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ABSTRACT 

The objective of this study is to conduct a numerical analysis of a small-scale solar ventilation-air 

conditioning system operating under the meteorological conditions of Bisha, Saudi Arabia. The primary 

objective of the proposed system is to provide sustainable and comfortable thermal conditions. To achieve 

this objective, the system recovers the heat wasted by the solar ventilation process and reuses it to power 

the desiccant dehumidification process. The solar chimney features a lateral (vertical) wall design, and a 

comparative performance investigation of two solar chimney designs (conventional vs original) is 

conducted. Mathematical models of the ventilated room and solar chimney are developed, and numerical 

simulations are carried out to evaluate the performance of each solar chimney design. The study aims to 

assess the ability of each design to maintain indoor thermal comfort through the analysis of air distribution 

temperature and air streamlines. The results of the performance comparison revealed that the proposed 

solar chimney design outperformed the conventional design in terms of thermal and ventilation 

performance. The proposed solar chimney design, with its lateral (vertical) wall, was also found to be more 

effective in maintaining indoor thermal comfort than the conventional design. The simulations showed that 

the proposed design produced a more uniform air distribution temperature within the ventilated room, 

resulting in improved comfort levels. Additionally, the proposed design was found to have a more efficient 

airflow pattern, with fewer areas of stagnant airflow. These results suggest that the proposed solar 

ventilation-air conditioning system has the potential to provide sustainable and comfortable thermal 

conditions in small-scale buildings. 

Keywords-solar chimney; ventilation; mathematical modeling; numerical simulation  

I. INTRODUCTION  

Changes in operating conditions, such as flow rate, porosity, 
and inlet air temperature, have a significant impact on the 
amount of mass and heat transfer that occurs during sorption 
phenomena between the air and adsorbent medium. To design 
an efficient dehumidification system, it is essential to 
accurately determine the influence of the initial moisture 
content of the adsorbent. Recent literature has explored this 
topic and offers several interesting works that examine the 
influence of operating conditions on mass and heat transfer.  

Authors in [1] investigated the impact of rotational speed 
on the performance of the desiccant wheel, which was 
characterized by the dehumidification effectiveness, 
dehumidification coefficient of performance, and sensible 
energy ratio. They also examined the influence of process air 
temperature and humidity inlets, regeneration air temperature, 
and the mass flow rate ratio of regeneration and process air on 
the optimal rotational velocity of the desiccant wheel. The 
authors discovered that the optimal rotational velocity for 
maximizing the dehumidification performance of the desiccant 
wheel ranged from 5 to 10 revolutions per hour, depending on 
the specific operating conditions. Additionally, they observed 

that the sensible energy ratio increased monotonically with an 
increase in the rotational velocity. 

Authors in [2] attempted to determine the optimal angle for 
achieving maximum airflow through natural ventilation in a 
solar chimney. They developed a model that allowed for the 
consideration of various parameters such as air velocity and 
temperature variation within the chimney. Authors in [3] used 
numerical analysis to investigate the temperature of the internal 
air in a solar greenhouse. They found that the temperature 
varied depending on several factors, including climate 
conditions, location, number of covers, and the shape of the 
greenhouse. It was also suggested that roofs could be utilized to 
generate electricity. Authors in [4] devised and analyzed a solar 
chimney system in a residential building that included a 
humidification and dehumidification desalination unit. The 
design aimed to facilitate ventilation and fresh water 
production through desalination. Authors in [5] proposed a 
solar energy-powered air conditioning system that utilized a 
façade acting as a solar chimney. The system used the heat 
from the solar chimney to facilitate the dehumidification 
process and drive an adsorption chiller. Authors in [6] 
conducted a numerical investigation on the effect of the 
inclination angle of the solar chimney and simulated the 
variation of the ventilation rate for different angles. They found 
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that an inclination angle of 45° to 70° was optimal for a latitude 
of 28.4°. Authors in [7] examined the impact of meteorological 
conditions on the daily incident solar flux on the facades of a 
building in the Adrar region of South Algeria. Authors in [8] 
carried out a theoretical study of a vertical facade solar 
chimney. Authors in [9-10] developed correlations to estimate 
a new pair of independent effectiveness parameters for 
desiccant wheels and investigated the influence of atmospheric 
pressure on heat and mass transfer within the wheels. Authors 
in [11] proposed a solar hybrid system for water desalination, 
air conditioning, and electricity production. Authors in [12] 
conducted a numerical and experimental study of a solar 
chimney and found that ambient air velocities greater than 2 
m/s improved the air velocity in the ducts. Authors in [13] 
performed experiments on solar chimney thermal performance 
for natural ventilation and observed the impact of the pressure 
difference between input and output on the air velocity. 
Authors in [14] investigated the thermal comfort in a building 
obtained through a solar chimney in cold weather and found 
that indoor thermal comfort was maintained even with low 
solar intensity and ambient temperature. Authors in [15] 
compared different configurations of solar chimneys to 
determine the most efficient one. Authors in [16] investigated 
the solar energy potential and carried out an economic study of 
a 5 kW rooftop photovoltaic system in Botswana. Many 
researchers have proposed hybrid systems for air conditioning, 
electricity production, and desalination.  

In this work, a proposed design of the studied system will 
be developed. The governing equations are presented and the 
results are discussed.  

II. PROBLEMENT STATMENT 

In Figure 1, the design proposal involves linking solar 
ventilation and solar desiccant air-conditioning. The coupling 
of these two systems is achieved by harnessing the waste heat 
generated by the solar ventilation system and using it to drive 
the desiccant dehumidification process. The conditioned room 
is naturally ventilated by a wall-mounted solar chimney that is 
oriented towards the south, and is also conditioned through a 
solar desiccant air-conditioning system. 

 

 

Fig. 1.  The proposed approach for a solar-powered ventilation-air 

conditioning system design. 

To maintain a room temperature of 25°C, the proposed 
system utilizes a wall-mounted solar chimney that uses the 
greenhouse effect to heat up the air gap and create a pressure 
difference. This drives the hot air from the conditioned room 

outlet towards the regeneration part of the Rotary Desiccant 
Wheel (RDW), allowing for desorption of the adsorbent in the 
RDW. In situations where the regeneration air is not hot 
enough, such as during night time, cloudy days, early morning, 
or late evening, an Auxiliary Heater (AH) and blower (AV) 
may be used to heat and drive the air from the chimney outlet. 
The system also incorporates a renewal inlet air (I-Air) that is 
first drawn from outside, filtered through F1, and then 
dehumidified using the desiccant in the adsorption part of the 
RDW. If the renewal inlet air (I-Air) has low relative humidity 
and is already dry, there is no requirement for 
dehumidification, and the Rotary Desiccant Wheel (RDW) can 
be bypassed. The renewal dehumidified air and room air are 
then mixed to obtain the process air, which is cooled through 
the water-air radiator (heat exchanger). The cooled process air 
is then filtered through F2 and injected into the conditioned 
room. Solar energy is harnessed using photovoltaic panels 
oriented towards the south to generate electricity to power all 
the electrical components of the proposed design, including 
blowers, auxiliary blower, desiccant wheel mechanical rotation, 
and possibly an auxiliary heater. The room to be ventilated has 
two openings, one providing direct access to fresh air intake, 
and the other used to release stale air to the solar chimney. The 
continuity equation, the momentum equations along the x and y 
axis and the energy conservation equation are stated as follows: 
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Energy conservation equation: 
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The equations governing the transport of turbulent kinetic 
energy (k) and turbulent energy dissipation (ε) are fundamental 
equations used in turbulent fluid mechanics. The equations are 
typically expressed below. 

Turbulent kinetic energy: 
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Turbulence dissipation: 
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with 
1C  , 

2C  and 
3C   values of 1.44, 1.92, and 0.09, 

respectively, and are empirical constants [17], Prk
and Pr are 

the turbulent Prandtl numbers for the variables k and ε having 
values of 1.0 and 1.3, respectively [13], and 

kG  indicates the 

gradients in mean velocity, are the turbulent Prandtl numbers 
for the variables: 
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where bG  represents the production of the turbulent kinetic 

energy due to the buoyancy: 
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Equations (1)-(8) are numerically implemented to assess the 
air temperature distribution and the air streamlines in the 
conditioned room. 

The proposed solar chimney consists of two key 
components: a tunnel and a collector (absorber and glass 
cover). When creating an energy model for the solar chimney, 
several necessary hypotheses are taken into account, including: 

 The absorber is uniformly heated: It is assumed that the 
absorber is heated uniformly by the sun's radiation, which 
allows for simplified calculations. 

 The solar collector is facing south: The solar collector is 
assumed to be oriented towards the south, and the influence 
of the sun's azimuth angle fluctuation is neglected. This 
simplifies the calculations but may not accurately represent 
the actual solar radiation that the collector receives. 

 The impact of the turbine on the airflow turbulence is 
disregarded: It is assumed that the airflow through the solar 
chimney is steady, and the impact of the turbine on airflow 
turbulence is ignored. This simplifies the analysis but may 
not represent the actual airflow behavior. 

 Airflow resistance losses are ignored: The losses due to air 
flow resistance are disregarded, which may not represent 
the actual pressure drop through the solar chimney. 

Energy balance equation for the glass cover: 
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Energy balance equation for the absorber: 
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Energy balance equation for the air flow in the collector: 
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Axial mean air temperature equation: 

,out ,in
(1 )f f fT T T       (12) 

where  is a constant that is suggested to be 0.74 [19]. 

The heat transfer coefficients involved in (9)-(11) can be 
found in [18]. The air temperature at the entrance of the 
regeneration portion of the rotating desiccant wheel is obtained 
numerically using (9)–(12).   

III. NUMERICAL RESULTS AND DISCUSSION 

Figure 2 depicts the evolution of realistic solar irradiance 
on June 1

 
and July 15, 2022, from 07:00 to 18:00. Parabolic 

trends of solar irradiance are imposed by the sun path. On June 
1

st
, 2022, the solar irradiance starts with 240 W/m

2
 at 07:00 to 

reach 800 W/m
2
 at 13:00 and finally falls to 470 W/m

2
 at 

18:00. On July 15
th
, 2022, the solar irradiance starts with 330 

W/m
2
 at 07:00 to reach 910 W/m

2
 at 12:00-13:00 and finally 

falls to 480 W/m
2
 at 18:00. Based on Figure 3, the evolution of 

the realistic ambient temperature on June 1 and July 15, 2022, 
from 07:00 to 18:00, can be described as follows: On June 1st, 
2022: The ambient temperature starts at 27°C at 07:00 and rises 
rapidly to 39°C at 13:00. After 13:00, the temperature begins to 
decrease slowly and falls to 32°C at 18:00. On July 15

th
, 2022: 

The ambient temperature starts at 29°C at 07:00 and increases 
rapidly to 42°C at 14:30. After 14:30, the temperature begins to 
drop slowly and falls to 39°C by 18:00. 

 

 

Fig. 2.  Solar irradiance on June 1  and July 15, 2022. 

Figures 4-6 provide important information regarding the 
thermal performance of the solar chimney. Specifically, these 
figures depict the inlet chimney air temperature, as well as the 
minimum and maximum required regeneration air temperature. 
This information allows for an assessment of the 
appropriateness of the outlet chimney air temperature in 
relation to the thermal performance of the solar chimney. 
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Fig. 3.  Simulation study of the realistic ambient temperatures on June 1 

and July 15, 2022. 

Figure 4 provides important information regarding the 
evolution of the outlet chimney air temperature on June 1

st
 and 

July 15
th
, 2022, from 07:00 to 18:00. The Figure indicates that 

the glass transmittance, chimney air gap, and chimney area 
were set to 0.799, 5 mm, and 3×3 m² respectively. According 
to the Figure, the outlet chimney air temperature becomes 
appropriate as regeneration air from 08:30 on June 1, 2022, and 
from 09:30 to 17:00 on July 15, 2022. This suggests that the 
solar ventilation system is effective in providing the required 
ventilation and cooling during these periods, as well as 
providing hot air for the dehumidification stage of the active 
desiccant air conditioning system. It is important to note that 
the periods lasting from 08:30-09:30 to 18:00 are the most 
critical periods when the solar ventilation as passive air-
conditioning and active desiccant air conditioning system are 
required to maintain the desired room temperature. During 
these periods, the outlet chimney air temperature is appropriate, 
which indicates that the solar ventilation system is operating 
efficiently and effectively. 

 

 

Fig. 4.  Numerical analysis of the outlet chimney air temperature in the solar ventilation system, June 1st and July 15th, 2022. 

 
Fig. 5.  Numerical analysis of the impact of the chimney air gap on the outlet chimney air temperature in the solar ventilation system on June 1 and July 15, 

2022 in Bisha, Saudi Arabia. 
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Fig. 6.  Numerical analysis of the impact of the chimney area on the outlet chimney air temperature in the solar ventilation system, on June 1 and July 15, 2022 

in Bisha, Saudi Arabia. 

 

Fig. 7.  Desorption evolution in the solar chimney system. 

 
Fig. 8.  The impact of chimney air gap on the desorption rate in the solar chimney system. 

Figure 5 provides information regarding the effect of 
chimney air gap on the thermal performance of the solar 

chimney in terms of outlet air temperature. The chimney air 
gap was varied from 5 mm to 7 mm during the two 
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investigation days: June 1 and July 15, 2022. The glass 
transmittance and chimney area were set to 0.799 and 3×3 m², 
respectively. According to Figure 5, on June 1

st
, 2022, 

increasing the chimney air gap from 5 mm to 7 mm resulted in 
a drastic reduction in the outlet chimney air temperature. The 
maximum air temperature reduction recorded was in the order 
of 14°C (from 75°C to 61°C), and the outlet chimney air 
temperature became totally outside the appropriate range of the 
required regeneration air temperature. This reduction in the 
outlet chimney air temperature is expected since increasing the 
chimney air gap reduces the air flow, leading to reduced 
heating and ventilation effectiveness. 

 

Figure 6 provides information regarding the effect of 
chimney area on the thermal performance of the solar chimney 
in terms of outlet air temperature. The chimney area was varied 
from 3×3 m² to 3.1×3.1 m² for the same study period. The glass 
transmittance and chimney air gap were set to 0.799 and 5 mm, 
respectively. According to Figure 6, on June 1

st
, 2022, 

increasing the chimney area from 3×3 m² to 3.1×3.1 m² 
induced a moderate increase in the outlet chimney air 
temperature, which became more and more within the 
appropriate range of the required regeneration air temperature. 
The maximum air temperature increase recorded was in the 
order of 4°C (from 75°C to 79°C). On July 15

th
, 2022, 

increasing the chimney area from 3×3 m² to 3.1×3.1 m² 
induced a moderate increase in the outlet chimney air 
temperature but led to a slight exceeding of the outlet chimney 
air temperature evolution outside the appropriate range of the 
required regeneration air temperature. The maximum air 
temperature increase recorded was in the order of 5°C (from 
84°C to 89°C). This increase in the outlet chimney air 
temperature is expected since increasing the chimney area 
enhances the heat transfer between the absorber and the air. 

Overall, the results suggest that a chimney area in the order 
of 3×3 m² is appropriate to achieve an acceptable thermal 
performance in terms of hot air regeneration for the desiccant 
medium within the dehumidification stage. However, a 
chimney area around 3.1×3.1 m² should be avoided when solar 
irradiance and ambient temperature are highly intense because 
it can lead to a slight exceeding of the outlet chimney air 
temperature outside the appropriate range of the required 
regeneration air temperature. It is important to note that the 
appropriate chimney area can vary depending on various 
factors such as the climate, the solar irradiance, and the size of 
the conditioned room. Therefore, it is recommended to perform 
a thorough analysis and simulation under different operating 
conditions to determine the optimal chimney area for a specific 
application. Overall, Figure 6 provides important information 
about the effect of chimney area on the thermal performance of 
the solar chimney and can be used to optimize the system's 
operation to maintain a comfortable room temperature while 
minimizing energy consumption. 

Figure 7 principally depicts the evolution of the desiccant 
moisture content within the dehumidification stage on June 1

 

and July 15, 2022 from 07:00 to 18:00. The glass 
transmittance, the chimney air gap and the chimney area are set 
at 0.799, 5 mm and 3×3 m², respectively. The desiccant 
desorption rate becomes slightly more pronounced when the 

regeneration air temperature increases by 9°, from 75°C to 
84°C. The moisture content drops below 0.01 kg (H2O)/kg (dry 
desiccant) from 900 s and 1100 s for a regeneration air 
temperature around 84°C to 75°C respectively. It can be 
concluded that even if the increase in regeneration air 
temperature is important, the increase in desiccant desorption 
rate remains not significant. 

Figure 8 provides information regarding the effect of the 
chimney air gap on the rate of desiccant desorption during the 
dehumidification stage. The chimney air gap changed from 5 to 
7 mm during the two inquiry days. The chimney area and glass 
transmittance were set as 33 m² and 0.799 m², respectively. 
According to Figure 8, on June 1

st
, 2022, the increment of the 

chimney air gap from 5 mm to 7 mm resulted in a moderate 
decline in the desiccant desorption rate. For regeneration air 
temperatures ranging from around 75°C to 61°C, the moisture 
content decreased to less than 0.01 kg (H2O)/kg (dry desiccant) 
in the 1100 s and 1700 s, respectively. On July 15, 2022, 
increasing the chimney air gap from 5 mm to 7 mm also 
resulted in a moderate decline in the desiccant desorption rate. 
From 900 s and 1400 s, with a regeneration air temperature 
ranging from 84°C to 68°C, respectively, the moisture content 
fell below 0.01 kg (H2O)/kg (dry desiccant). Overall, the 
results suggest that increasing the chimney air gap from 5 mm 
to 7 mm can lead to a moderate decline in the rate of desiccant 
desorption during the dehumidification stage. However, the 
reduction in the desiccant desorption rate is still within an 
acceptable range, and the moisture content falls below the 
required level for dry desiccant. It is important to note that the 
appropriate chimney air gap can vary depending on various 
factors such as the climate, solar irradiance, and the size of the 
conditioned room. Therefore, it is recommended to perform a 
thorough analysis and simulation under different operating 
conditions to determine the optimal chimney air gap for a 
specific application. Overall, Figure 8 provides important 
information about the effect of chimney air gap on the rate of 
desiccant desorption during the dehumidification stage and can 
be used to optimize the system's operation to maintain 
a comfortable room temperature while minimizing energy 
consumption. 

IV. CONCLUSIONS 

A new solar chimney design with a lateral (vertical) portion 
is proposed to provide winter mode thermal comfort in a 
ventilated room. The objective of this study was to conduct a 
numerical analysis of the thermal and ventilation capabilities of 
a small-scale hybrid solar ventilation-air conditioning system 
during two summer days in Bisha, Saudi Arabia. The results of 
this study will help the optimization of the design of the solar 
chimney and improving its performance. 

To further enhance the sustainability of the suggested 
design, future technological investigations can be undertaken to 
examine the coupling between solar ventilation and 
photovoltaic electricity generation. The integration of these two 
systems can increase the overall energy efficiency of the 
building and reduce its carbon footprint. Additionally, 
experimental studies of the suggested hybrid design, alone or in 
combination with photovoltaic electricity generation, can be 
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carried out to validate the results of the numerical analysis and 
identify any potential areas for improvement. 

Overall, the proposed solar chimney design with a lateral 
(vertical) portion has the potential to provide winter mode 
thermal comfort in a ventilated room while also reducing 
energy consumption and carbon emissions. Further research 
and development in this area can lead to the creation of more 
sustainable and energy-efficient buildings. 
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