret stands at a height of 25 m with a base of 3.5 m, resulting in an aspect ratio of approximately 1:7. This 
model encapsulates key elements, such as orientation, space allocation, and window and entrance positioning, 
all tailored to support the study’s focus.

Conducting the experiment
Five different scenarios for positioning the minaret as a solar chimney were tested using scaled-down mosque 
models (dimensions: 56 × 48 × 16 cm, representing a 1:50 scale). Each scenario had two models for thorough 
experimentation, resulting in a total of 18 models across nine cases. The scenarios included:

•	 A square-sectioned minaret is placed in the middle of the Kiblah facade, paired with a completely flat mosque 
roof.

•	 A square-sectioned minaret situated in the southwestern corner, again with a flat roof.
•	 Two square-sectioned minarets on the Kiblah facade, alongside a flat roof.
•	 A square-sectioned minaret in the middle of the Kiblah facade, with variations in the roof design—one 

flat roof and another featuring a shokhshekha a historical element works as lantern skylight, both with and 
without openings.

Figure 6.   Solar radiation and temperature in Cairo.



8

Vol:.(1234567890)

Scientific Reports |         (2024) 14:9721  | https://doi.org/10.1038/s41598-024-59589-0

www.nature.com/scientificreports/

•	 A trapezoidal vertical-section minaret positioned at the center top of the mosque, complemented by a pyrami-
dal, inclined roof.

•	 These first four cases were also repeated with a sloping roof and a trapezoidal minaret, making up the addi-
tional scenarios.

Tools and devices
To ensure consistent experimental conditions, the study utilized a specially designed electric heater with a 
thermostat for temperature control. Additionally, an electric fan was positioned at a specific distance from each 
model to achieve a uniform air speed of 1 ms−1 at the mosque’s openings (doors and windows) across all models. 
A wind tunnel was employed to channel air at the mosque openings, preventing any air leakage, which could 
impact the accuracy of the measurements. Each of the 18 models underwent two separate experiments. The first 
used the air source with a wind tunnel, while the second relied solely on natural air movement generated by the 
temperature differential inside the minaret compared to the room temperature.

The models were constructed from medium density fiberboard to facilitate precise laser cut, ensuring accurate 
dimensions. To prevent air leakage, all edges and corners were sealed with a strong adhesive. Sealing all air leaks 
was an important challenge to get an accurate measurement. The minaret’s body was insulated from the mosque’s 
body with a foam layer to minimize heat transfer from the minaret to the mosque. This meticulous setup aimed 
to provide reliable and controlled conditions for evaluating the efficiency of solar chimneys in mosques. The 
used measurement devices were the REED LM-8000 a compact, hand-held environmental meter that performs 
multiple functions like measuring air velocity, temperature, relative humidity, and light levels45, and the UNI-T 
UT363/UT363BT it is a mini anemometer, it can measure wind speed and temperature. It can measure wind 
speeds from 0.0 and up to 30 m per second (m/s) and it measures temperature from − 10 to 50 ℃ 46. Figure 7 
shows taking measurements.

Steps of the experiment
To conduct the experiment, the heater was set to 80° and placed inside the minaret, ensuring it did not touch the 
minaret’s walls. The fan was then activated to generate airflow within the wind tunnel, with careful monitoring 
to maintain an air speed of 1 ms−1 at the facade openings. After a waiting period of five minutes, measurements 
were taken to record the air velocity and average temperature at the minaret’s upper opening. This procedure 
was designed to assess the effectiveness of the minaret as a solar chimney under controlled conditions. Figure 8 
shows a section in the physical model explaining how was the experiment conducted. Figure 9 shows the experi-
ment different studied cases.

Results and discussion
The results from the two laboratories sets were obtained by averaging readings from two sets of models, this 
approach ensured the accuracy and reliability of the findings. The findings from both laboratories showed con-
sistency in the patterns of increase and decrease for the same model, with air speed differences ranging from 0.1 
to 0.25 ms−1. This slight variance in speed could be attributed to differences in wind tunnel materials, affecting 
wind friction, or the precision of the electric heater. However, these discrepancies were deemed negligible in 
terms of impacting the study’s goal to identify the optimal positioning of the minaret model.

Table 2 and Fig. 10 present a comparative analysis of different minaret configurations and their impact on 
airflow and temperature within a mosque. The experimental results, detailed in Table 2, indicated several key 
findings regarding mosque design and natural ventilation:

Figure 7.   Recording various readings while conducting the experiment.
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Figure 8.   The experiment physical model section.

Figure 9.   Experiment studied cases.
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1.	 Models with inclined roofs and sloping minarets generally outperformed those with flat roofs and regular 
section minarets in terms of air velocity.

2.	 Incorporating a shokhshekha or dome with openings didn’t enhance the minaret’s effectiveness as a solar 
chimney.

Table 2.   The average of physical measurements.

Case no Position & number of minaret

Air velocity at the upper opening of the Minaret (ms−1)

Without an 
artificial air 
source with 
heating inside the 
minaret

Using an artificial 
air source with 
a speed of 1 m/s 
without heating 
inside the minaret

Using an artificial 
air source with a 
speed of 1 m/s with 
heating inside the 
minaret Air temp. at the minaret top (oC)

The minaret has a regular square section & the mosque has a flat roof note: room temperature 26.5:28o

 a In the middle of the Kiblah facade  > 0.4 1.7 1.9 47

 c In the west corner of the Kiblah facade  > 0.4 1.5 1.7 45

 e 2 Minarets in Kiblah facade 0.4 1.4 1.6 45

 g

In the middle of the Kiblah façade, the roof has a shokhshekha 
with openings

Minaret 0 Minaret 1 Minaret 1.4
50

Shokhshikha 0 Shokhshikha 2.5 Shokhshikha 2.7

In the middle of the Kiblah façade, the roof has a shokhshekha 
without openings 0.4 2.3 2.5 50

The minaret has a sloped vertical section & the Mosque has an inclined roof Note: Room temperature 26.5:28o

 b In the middle of the Kiblah facade 0.6 2.7 2.8 54

 d In the west corner of the Kiblah facade 0.6 2.00 2.5 52

 f 2 Minarets in Kiblah facade 0.4 1.8 2.2 49

 h In the middle of the Kiblah facade, the roof has a shokhshekha 
without opening 0.8 3.00 3.2 57

 i In the Center of the Sloping pyramidal roof with sloping vertical 
section 1.00 3.8 5.00 60

Figure 10.   The average air speed at the upper opening of the minaret for all cases.



11

Vol.:(0123456789)

Scientific Reports |         (2024) 14:9721  | https://doi.org/10.1038/s41598-024-59589-0

www.nature.com/scientificreports/

3.	 The most effective design in terms of air velocity, was similar to traditional solar chimneys used in power 
plants. This involved placing a sloping minaret at the center of a pyramidal or inclined roof. While structur-
ally challenging, this design yielded optimal natural ventilation and air speed suitable for powering a turbine 
for energy generation.

4.	 Using a shokhshekha or dome without openings, particularly with an inclined roof and a sloping minaret, 
significantly enhanced natural ventilation and increased airspeed, ranking as the second most effective 
design.

5.	 Dual minarets didn’t achieve the desired airspeed, but they are effective in distributing air within the mosque. 
Average air speeds of 1.6 ms−1 were recorded at the top of both minarets, which increased to 2.2 ms−1 in 
models with inclined roofs and sloping minarets.

Computational results
The computational analysis of the mosque models, conducted using Autodesk CFD software, the boundary con-
ditions input data shown in Table 3. The CFD results closely mirrored the results pattern of the physical models 
with high accuracy as shown in Fig. 11, except the sloping minaret placed in the center of a pyramid roof the air 
velocity in the top of the CFD model was twice faster than air velocity of the physical measurement for the same 
model, but the air velocity is still the fastest among the models. This could be explained by construction material 
variation between the physical model and the CFD model. Again, this difference does not affect the experiment 
objective. The verification process showed good convergence between the experimental wind tunnel tests and 
the CFD simulations, demonstrating the model’s accuracy. However, CFD was superior to laboratory measure-
ments in showing the distribution of air movement in the mosque space. It also showed that the peak air speed 
was at the bottom opening of the solar chimney, as the researcher measured the air speed in the laboratory at 
the top opening of the solar chimney, Due to the difficulty of measuring air movement in the physical model at 
the bottom opening of the solar chimney. The construction materials data input in the CFD model required the 
assistance of an expert to verify and revise the suitability of the materials for the simulation and reach the most 
accurate results possible. The key findings from the simulations were as follows:

1.	 Models with inclined roofs and sloping minarets consistently outperformed those with flat roofs and regular 
section minarets, aligning with the physical model observations.

2.	 In scenarios involving flat or inclined roofs, air velocity showed little variation, but there were notable dif-
ferences in air distribution, as illustrated in Fig. 11a,b,d, e,g and h. The flat roof allows to be used for prayers, 
especially on hot summer nights, which makes the architect prefer it over the inclined roof, especially con-
sidering the small difference in air distribution.

3.	 To combine the advantages of a horizontal roof for prayers use and a inclined surface to improve air flow, 
the architect can make an interior suspended inclined ceiling

4.	 The inclusion of a shokhshekha with openings demonstrated excellent air distribution within the mosque, 
despite its adverse effect on the minaret’s function as a solar chimney. Conversely, a closed shokhshekha 
improved air velocity within the minaret and provided better air distribution compared to other scenarios, 
as seen in Fig. 11c,i and f. Architects should consider adding a shokhshekha or a dome for better air distribu-
tion flow.

5.	 The fastest air velocity design was found to be the sloping minaret placed in the center of a pyramid roof. The 
simulation results for this setup showed an air velocity of 11 ms−1 at the upper opening of the minaret, nearly 
double that of the physical models, confirming its effectiveness in both physical and computational models. 
For architects to effectively implement this model, they will need to thoroughly examine the structural system 
and construction materials used for building the minaret, as the traditional ones will make a punching for 
the roof that will add more structural elements to the plan which will restrict the space function.

6.	 The simulation also indicated that the most effective location for an air turbine is at the lower opening of the 
minaret, except in the case in Fig. 11k, where the upper opening was deemed more suitable.

Conclusion
The research explores the feasibility of transforming mosque minarets into solar chimneys, testing this hypoth-
esis through a dual approach: laboratory experiments on 18 physical models representing 9 different cases, 
and computational simulations using Autodesk CFD for these cases. The findings from both experimental and 
computational methods revealed several key insights:

•	 Mosque minarets can be effectively converted into solar chimneys, enhancing natural ventilation and poten-
tially generating energy for mosque operations through turbines installed at the minaret openings.

Table 3.   The boundary conditions CFD input data.

Wind velocity outside the model Environment temperature Inlet opening pressure Outlet opening pressure Wind direction CFD used materials

1 ms–1 28° 1 Pa 0 Pa north
Outside the model: air
The model walls: bricks
Minaret & mosque connected walls: 
heat insulation material
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•	 The most efficient design for utilizing minarets as solar chimneys involves positioning a sloped minaret atop 
a pyramid roof. This configuration maximizes air velocity within the minaret, especially at its upper opening, 
making it an ideal spot for a wind turbine.

•	 Incorporating a shokhshekha with windows significantly improves air circulation within the mosque, 
although it somewhat hinders the minaret’s effectiveness as a solar chimney.

•	 Sealing the shokhshekha windows or using closed glass improves the minaret’s performance as a solar chim-
ney and enhances interior lighting.

•	 Models with inclined roofs and sloped minarets outperform those with flat roofs and regular cross-section 
minarets in terms of airspeed and distribution. Positioning the minaret in the middle of the Kiblah wall yields 
better results than corner placements. For corner installations, using two minarets, one at each corner, is 
advisable to optimize air distribution within the mosque space.

Figure 11.   Studied cases CFD simulation results.
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The author suggests future research to enhance the use of minarets as solar chimneys, focusing on vary-
ing minaret shapes (like circular or hexagonal), roof inclinations, and the number and placement of air entry 
openings. Exploring different mosque shapes and sizes, adjusting minaret dimensions, and varying the exposed 
surface area to solar radiation could also yield insights. Additionally, studying the impact of different construc-
tion materials to optimize temperature differences between mosques and minarets is recommended for further 
investigation. Installing a turbine fan inside the minaret to generate electricity would be a worthwhile addition 
to the investigation.

Data availability
All data used and/or analyzed during the current study are available from the corresponding author upon request.

Received: 20 January 2024; Accepted: 12 April 2024

References
	 1.	 Makvandi, M., Hasani, N., Lary, S. M. and Khodabakhshi, Z. Research on the evolution of minaret from early Islam to Seljuk 

period looking at background of minaret in Iran Research on the evolution of minaret from early Islam to Seljuk period looking 
at background of minaret in Iran. In Special Issue: The Second National Conference on Applied Research in Science and Technology, 
(2017).

	 2.	 Zulfa, N. Architecture and islamic arts during the abbasiyah dynasty. J. Soc. Sci. Res. 3, 8026–8037 (2023).
	 3.	 Buhlfaia, S. A. Historical background of Libyan mosque architecture : Assessment and criticism of mosques in Ajdabiya city a 

thesis submitted to the graduate school of natural and applied sciences of Middle East Technical University By Saeid Ali Buhlfaia 
In Partial Fulfi. Middle East Technical University, (2006).

	 4.	 Massoud, H. M. The minaret: A reassessment of architectural function and religious value, in light of modern technology. JES J. 
Eng. Sci. 48(2), 406–420. https://​doi.​org/​10.​21608/​jesaun.​2020.​107708 (2020).

	 5.	 Benzine, R. The minaret in the history of Islam, pp. 19–22 (2015).
	 6.	 All, A. M. & Terms, J. Al-Azhar Mosque: An architectural chronicle of Cairo’s history. Muqarnas Online 13(1996), 45–67 (2014).
	 7.	 Khan, N. R. Art and Architectural Traditions of India and Iran Commonality and Diversity (Taylor & Francis, 2022).
	 8.	 Buksh, U. M., Malik, U. M. & Historical, M. A comparative study of minarets of contemporary Jamia mosques and Mughal histori-

cal mosques of lahore. J. Art Archit. Built Environ. 2(2), 81–101. https://​doi.​org/​10.​32350/​jaabe (2019).
	 9.	 Torres-Aguilar, C. E., Arce, J., Xamán, J. & Macias-Melo, E. V. Experimental study and numerical analysis of radiative losses of 

single-channel solar chimney. J. Build. Phys. 46(3), 340–371. https://​doi.​org/​10.​1177/​17442​59122​11272​79 (2022).
	10.	 El Sayed Soliman, S. Between the turbans and the tops of minarets of the Middle Age in Cairo, an approach to designing styles. 

Ain Shams Eng. J. 9(4), 3135–3149. https://​doi.​org/​10.​1016/j.​asej.​2017.​11.​009 (2018).
	11.	 Othman, R. & Zainal-Abidin, Z. J. The importance of Islamic art in mosque interior. Procedia Eng. 20, 105–109. https://​doi.​org/​

10.​1016/j.​proeng.​2011.​11.​144 (2011).
	12.	 Hasan Al Fahmawee, E. A. D. Semiotics as an approach to the analysis of symbolism in islamic architectural arts. Archit. Eng. 7(2), 

3–19. https://​doi.​org/​10.​23968/​2500-​0055-​2022-7-​2-​03-​19 (2022).
	13.	 Göle, N. The public visibility of Islam and European politics of resentment: The minarets-mosques debate. Philos. Soc. Crit. 37(4), 

383–392. https://​doi.​org/​10.​1177/​01914​53711​398773 (2011).
	14.	 Allen, C. Islamophobia and the problematization of mosques: A critical exploration of hate crimes and the symbolic function of 

‘Old’ and ‘New’ Mosques in the United Kingdom. J. Muslim Minor. Aff. 37(3), 294–308. https://​doi.​org/​10.​1080/​13602​004.​2017.​
13884​77 (2017).

	15.	 Ibrahim, I. A. & Safiai, M. H. The role of amateur observatories in Falak education in Malaysia. Mediterr. J. Soc. Sci. 5(29), 40–48. 
https://​doi.​org/​10.​5901/​mjss.​2014.​v5n29​p40 (2014).

	16.	 El-Emarey, N. Mosque crescents: An Egyptian handcraft that is popular in the Islamic world (2018).
	17.	 Azmi, N. A. & Ibrahim, S. H. A comprehensive review on thermal performance and envelope thermal design of mosque buildings. 

Build. Environ. 185, 107305. https://​doi.​org/​10.​1016/j.​build​env.​2020.​107305 (2020).
	18.	 Boubou Cisse, J. P. M. & Luchini, S. The mute symbols of Islam. Revue Teledetect. 8(1), 17–34 (2006).
	19.	 Wulandari, A., Suprapti, A. & Budi Sardjono, A. Cultural continuity and change in Kudus Kulon: The urban heritage trialogue. J. 

City Brand. Authent. https://​doi.​org/​10.​61511/​jcbau.​v1i2.​2024.​397 (2024).
	20.	 Zhai, X. Q., Song, Z. P. & Wang, R. Z. A review for the applications of solar chimneys in buildings. Renew. Sustain. Energy Rev. 

15(8), 3757–3767. https://​doi.​org/​10.​1016/j.​rser.​2011.​07.​013 (2011).
	21.	 Singh, M. K., Mahapatra, S. & Atreya, S. K. Solar passive features in vernacular architecture of North-East India. Solar Energy 

85(9), 2011–2022. https://​doi.​org/​10.​1016/j.​solen​er.​2011.​05.​009 (2011).
	22.	 Raof, B. Y. Developing vernacular passive cooling strategies in (Kurdistan-Iraq). Int. J. Sci. Technol. Res. 7(3), 13–20 (2018).
	23.	 Başaran, T. Thermal analysis of the domed vernacular houses of Harran, Turkey. Indoor Built. Environ. 20(5), 543–554. https://​

doi.​org/​10.​1177/​14203​26X11​411237 (2011).
	24.	 Stojkovski Filip, S. V., Marija, C. & Risto, F. Numerical modelling of a solar chimney power. In Technological, Modelling and 

Experimental Achievements in Energy Generation Systems (International Conference & Workshop REMOO-2015, 2015).
	25.	 Das, P. & Chandramohan, V. P. A review on recent advances in hybrid solar updraft tower plants: Challenges and future aspects. 

Sustain. Energy Technol. Assess. 55, 102978. https://​doi.​org/​10.​1016/j.​seta.​2022.​102978 (2023).
	26.	 Abdel-Baky, M. A., Eaid, E.-D.I., El-Khaldy, I. A. & Tawfic, A. F. Investigation of natural ventilation using a solar chimney in vari-

ous solar cases. Int. J. Innov. Res. Sci. Stud. 7(2), 587–606. https://​doi.​org/​10.​53894/​ijirss.​v7i2.​2699 (2024).
	27.	 Sakhri, N., Moussaoui, A., Menni, Y., Sadeghzadeh, M. & Ahmadi, M. H. New passive thermal comfort system using three 

renewable energies: Wind catcher, solar chimney and earth to air heat exchanger integrated to real-scale test room in arid region 
(Experimental study). Int. J. Energy Res. 45(2), 2177–2194. https://​doi.​org/​10.​1002/​er.​5911 (2021).

	28.	 Ahmed, T., Kumar, P. & Mottet, L. Natural ventilation in warm climates: The challenges of thermal comfort, heatwave resilience 
and indoor air quality. Renew. Sustain. Energy Rev. 138, 110669. https://​doi.​org/​10.​1016/j.​rser.​2020.​110669 (2021).

	29.	 Soto, A., Martínez, P., Soto, V. M. & Martínez, P. J. Analysis of the performance of a passive downdraught evaporative cooling system 
driven by solar chimneys in a residential building by using an experimentally validated trnsys model. Energies (Basel) https://​doi.​
org/​10.​3390/​en141​23486 (2021).

	30.	 Huang, Y., Wang, B., Shi, L., Zhong, H. & Dong, B. Performance evaluation of solar chimney in tunnel for passive ventilation and 
smoke exhaustion: A numerical approach. Appl. Therm. Eng. https://​doi.​org/​10.​1016/j.​applt​herma​leng.​2023.​122227 (2024).

	31.	 Zhang, G. & Shi, L. Improving the performance of solar chimney by addressing the designing factors. IOP Conf. Ser. Earth Environ. 
Sci. https://​doi.​org/​10.​1088/​1755-​1315/​168/1/​012010 (2018).

	32.	 Nateghi, S. K. & Jahangir, M. H. Performance evaluation of solar chimneys in providing the thermal comfort range of the building 
using phase change materials. Clean. Mater. 5, 100120. https://​doi.​org/​10.​1016/j.​clema.​2022.​100120 (2022).

https://doi.org/10.21608/jesaun.2020.107708
https://doi.org/10.32350/jaabe
https://doi.org/10.1177/17442591221127279
https://doi.org/10.1016/j.asej.2017.11.009
https://doi.org/10.1016/j.proeng.2011.11.144
https://doi.org/10.1016/j.proeng.2011.11.144
https://doi.org/10.23968/2500-0055-2022-7-2-03-19
https://doi.org/10.1177/0191453711398773
https://doi.org/10.1080/13602004.2017.1388477
https://doi.org/10.1080/13602004.2017.1388477
https://doi.org/10.5901/mjss.2014.v5n29p40
https://doi.org/10.1016/j.buildenv.2020.107305
https://doi.org/10.61511/jcbau.v1i2.2024.397
https://doi.org/10.1016/j.rser.2011.07.013
https://doi.org/10.1016/j.solener.2011.05.009
https://doi.org/10.1177/1420326X11411237
https://doi.org/10.1177/1420326X11411237
https://doi.org/10.1016/j.seta.2022.102978
https://doi.org/10.53894/ijirss.v7i2.2699
https://doi.org/10.1002/er.5911
https://doi.org/10.1016/j.rser.2020.110669
https://doi.org/10.3390/en14123486
https://doi.org/10.3390/en14123486
https://doi.org/10.1016/j.applthermaleng.2023.122227
https://doi.org/10.1088/1755-1315/168/1/012010
https://doi.org/10.1016/j.clema.2022.100120


14

Vol:.(1234567890)

Scientific Reports |         (2024) 14:9721  | https://doi.org/10.1038/s41598-024-59589-0

www.nature.com/scientificreports/

	33.	 Glatzel, T. et al. Computational fluid dynamics (CFD) software tools for microfluidic applications—A case study. Comput. Fluids 
37(3), 218–235. https://​doi.​org/​10.​1016/j.​compf​luid.​2007.​07.​014 (2008).

	34.	 Woo Kim, R. et al. Computational fluid dynamics for non-experts: Development of a user-friendly CFD simulator (HNVR-SYS) 
for natural ventilation design applications. Biosyst. Eng. 193, 232–246. https://​doi.​org/​10.​1016/j.​biosy​stems​eng.​2020.​03.​005 (2020).

	35.	 Tominaga, Y. et al. Accuracy of CFD simulations in urban aerodynamics and microclimate: Progress and challenges. Build. Environ. 
https://​doi.​org/​10.​1016/j.​build​env.​2023.​110723 (2023).

	36.	 Laroche, R. D., Hutchings, B. J. and Muralikrishnan, R. In Proc. of the 2002 American Society for Engineering Education Annual 
Conference & Exposition. http://​flowl​ab.​fluent.​com (2002).

	37.	 Fedyushkin, A. I. & Puntus, A. A. Revisiting the need to combine educational and scientific-research processes in teaching CFD 
modelling to students. J. Phys. Conf. Ser. https://​doi.​org/​10.​1088/​1742-​6596/​1809/1/​012006 (2021).

	38.	 Shardul Agrawala, M. E. R. et al. Development and climate change in Egypt: Focus on coastal resources and the Nile (2004).
	39.	 UNESCO, “the City of A Thousand Minarets_ Historic Cairo_World Heritage - UNESCO Multimedia Archives. https://​www.​

unesco.​org/​archi​ves/​multi​media/​docum​ent-​874
	40.	 Mwizerwa, F. & Gupta, M. K. Establishing climate responsive building design strategies using climate consultant. Int. J. Recent 

Technol. Eng. https://​doi.​org/​10.​35940/​ijrte.​E6167.​018520 (2020).
	41.	 Abdulhady, H., Metwally, H. & Abdul Fattah, T. Review of the factors affecting the solar energy yield in Egypt. Egypt. Int. J. Eng. 

Sci. Technol. 29, 51–60. https://​doi.​org/​10.​21608/​eijest.​2020.​97330 (2020).
	42.	 Nofal, M. H. Design Standards for Mosques Architecture (Mosque architecture symposium, 1999).
	43.	 Toman, A. Evaluation of the planning standards of the mosques regarding the planning of land distribution. King Saud University, 

(2004).
	44.	 Amer, E. Studying the development of mosque architecture between authenticity and modernity: a monitoring of mosques in 

Greater Cairo. J. Urban Res., 10 (2013).
	45.	 “REED LM-8000 Multi-Function Environmental Meter. https://​www.​reedi​nstru​ments.​com/​produ​ct/​reed-​lm-​8000-​multi-​funct​

ion-​windm​eter (Accessed 10 April 2024).
	46.	 “UT363_UT363BT Mini Anemometers - UNI-T Meters _ Test & Measurement Tools and Solutions. https://​meters.​uni-​trend.​

com/​produ​ct/​ut363-​ut363​bt/ (Accessed 10 April 2024).
	47.	 Diab, S. Elements of islamic architectural heritage: Minaret. In WIT Transactions on the Built Environment (ed. Diab, S.) 167–178 

(WITPress, 2020). https://​doi.​org/​10.​2495/​IHA20​0141.
	48.	 Najmul Imam, S. M. Ventilation in a mosque—An additional purpose the minarets may Serve. Healthy Build. 2003, 746–751 

(2003).
	49.	 Al Wahid Jassim, J. A. A new design of the minaret as a two-sides wind catcher integrated with the wing wall for passive evapora-

tive cooling in hot climates. J. Eng. Sci. Technol. 13(11), 3856–3873 (2018).
	50.	 Bahadori, M. N. Viability of wind towers in achieving summer comfort in the hot arid regions of the middle east. Renew. Energy 

5(5–8), 879–892. https://​doi.​org/​10.​1016/​0960-​1481(94)​90108-2 (1994).
	51.	 Handayani Lubis, I., Donny Koerniawan, M. & Budiarto, R. The application of traditional architecture as passive design strategies 

for modern architecture in hot dry climate. IOP Conf. Ser. Mater. Sci. Eng. https://​doi.​org/​10.​1088/​1757-​899X/​401/1/​012004 (2018).

Author contributions
Hesham H. Awad has designed the methodology, performed the laboratory experiment, and conducted the 
computational simulation. Mahmoud Desouki reviewed the literature, developed the methodology, and super-
vised the research work.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in coopera-
tion with The Egyptian Knowledge Bank (EKB). 

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

https://doi.org/10.1016/j.compfluid.2007.07.014
https://doi.org/10.1016/j.biosystemseng.2020.03.005
https://doi.org/10.1016/j.buildenv.2023.110723
http://flowlab.fluent.com
https://doi.org/10.1088/1742-6596/1809/1/012006
https://www.unesco.org/archives/multimedia/document-874
https://www.unesco.org/archives/multimedia/document-874
https://doi.org/10.35940/ijrte.E6167.018520
https://doi.org/10.21608/eijest.2020.97330
https://www.reedinstruments.com/product/reed-lm-8000-multi-function-windmeter
https://www.reedinstruments.com/product/reed-lm-8000-multi-function-windmeter
https://meters.uni-trend.com/product/ut363-ut363bt/
https://meters.uni-trend.com/product/ut363-ut363bt/
https://doi.org/10.2495/IHA200141
https://doi.org/10.1016/0960-1481(94)90108-2
https://doi.org/10.1088/1757-899X/401/1/012004
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Integrating physical experiments with computational fluid dynamics to transform mosque minarets into efficient solar chimneys
	Methodology
	Imposing the experiment variables
	The minaret proportions
	Cairo climatic properties
	Mosques dimensions
	Space requirements
	Orientation and plan types
	Dimensions and height
	Entrances and windows

	Physical models variables
	Conducting the experiment
	Tools and devices
	Steps of the experiment

	Results and discussion
	Computational results

	Conclusion
	References


