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Abstract - The present study employs numerical analysis 
to examine the thermal and electrical performance of distinct 
photovoltaic/thermal (PV/T) hybrid solar chimney 
configurations integrated into multi-story buildings, to enhance 
passive space cooling. Various configurations are considered, 
including a single chimney, a combined chimney, a separated 
chimney, and a shunt chimney. The focus is on the impact of 
multiple air inlets on circulation and heat dissipation. The 
modeling is based on a two-dimensional mixed convection 
model, utilizing the Boussinesq approximation to simulate heat 
exchange and air movement. The transfer equations are 
discretized using the finite difference technique. The resulting 
system of equations is then solved using the Thomas algorithm 
in combination with the iterative Gauss-Seidel method. 
Numerical simulations compared the performance of each 
configuration, focusing on heat transfer and electrical efficiency 
stability at different Reynolds numbers. The results show that 
the combined, separated, and shunt configurations significantly 
improve heat dissipation and electrical efficiency stability. In 
particular, the separated stack provides a homogeneous 
distribution of heat thanks to the segmentation of the airflow, 
which avoids hot spots and ensures more efficient cooling of the 

photovoltaic cells. These integrated PV/T systems, therefore, 
offer the potential to optimize the use of solar energy in multi-
story buildings, while reducing energy requirements for passive 
cooling of interior spaces. 
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1. Introduction 
In a combined photovoltaic/thermal (PV/T) solar 

system, two modules are employed: one photovoltaic 
and the other for the collection of thermal energy. The 
system can transform solar energy into both electrical 
and thermal energy[1]. Research into PV/T energy 
systems has attracted significant attention in the solar 
energy field in recent years, as they offer a means of 
enhancing the efficiency of solar energy utilization. In 
recent decades, researchers have dedicated their 
attention to the development of photovoltaic-thermal 
(PV/T) technology. In addition to the aforementioned 
literature, several original systems and products have 
been proposed by the authors [1]. PV/T collectors can be 
classified into two categories, depending on the means of 
cooling employed: liquid-based and air-based. Liquid-
based PV/T collectors employ a liquid medium, such as 
water, in conjunction with a nanofluid for cooling 
purposes. 

 In a study conducted by Nualboonrueng et al. [2], 
the performance of water-based photovoltaic/thermal 
(PV/T) collectors was assessed under real-world 
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climatic conditions in Bangkok. The objective was to 
confirm the electrical and thermal energy provided by 
the collector in tropical areas. Jahromi et al. [3] 
performed an energy and economic evaluation of a PV/T 
water collector employing a MATLAB simulation. Rosa-
Clot et al.[4]conducted an experimental assessment of 
the thermal and electrical performance of the PV/T 
water collector, additionally comparing its electrical 
efficiency with that of a PV system. Mohammed El Hadi 
Attia et al[5] presented an improved design of PV-T 
systems incorporating finned cooling channels and a 
two-phase nano-fluid air/TiO2-water. Simulations show 
a significant increase in thermal and electrical efficiency, 
offering promising potential for building applications. 

The use of a liquid as a cooling medium results in 
relatively high thermal efficiency due to the high thermal 
conductivity of liquids. However, due to the intricate 
nature of their design, liquid-based PV/T collectors are 
costly to produce and are susceptible to freezing during 
operation in winter. Conversely, air PV/T collectors are 
cost-effective due to their simple design and minimal 
maintenance requirements. Nevertheless, the heat 
transfer performance of PV/T air collectors is 
inadequate due to the low thermal conductivity of air. 
Over the past decade, numerous attempts have been 
made to enhance the functionality of the PV/T air 
system, with the incorporation of diverse design and 
modification elements. For instance, Slimenai et al. 
[6]conducted a comparative numerical study comparing 
PV modules with three distinct types of PV/T air 
collectors in the context of Algiers climatic conditions. 
The results indicated that the glazed double-pass 
collector exhibited the most favorable overall daily 
energy efficiency, achieving an average of 74%.  
Malagouda Patil et al.[7] analyzed the impact of an air 
cooling system on the operating temperature and 
performance of photovoltaic (PV) panels. The 
experimental installation, attached to the back of the 
panels, reduced their average temperature by 9°C, with 
maximum measured temperatures of 45.60°C (with 
cooling) compared with 50.24°C (without cooling), for 
an optimum air flow rate of 0.08 kg/s. This thermal 
reduction resulted in a significant increase in the energy 
conversion efficiency of the panels, from 7% to 12.6%. 
The results show that air cooling is an effective solution 
for preventing overheating of the panels and improving 
their overall efficiency. [8]put forward a novel design 
comprising two low-cost alterations to the conventional 
PV/T hybrid air collector system. To create a PV/T air 
system, a thin, flat sheet is suspended in the center of the 

air duct, or an extended surface is created on the walls of 
the air duct. The results indicated that the modifications 
are highly effective in extracting thermal energy and 
maintaining lower temperatures for the photovoltaic 
(PV) modules, thereby enhancing overall system 
efficiency. The impact of duct depth, channel length, and 
airflow rate on the overall performance of the PV/T 
hybrid air system was investigated through the 
application of validated numerical techniques.  
Experimental work was conducted in Busan, South 
Korea, on a novel photovoltaic/thermal (PV/T) single-
pass dual-flow air channel collector, featuring a non-
uniform cross-sectional rib, attached to the back of a 
photovoltaic (PV) module by Choi et al. [9]. The 
maximum electricity efficiency and overall thermal 
efficiency were 14.81% and 71.54%, respectively, for a 
mass flow rate of 0.07698 kg/s. Badi et al [10] put forth 
a passive cooling system for photovoltaic panels 
comprising an inclined channel with adiabatic 
extensions for the removal of heat through natural 
convection. This method enhances airflow by 65% and 
mitigates the maximum temperature by 11%, thus 
optimizing the yield and lifespan of photovoltaic panels 
in climates characterized by elevated temperatures. 

In an examination of the thermal performance of a 
PV-T air collector, Naima Boulfaf [11] conducted 
theoretical and numerical studies in dynamic mode to 
analyze the collector's behaviour. A thermal model was 
developed employing the finite element method, 
whereby temperature profiles for various components 
were established, including glazing, solar cells, and 
outlet air. The analysis revealed that the solar cells 
reached the highest temperatures, while the length of the 
collector and the air velocity exerted a considerable 
influence on the thermal efficiency of the system. An 
increase in airspeed, specifically from 0 to 1 m/s, serves 
to reduce the temperature of the photovoltaic (PV) 
module, particularly by cooling the solar cells. This study 
is concerned with the simulation and optimization of an 
innovative air-cooled photovoltaic/thermal (PV-T) 
collector, which employs thermal micro-pipes to 
enhance performance. Wan Yu et al. [12] developed a 
numerical model for the analysis of the thermal and 
electrical behaviour of the collector under different 
operating conditions. The incorporation of thermal 
micro-pipes facilitates enhanced heat dissipation, 
thereby reducing the temperature of the photovoltaic 
cells and improving electrical efficiency. The outcomes 
demonstrate that this system enhances overall efficiency 
relative to conventional PV-T collectors. Optimization of 
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the design parameters, including the configuration of the 
micro-pipes and the airflow, serves to enhance the 
performance of the system as a whole. In a separate 
study, S Zine et al. [13] conducted an experimental 
investigation into the thermal and electrical 
performance of an air-cooled photovoltaic/thermal (PV-
T) hybrid solar collector for domestic use. The PV-T 
system makes use of air as a heat transfer medium to 
extract heat generated by photovoltaic cells. This has the 
effect of improving the efficiency of electricity 
production by reducing operating temperatures. The 
experiments employed a temperature monitoring 
system to assess the temperature of the cells and the air 
leaving the collector, in addition to quantifying the heat 
flow transferred between the different layers of the 
collector. The transfer of thermal energy is optimized 
with an increase in airflow rate, resulting in enhanced 
cooling of the photovoltaic cells. The results demonstrate 
that this cooling mechanism improves the electrical 
efficiency of the system while providing warm air that 
can be utilized for domestic applications such as heating. 
A comprehensive analysis of the overall thermal 
efficiency of the system was conducted, taking into 
account a range of operating parameters, including solar 
radiation intensity and air flow rate. The results 
demonstrate the effectiveness of the PV-T collector with 
air cooling in enhancing both electricity generation and 
heat utilization in a residential context. In a study 
conducted by Shahsavar and Ameri[14], a 
photovoltaic/thermal (PV/T) air collector was designed, 
comprising a thin aluminum foil suspended in the middle 
of the air channel. The thermal characteristics of this 
collector were then examined under both natural and 
forced convection conditions, with and without a glass 
cover. Nguyen Van Hap et al[15] explored the 
performance of photovoltaic-thermal (PV-T) systems 
incorporating air heating. They performed a parametric 
analysis to assess the effect of various factors, such as air 
flow rate, solar intensity, and channel design, on overall 
thermal and electrical efficiency. An optimization 
methodology was used to identify the ideal 
configurations for maximizing heat recovery while 
maintaining high electrical output. The results highlight 
the potential of air-cooled PV-T systems as versatile and 
efficient energy solutions for residential and industrial 
applications. Assoa and Menezo [16] conducted 
simulations of air-cooled PV/T collectors utilizing either 
natural or forced ventilation. Their findings indicated 
that the thermal efficiency of PV/T collectors employing 
forced ventilation was superior to that of PV/T collectors 

utilizing natural ventilation. Kamel Sahlaoui et al 
[17]evaluated the thermal and electrical performance of 
a hybrid photovoltaic-thermal (PV/T) collector using air 
as the cooling medium. A study combining numerical 
simulations and experiments examined the effect of 
parameters such as air flow rate, solar irradiation 
conditions and collector design. The results show that 
the PV/T air system improves thermal efficiency through 
better heat management, while increasing electrical 
efficiency by reducing panel temperature. These results 
confirm the potential of hybrid PV/T collectors to 
optimise energy production in sustainable applications. 
The integration of photovoltaic and thermal (BIPV/T) 
systems within building envelopes allows for the 
collection of solar energy, which can be harnessed to 
generate both electricity and useful heat. This approach 
offers a highly efficient method for reducing the costs 
and consumption of energy used within buildings. The 
BIPV/T concept originated in the 1990s [18], as 
evidenced by the installation of a BIPV/T system on a 
restaurant rooftop in North Carolina, USA. This 
demonstration system was implemented as part of a PV 
Bonus initiative, to produce electricity and hot water 
[18]. The research into water-based BIPV/T systems is 
primarily focused on regions experiencing high 
temperatures. Examples of such research include 
projects in Hefei and Hong Kong[19]. To provide passive 
space heating in the winter and water heating during 
milder weather, a dual-purpose BIPV/T collector is 
utilized that employs natural circulation. A finite-
difference model was devised which takes into account 
the characteristics of the collector and the manner of its 
integration into the building[20]. Subsequently, the 
model was subjected to field experimentation to 
ascertain its validity. It was found that a natural water 
circulation system was more efficient than a forced 
water circulation system, in terms of the system's 
thermal performance. In the climatic conditions 
prevalent in Hong Kong, the annual thermal and 
electrical efficiencies attained were 37.5% and 9.39%, 
respectively. Moreover, it was demonstrated that the 
BIPV/T system reduced overall thermal transmittance to 
38% of that exhibited by a conventional building wall. 
BIPV/T systems in the air, on the other hand, have been 
studied in both cold and hot regions. Chen et al [21] 
presented a two-story, low-energy, prefabricated, single-
family solar house in Quebec, Canada, with an open-loop, 
air-based BIPV/T system thermally coupled to a 
ventilated concrete slab. It was found that a BIPV/T 
system can significantly reduce the temperature of the 
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photovoltaic panels and has great potential for space 
heating support. To avoid snow cover during the cold 
winter period, Nagano et al [22] developed an air-
oriented BIPV/T system integrated with vertical exterior 
wall panels. For two full months, from December 1999 to 
January 2000, comparative outdoor experiments were 
conducted with different BIPV/T systems.The 
introduction of a supplementary glass covering in front 
of the photovoltaic modules resulted in a notable 
increase in thermal efficiency, from approximately 22% 
to 29%. However, this improvement was accompanied 
by a concurrent decrease in electrical efficiency, from 
around 11% to 9%. This reduction can be attributed to 
the formation of condensation on the inner glass surface, 
the elevated temperature of the photovoltaic cells, and 
the reduction in the transmission of solar radiation onto 
the PV surface. In a separate study, Pantic et al [23] 
investigated the possibility of enhancing the efficiency of 
the BIPV/T system by integrating a 1.5 m vertical glazed 
air collector in parallel with the BIPV/T system outlet. 
During the period of low solar altitude in December and 
January, the solar air collector received considerable 
solar irradiation, resulting in the generation of warm air 
suitable for coupling with rock heat storage. The 
investigation revealed that the incorporation of a small 
vertical solar air heater into the unglazed BIPV/T system 
led to an enhancement in thermal energy production 
during the period of low solar irradiation. Despite the 
improved thermal efficiency of an air-cooled PV/T 
system, the air channel outlet temperature is often 
higher, leading to overheating of the photovoltaic cells. 
Nonetheless, the proliferation of heat within the 
photovoltaic cells represents a considerable obstacle to 
the optimal functioning of these systems, as it diminishes 
their electrical efficiency. It has been established by 
previous research that effective heat management is of 
paramount importance for the sustained high efficiency 
of PV/T systems. To remedy this situation, novel solar 
chimney configurations, including combined, separated, 
and shunt chimneys, have been put forth in this study as 
a means of enhancing the dissipation and ventilation of 
PV modules. This research project employs a 
computational approach to investigate the thermal and 
electrical functionality of distinct solar chimney 
configurations integrated into multi-story edifices. Of 
particular interest are the effects of incorporating 
multiple air inlets, which may facilitate more effective 
airflow and heat dissipation, reducing the probability of 
overheating while enhancing system-level efficiency. 
The findings of this study may provide valuable insights 

for advancing the development of more effective passive 
cooling techniques and solar photovoltaic energy 
generation systems. These developments could prove 
beneficial for meeting the rising demand for renewable 
energy in the built environment.  

This study aims to compare the electrical and 
thermal performance of a multi-inlet 
photovoltaic/thermoelectric (PV/T) air system with that 
of a single-inlet PV/T collector. The present study will 
employ numerical analysis to investigate a mixed 
convection problem in a vertical PV/T hybrid thermal 
energy storage system, which is equipped with multiple 
inlets and is subjected to a constant heat flux for heating 
and ventilation. In this study, the airflow is introduced 
into the structure via internal openings and 
subsequently exits through an external port. 
 

2. Mathematical formulation 

2.1 Physical model 

The objective of this study is to assess the impact 
of air circulation on the three pioneering types of vertical 
solar chimneys that can be incorporated into a multi-
story structure. They comprise a PV/T collector with a H-
shaped configuration. The solar chimney features three 
distinct levels of fresh air intake. The second chimney 
comprises a shunt duct of width d₂ which allows the 
introduction of fresh air into the main duct of width d₁, 
thus enabling the removal of excess heat from the solar 
cells. The third chimney is equipped with three inlets and 
three outlets. A comparative analysis will be conducted 
to examine the thermal and electrical performance of the 
three chimney types under consideration and evaluate 
their relative efficacy in comparison to a traditional 
vertical chimney. To extract the surplus heat produced 
by the solar cells, air is utilized as the heat transfer 
medium in the main channel. A two-dimensional (2D) 
transient laminar mixed convection model has been 
postulated. The transfer equations were formulated on 
the assumption that the thermophysical properties of 
the air remain constant and that the fluid is 
incompressible. The Boussinesq approximation was 
employed. 
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Figure 1 diagram of the physical model of solar chimneys: a) 

simple chimney b) combined chimney c) shunt chimney d) 

separated chimney 

 
2.2 Governing equations 

 
Continuity equation 

 
𝜕𝑈

𝜕𝑋
+

𝜕𝑉

𝜕𝑌
= 0 (1) 

 
Movement equation 

 
𝜕Ω

𝜕𝜏
+ 𝑈

𝜕Ω

𝜕𝑋
+ 𝑉

𝜕Ω

𝜕𝑌

=
1

𝑅𝑒
(

𝜕2Ω

𝜕𝑋2
+

𝜕2Ω

𝜕𝑌2)

+ 𝑅𝑖

𝜕𝜃

𝜕𝑋
 

(2) 

 
Energy equation 

 
𝜕𝜃

𝜕𝜏
+ 𝑈

𝜕𝜃

𝜕𝑋
+ 𝑉

𝜕𝜃

𝜕𝑌
=

1

𝑅𝑒𝑃𝑟
(

𝜕2𝜃

𝜕𝑋2
+

𝜕2𝜃

𝜕𝑌2) (3) 

 
2.3 Associated boundary conditions 

 
Initial conditions 
At 𝜏 = 0, 𝜃 = Ω = Ψ = 𝑈 = 𝑉 = 0  
At 𝜏 > 0 
Combined chimney  

 
𝑋 = 0; 0 < 𝑌 < 𝐷 

𝑈 = 𝑉 = 0; Ω = −
𝜕2Ψ

𝜕𝑋2
|

𝑋=0

 

𝜕𝜃

𝜕𝑋
|

𝑋=0
= −(𝜏𝑔𝑙𝛼𝑝𝑣 − 𝜂𝑒) 

(4) 

 
𝑋 = 1; 𝐾 < 𝑌 < 𝐷 

𝑈 = 𝑉 = 0; Ω = −
𝜕2Ψ

𝜕𝑋2
|

𝑋=1

 

𝜕𝜃

𝜕𝑋
|

𝑋=1
= (𝜏𝑔𝑙𝛼𝑎𝑏𝑠𝛼𝑃𝑉) 

(5) 

 
𝑋 = 1; 0 < 𝑌 < 𝑆 

𝑈 = 𝑉 = 0; Ω = −
𝜕2Ψ

𝜕𝑋2
|

𝑋=1

 

𝜕𝜃

𝜕𝑋
|

𝑋=1
= (𝜏𝑔𝑙𝛼𝑎𝑏𝑠𝛼𝑃𝑉) 

(6) 

 
𝑋 = 1; 𝑃 < 𝑌 < 𝐴 

𝑈 = 𝑉 = 0; Ω = −
𝜕2Ψ

𝜕𝑋2
|

𝑋=1

 

𝜕𝜃

𝜕𝑋
|

𝑋=1
= (𝜏𝑔𝑙𝛼𝑎𝑏𝑠𝛼𝑃𝑉) 

(7) 

 
𝑋 = 1; 𝐴 < 𝑌 < 𝐾 

𝑈 = −1; 𝑉 = 0; Ψ = −𝑌; Ω

= −
𝜕2Ψ

𝜕𝑋2
|

𝑋=1

 

𝜃 = 0 
𝑋 = 1; 0 < 𝑌 < 𝑇 

𝑈 = −1; 𝑉 = 0; Ψ = −𝑌; Ω

= −
𝜕2Ψ

𝜕𝑋2
|

𝑋=1

 

(8) 

 
𝜃 = 0 

𝑋 = 1; 𝑆 < 𝑌 < 𝑃 
𝑈 = −1; 𝑉 = 0; Ψ = −𝑌 

(9) 

 

Ω = −
𝜕2Ψ

𝜕𝑋2
|

𝑋=1

; 𝜃 = 0 (10) 
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𝑌 = 𝐷; 0 < 𝑋 < 1 
 

𝜕𝑈

𝜕𝑌
|

𝑌=𝐷
= 0;

𝜕𝑉

𝜕𝑌
|

𝑌=𝐷
= 0 

𝜕2Ψ

𝜕𝑌2
|

𝑌=𝐷

= 0;
𝜕𝜃

𝜕𝑌
|

𝑌=𝐷
= 0 

(11) 

 
Shunt chimney 

 
𝑋 = 0; 0 < 𝑌 < 𝐷 

𝑈 = 𝑉 = 0; Ω = −
𝜕2Ψ

𝜕𝑋2
|

𝑋=0

 

𝜕𝜃

𝜕𝑋
|

𝑋=0
= −(𝜏𝑔𝑙𝛼𝑝𝑣 − 𝜂𝑒) 

(12) 

 
𝑌 = 0; 0 < 𝑋 < 1 

𝑈 = 𝑉 = 0; Ω = −
𝜕2Ψ

𝜕𝑌2
|

𝑌=0

;
𝜕2Ψ

𝜕𝑌2
|

𝑌=0

= 0 
𝜕𝜃

𝜕𝑌
|

𝑌=0
= 0 

(13) 

 
Absorber plates 

 
𝑋 = 𝐵 

𝑈 = 𝑉 = 0; Ω = −
𝜕2Ψ

𝜕𝑋2
|

𝑋=𝐵

;
𝜕𝜃

𝜕𝑋
|

𝑋=𝐵

= (𝜏𝑔𝑙𝛼𝑎𝑏𝑠𝛼𝑃𝑉) 

(14) 

 
Inlet openings  

 
𝑋 = 1 

𝑈 = −1; 𝑉 = 0; Ψ = −𝑌; Ω

= −
𝜕2Ψ

𝜕𝑋2
|

𝑋=1

; 𝜃 = 0 
(15) 

 

𝑈 =
𝜕Ψ

𝜕𝑋
; 𝑉 = −

𝜕Ψ

𝜕𝑌
; Ω

= − (
𝜕2Ψ

𝜕𝑋2
+

𝜕2Ψ

𝜕𝑌2 ) 
(16) 

 
Simple chimney 

 
𝑋 = 0; 0 < 𝑌 < 𝐷 

𝑈 = 𝑉 = 0; Ω = −
𝜕2Ψ

𝜕𝑋2
|

𝑋=0

 
(17) 

𝜕𝜃

𝜕𝑋
|

𝑋=0
= −(𝜏𝑔𝑙𝛼𝑝𝑣 − 𝜂𝑒) 

𝑋 = 1; 0 < 𝑌 < 𝐷 

𝑈 = 𝑉 = 0; Ω = −
𝜕2Ψ

𝜕𝑋2
|

𝑋=1

 

𝜕𝜃

𝜕𝑋
|

𝑋=1
= (𝜏𝑔𝑙𝛼𝑎𝑏𝑠𝛼𝑃𝑉) 

(18) 

 
𝑌 = 0; 0 < 𝑋 < 1 

𝑈 = 0; 𝑉 = 1; Ψ = −𝑋; Ω

= −
𝜕2Ψ

𝜕𝑋2
|

𝑋=1

; 𝜃 = 0 
(19) 

 
𝑌 = 0; 0 < 𝑋 < 1 

𝑈 = 𝑉 = 0; Ω = −
𝜕2Ψ

𝜕𝑌2
|

𝑌=0

;
𝜕2Ψ

𝜕𝑌2
|

𝑌=0

= 0;
𝜕𝜃

𝜕𝑌
|

𝑌=0
= 0 

(20) 

 
Separated chimney 

At the inlets 

 

 𝑋 = 1 

             𝑈 = −1; 𝑉 = 0 ;  Ψ = −𝑌;                       (21) 

Ω = −
𝜕2Ψ

𝜕𝑋2
|

𝑋=1

; 

𝜃 = 0 

On the PV level 

𝑋 = 0 

𝑈 = 𝑉 = 0 ;   Ω = −
𝜕2Ψ

𝜕𝑋2|
𝑋=0

;                           (22) 

𝜕𝜃

𝜕𝑋
|

𝑋=0
= −(𝜏𝑔𝑙𝛼𝑝𝑣 − 𝜂𝑒) 

 

Absorbers:  

𝑋 = 1 

𝑈 = 𝑉 = 0  ;   Ω = −
𝜕2Ψ

𝜕𝑋2|
𝑋=1

  ;                         (23) 

𝜕𝜃

𝜕𝑋
|

𝑋=1
=   (𝜏𝑔𝑙𝛼𝑎𝑏𝑠𝛼𝑃𝑉) 

 

2.4 Assessment of Heat Transfer Intensity 
The transfer of heat through vertical walls 

subjected to heating may be described in terms of the 
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Nuselt number, which represents a ratio of the 
conductive transfer of heat to the convective flux 
through the refrigerant. The following formula may 
calculate the local Nusselt number on the active plate 
with the photovoltaic (PV) cells at the coordinate X=0. 

 
𝑁𝑢𝑃𝑉 = 1 𝜃(𝑌)⁄  (24) 

 
The electrical efficiency of a photovoltaic solar cells is 

expressed in the following way:  
 

  𝜼𝒆𝒍 = 𝜂𝑟𝑒𝑓 + 𝛽𝑃𝑉(Θ𝑃𝑉 − 298) + 𝛾log (
𝜑

1000
) 

 

       
(25) 

 
The following relationship is used to evaluate the 

thermal efficiency of the chimney: 
 

𝜂𝑡ℎ =
𝑚̇𝐶𝑎𝑖𝑟(𝑇0 − 𝑇𝑖)

𝑆0𝑄0
 (26) 

 

Θ𝑃𝑉 =
1

𝐻
∫ 𝑇𝑃𝑉(𝑦)𝑑𝑦

𝐻

0

 (27) 

 

𝑚̇ = ∫ 𝑉(𝑋, 𝐴)𝑑𝑥
1

0

 (28) 

 

formerΘ𝑃𝑉  is the average temperature of the PV, 
𝑇0 is the temperature of the air leaving the chimney and 
𝑇𝑖 is the temperature of the air entering the chimney. 

 
2.5 Numerical procedure 

The differential equations that govern the transfer 
of heat and mass in a solar chimney are solved using the 
finite difference method. To circumvent potential 
instabilities commonly observed in mixed convection 
problems, a second-order upwind method was 
implemented for the convective components, whereas 
the central difference methodology was adopted to 
approximate the first- and second-order derivatives of 
the diffusive terms. The algebraic equations (2) and (3) 
were integrated using the Thomas algorithm. At each 
iteration, the successive point sub-relaxation method 
was applied to the Poisson equation, Eq. (4). It was 
determined that the optimal sub-relaxation coefficient 
was 0.8 for the 51×101 grid previously utilized in this 
study. The solution obtained at each time step exhibits 
iteration convergence. To confirm the existence of a 
stable solution, a condition must be satisfied.   

It is presumed that solutions will converge when 
the absolute value of the relative error for each variable 
between successive iterations is less than a 
predetermined value, denoted 𝜖, such as 

∑ |
φ𝑡(𝑖,𝑗)−φ𝑡−1(𝑖,𝑗)

φ𝑡(𝑖,𝑗)
| ≤ 10−5 . In the aforementioned 

equation, the variable φ is equal to ψ,  Ѳ, and ω, while the 
parameter t represents the number of iterations.  A time 
step of 10⁻⁵ was deemed appropriate for the 
calculations. The approximation of wall vorticity is 
achieved through the implementation of the Woods 

formula. 𝜔𝑊 =
1

2
𝜔𝑊+1 −

3

∆𝛿2 (ψ𝑊 − ψ𝑊+1). In this 

context, ψ𝑊    and  ψ𝑊+1  represent the values of the 
stream function at points adjoining the boundary wall. 
While δ is oriented in a normal vector to the boundary 
wall.  

 
2.6 Mesh grid refinement study 

The objective is to reduce the mesh's influence on 
the simulation's accuracy. To achieve this, mesh-
independent solutions are ensured by comparing 
different meshes, with the highest Rayleigh and 
Reynolds numbers used in the present work (Ra = 3.105 
and Re = 150) taken into account. As illustrated in Table 
1, minor deviations are observed in the characteristic 
quantities Ѱ, Ѳ, and Nu for non-uniform 21x51 and 
51x101 meshes, compared to their uniform 
counterparts, the 51x51 and 101x101 meshes. Adopting 
a heterogeneous mesh configuration allows for the 
optimization of resolution, thereby facilitating a superior 
geometric representation of the model. This approach 
also serves to reduce numerical errors and enhance 
computational efficiency. However, the 51x101 mesh 
was selected due to its enhanced efficiency in heat 
transfer in comparison to the 21x51 mesh, as indicated 
by a 2.48% augmentation in the Nusselt number.  The 
data about the electrical and thermo-optical properties 
of the walls used in the computations are presented in 
Table 2. 

Table 1: Mesh sensitivity study 
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Table 2: Electrical and thermo-optical properties of walls

 
 

3. Results and Discussion 
3.1 Cumputer code validation 

The developed calculation code was tested by 

presenting the stationary laminar mixed convection 

problem in a ventilated square cavity. The 

aforementioned cavity is furnished with an air inlet and 

an air outlet and is filled with air (Pr = 0.71). One wall of 

the cavity is maintained at a constant temperature, Tc 

(the bottom wall), while the remaining walls are treated 

as adiabatic boundaries. The solution of the test problem 

exhibits a high degree of agreement with the solutions of 

the ventilated cavity, as reported by Bouabdallah et al. 

[24], for a Grashof number fixed at 105  and a Richardson 

number fixed at 20. The results are presented in Figure 

2. 

 
Figure 2: streamlines and isotherms for validation 

3.2 Visualization of streamlines and isotherms in the 

chimneys 

The structure of the streamlines and the 
temperature distribution are presented for an aspect 
ratio (B=H/d) equal to 8, to facilitate analysis of the 
aforementioned parameters. The streamlines and 
isotherms are depicted for steady-state flows obtained 
for a fixed Rayleigh number (Ra) = 105, with the Reynolds 
number fixed at 100. Figure 3 illustrates the direction 
and velocity of airflow within each stacked model, as 
indicated by the streamlines. 

The simplest of the aforementioned stacks is 
represented by the diagram labeled 'a. The streamlines 
are predominantly vertical, indicating a steady ascent of 
air. The lack of divergence in the flow lines indicates the 
presence of an unidirectional and uniform airflow, with 
velocity dependent on the temperature differential. In 
the Combined stack (b), the streamlines are influenced 
by the presence of photovoltaic panels and a thermal 
absorber plate, which increase the air temperature and 
accelerate the airflow. The intensification of the 
circulation near the heat transfer surfaces is evident 
from the flow lines. Whereas a separated chimney is 
represented by symbol (c); the airflow is distributed 
across multiple sections, facilitating enhanced regulation 
of the ventilation process. This model incorporates a 
variation in flow between the different sections, 
facilitating the regulation of airflow velocity as required. 
Then, the fourth shunt is designated as Shunt Stack (d). 
As shown in the flow lines, the air is partially diverted, 
contingent on the desired ventilation conditions. The 
shunt enables the main flow to be diverted, which may 
be beneficial for regulating the pressure and 
temperature within the chimney. This model provides 
the flexibility required for the management of draughts. 
As illustrated in Figure 4, the temperature distributions 
within the different chimney types can be visualized 
using the isotherms presented therein.  In the simple 
chimney (a), the isotherms display a high level of 
parallelism along the length of the chimney, indicating a 
gradual increase in air temperature by elevation. The 
rate of ascent of the airstream is directly proportional to 
the temperature difference between the base and the top 
of the chimney. 

In the combined chimney configuration (b), the 
isotherms exhibit a more substantial increase in 
temperature, particularly in the vicinity of the heat 
absorber. The temperature variations are more 
pronounced, resulting in a higher thermal gradient and, 
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consequently, a more rapid airflow. In the separated 
chimney design(c), the isotherms are markedly 
discontinuous, indicative of disparate thermal zones. 
This can assist in distributing heat more equitably across 
the entire structure, thereby preventing the formation of 
concentrated hotspots. Such a method of distribution is 
likely to prove more effective in spaces where stable 
thermal regulation is required. The shunt chimney (d) is 
a type of chimney that diverts airflow in a different 
direction from the main flow. The isotherms are more 
dispersed, indicating that there is heat modulation 
occurring within the diverted airflow. The temperature 
dispersion evinced thereby evinces the aptitude of this 
model to modulate the thermal dispersion following the 
requisite specifications, thus enabling the indoor 
temperature to be regulated with greater precision. 
 

 
Figure3: Streamline visualization a) single chimney b) 

combined chimney c) separated chimney d) shunt chimney 

Figure 4: isotherms visualization a) single chimney b) 
combined chimney c) separated chimney d) shunt chimney 

3.3 Influence of Reynolds number 

3.3.1 Visualization of dynamic and thermal fields 
For the aspect ratio (B=H/d) equalling 8, the 

structure of the streamline pattern and the temperature 

distribution are presented by varying the Reynolds 

number. Figure 6 depicts the air dynamics and 

temperature distribution within the single stack at 

varying Reynolds numbers (Re = 50, 100, 150).  At a 

Reynolds number of 50, the streamlines demonstrate a 

predominantly vertical upward airflow, which indicates 

a moderate degree of natural convection due to the 

temperature difference between the inlet and outlet of 

the stack. Upon reaching Reynolds numbers of 100 and 

150, the flow density and air current speeds both 

increase, indicating an enhanced state of natural 

convection and air circulation within the stack. 

Nevertheless, the straightforward nature of this 

configuration restricts the potential for optimizing the 

flow for enhanced heat transfer. Then as the Reynolds 

number (Re) increases to 50, the isotherms demonstrate 

a greater spacing, indicative of a low-temperature 

gradient. At higher Reynolds numbers, the isotherms 

become more concentrated, indicative of elevated 

temperatures and augmented upward thermal transfer. 

This indicates the potential for greater cooling of 

photovoltaic cells through increased airflow, although 

the efficiency is still less than that of more complex 

configurations.  

Figure 7 presents a visual representation of the 

combined stack configuration with multiple air inlets, 
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evaluated for identical Re values. In this configuration, 

the thermal absorber facilitates the advancement of the 

airflow by increasing the temperature of the surrounding 

air. At a Reynolds number of 50, an enhancement in the 

intensity of the air currents is observed in the vicinity of 

the absorber. At Reynolds numbers of 100 and 150, the 

intensification is even more pronounced, demonstrating 

enhanced air dynamics and improved heat dissipation 

from the photovoltaic panels. In the aforementioned 

configuration, the isotherms demonstrate the following 

characteristics. The isotherms illustrated in this 

configuration demonstrate a comparatively rapid 

elevation in temperature near the absorbers. The 

concentration of heat in the aforementioned area 

generates a higher thermal gradient in comparison with 

that of a simple chimney. This configuration thus 

exhibits enhanced thermal efficiency, with the potential 

for more efficient cooling of the photovoltaic panels due 

to a more dynamic airflow. Figure 8 examines the effect 

of the separated chimney on the internal airflow. The 

chimney in question exhibits a distinct segmentation 

effect upon the flow of air. The streamlines of the 

separated stack demonstrate how the air flows through 

the segments at varying Reynolds numbers (i.e., 50, 100, 

150). At Reynolds number 50, there is a moderate rate 

of airflow and a relatively uniform upward movement of 

air. An increase in the Reynold number (Re) to 100 

results in the flow becoming significantly denser, 

thereby enhancing both circulation and heat transfer. At 

Reynolds number 150, the air velocity is considerably 

higher, thereby enabling rapid heat removal. The 

segmentation of the chimney ensures an even 

distribution of fresh air, thereby optimizing cooling at 

each level. The isotherms demonstrate the temperature 

distribution across the individual stacks for varying 

values of the Reynolds number (Re) parameter. At Re 

equal to 50, the temperature gradients are relatively 

insignificant; however, the segmentation has the effect 

of limiting the extent of the hot zones. At Re=100, the 

isotherms exhibit a greater degree of proximity to the 

walls, thereby suggesting enhanced efficiency in the 

transfer of heat. At Re=150, the thermal gradient is 

markedly more pronounced, with enhanced heat 

absorption by the air. The segmentation of the chimney 

ensures a more uniform heat distribution, thus 

facilitating the maintenance of a stable temperature for 

the photovoltaic panels.  

Figure 9 illustrates the existing lines and 

isotherms for a shunt chimney that incorporates an 

airflow deflection duct. In examining the streamlines, 

we observe the following: At low Reynolds number 

(Re=50), the air currents demonstrate a moderate degree 

of deflection through the shunt duct, thereby facilitating 

the modulation of airflow as required. As Re values 

increase, the deflection intensifies, thereby facilitating 

enhanced ventilation management and more effective 

heat extraction in regions with elevated temperatures. 

The utilization of isotherms facilitates an even 

distribution of heat, a consequence of optimized flow 

through the shunt duct. The configuration in question 

serves to mitigate the occurrence of hotspots and affords 

enhanced control of the temperature inside the chimney. 

Consequently, this solution is particularly well-suited to 

circumstances where thermal stability is of paramount 

importance. 

 

Figure 5: Streamlines and isotherms for simple chimneys 
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Figure 6: Streamlines and isotherms for the combined 
chimney 

 

Figure 7: Streamlines and isotherms for the separated 
chimney 
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Figure 8: Streamlines and isotherms for the shunt chimney 

 

3.3.2 Number of local Nusselt 

The impact of Reynolds number (Re) on thermal 
performance is explored through the analysis of Figures 
9 to 14. Figures 9, 10 and 11 show the variation in the 
local Nusselt number (Nu) for the separate stack at 
different Re levels. At low Re, Nu is relatively low, 
indicating limited heat transfer. However, at Re=150, Nu 

increases considerably, especially at the third level, 
indicating improved convection and heat dissipation due 
to flow segmentation. Figure 12 illustrates a similar 
phenomenon for the combined stack, where increasing 
Re improves convection, resulting in higher Nu. This is 
due to the increased interaction between the air and the 
hot surfaces (absorbers). Figure 13 shows the evolution 
of Nu in the simple stack, where the effect of Re is 
observable, but with lower Nu values compared with the 
other configurations. Finally, Figure 14 shows the best 
performance for the shunt stack, where the increase in 
Re allows the flow to be concentrated in specific areas, 
maximising the Nu and improving the cooling of the PV 
panels. In summary, these figures show that increasing 
Re improves heat transfer, with optimum performance 
in both the combined and shunt configurations. 

 
Figure 9: Variation of the local Nusselt number along the PVs 
of the separated chimney as a function of Reynolds (a- first 

level) 
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Figure 10: Variation of the local Nusselt number along the 
PVs of the separated chimney as a function of Reynolds (b- 

second level) 
 

Figure 11: Variation of the local Nusselt number along the 
PVs of the separated chimney as a function of Reynolds c- 

third level) 
 

 
 

 
 

Figure 12: Variation of the local Nusselt number along the 
PVs of the combined chimney as a function of Reynolds 

 

 
Figure13: Variation of the local Nusselt number along the PVs 

of the single chimney as a function of     Reynolds 
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Figure 14: Variation of the local Nusselt number along the 

PVs of the shunt chimney as a function of Reynolds 
 

3.3 Electrical and thermal performance of chimneys  

Figures 15 to 19 compare the thermal and 

electrical performance of different stack configurations 

(simple, combined, separate and shunt) as a function of 

time and Reynolds number (Re). These performances 

include electrical efficiency, thermal efficiency, and air 

mass flow rate. 

Figure 15 shows that the electrical efficiency of 

photovoltaic (PV) panels is strongly influenced by cell 

temperature, which in turn depends on the heat 

dissipation performance of each chimney. In the case of 

the simple chimney, the electrical efficiency decreases in 

the middle of the day, when temperatures reach their 

maximum. This loss of efficiency, which can be as much 

as 8%, results from insufficient heat dissipation. Thanks 

to a better interaction between the airflow and the heat 

absorbers, the combined chimney maintains a more 

stable electrical efficiency, with an increase of 5-8% 

compared with the simple chimney. The segmentation of 

the flow reduces hot spots, ensuring greater thermal 

stability. Electrical efficiency is improved by 4-7% 

compared with the simple chimney. Flexible flow 

management keeps panel temperatures at an optimum 

level. Electrical efficiency is maximised, with an increase 

of 6-10% compared with the simple configuration. 

Figure 16 shows the thermal efficiency of 

chimneys as a function of time. Thermal efficiency 

remains low for the simple chimney (around 50-55%) 

due to the low natural convection capacity, which limits 

heat dissipation. With a thermal efficiency of 65-70%, 

the combined chimney benefits from the increased 

interaction between the absorbers and the airflow, 

especially in the middle of the day when thermal loads 

are high. Although slightly lower than the combined 

stack (60-65%), the separated stack ensures 

homogeneous and stable heat dissipation thanks to the 

segmentation. Thermal efficiency reaches 70-75%, 

thanks to the dynamic modulation of the airflow in the 

shunt stack, which is particularly effective in managing 

heat peaks in the middle of the day. 

Figure 17 shows that thermal efficiency increases 

with Reynolds number (Re), reflecting more intense 

forced convection. The single stack remains limited, with 

an efficiency of less than 55% at Re=150. The combined 

stack reaches over 70%, thanks to better convection 

around the absorbers. The separate chimney offers 

stable efficiency at 65%, giving priority to thermal 

homogeneity. Finally, the shunt chimney achieves the 

best performance, with 75% Re=150, thanks to 

optimized flow management in critical areas. 

Figure 18 shows that the electrical efficiency of PV 

panels increases with Re, thanks to better heat 

dissipation. The single stack is limited to 10% at Re=150, 

while the combined stack achieves 14% thanks to a 

significant reduction in panel temperature. The 

separated chimney offers 13% efficiency with 

homogeneous dissipation, and the shunt chimney, the 

highest-performing chimney, achieves 15% by 

optimizing flow management for efficient cooling. 

Figure 19 shows that the mass flow rate is directly 

related to Re and plays a key role in thermal 

performance. In the simple chimney, the flow rate 

increases with Re, but remains limited by its design. The 

combined chimney, with optimized absorbers, promotes 

a higher flow rate, improving thermal and electrical 

efficiency. The separated stack distributes mass flow 

evenly between its segments, ensuring balanced heat 

dissipation. Finally, the shunt stack maximises mass flow 



 68 

by concentrating the flow in critical areas, optimising 

overall performance    

The findings of this study demonstrated that the 

configuration of the combined chimney with multiple air 

inlets enhances convective heat transfer. This leads to an 

enhancement in the Nusselt number, notably at elevated 

Reynolds numbers. This observation aligns with the 

findings of Sopian et al. [25], who demonstrated that 

double-pass PV/T air collectors facilitate enhanced heat 

transfer through optimized air circulation. Our study, 

however, is a more comprehensive one, incorporating 

multiple inlet ventilation, which has the additional effect 

of increasing heat dissipation and reducing the 

temperature of the PV cells.  In contrast, the separated 

chimney is distinguished by its capacity to segment the 

airflow, which facilitates the uniform distribution of heat 

across the ventilation channel. This approach bears 

resemblance to the findings of Hegazy [26], who 

investigated the impact of diverse flow channels in PV/T 

collectors. These conclusions indicated that 

segmentation of the flow enhances thermal conductivity.  

Notwithstanding the foregoing, our distinct stack 

configuration exhibits superior results in terms of 

thermal stability, which may be pivotal for applications 

necessitating precise temperature control in multi-story 

edifices. The stability of the electrical efficiency observed 

for the combined and shunt configurations in this study 

is corroborated by the findings of Chen et al [21], who 

demonstrated that an air-cooled PV/T system with 

forced circulation improves the electrical efficiency by 

reducing the temperature of the PV cells. Moreover, the 

research conducted by Nagano et al. [22] demonstrated 

that a PV/T system equipped with a glass cover exhibited 

enhanced thermal efficiency, yet concurrently exhibited 

a decline in electrical efficiency due to condensation and 

an internal temperature rise. In comparison, the shunt 

stack configuration, which diverts a portion of the 

airflow, permits the implementation of more efficacious 

ventilation while circumventing the issue of 

condensation. This configuration also ensures that the 

optimal temperature for the photovoltaic cells is 

maintained. This demonstrates that designs 

incorporating multiple air inlets and outlets 

demonstrate superior temperature management 

capabilities in comparison to the covered systems 

studied by Nagano et al.[22] and Lare et al[27] 

 
Figure15: Variation in electrical efficiency as a function of 

time 

 
Figure16: Variation in thermal efficiency as a function of time 
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Figure 17: Variation in thermal efficiency as a function of 
Reynolds number 

 

 
Figure 18: Variation in electrical efficiency as a function of 

Reynolds number 

 

 
Figure 19: Variation in mass flow rate as a function of 

Reynolds number 

4. Conclusion  
This research study illuminates the enhanced 

functionality of photovoltaic/thermal (PV/T) hybrid 
solar chimneys integrated into multi-story edifices, with 
a particular focus on the incorporation of multiple air 
inlets. The findings demonstrate that the combined, 
separated, and shunt chimney configurations facilitate 
superior heat dissipation and enhanced electrical output 
stability in comparison to single-entry systems. Notably, 
the separated stack, due to the segmentation of the 
airflow, ensures uniform heat distribution, reducing the 
likelihood of overheating and increasing the conversion 
efficiency of the photovoltaic cells. These findings 
indicate that PV/T systems with such configurations 
could be utilized for passive cooling applications in 
multi-story buildings, thereby optimizing energy 
production while reducing air conditioning 
requirements. In practical terms, these systems could be 
particularly well-suited to residential or administrative 
buildings in hot regions, where effective heat 
management is essential for maintaining thermal 
comfort and reducing energy consumption. Moreover, 
the incorporation of solar chimneys with enhanced 
ventilation systems may facilitate the creation of more 
sustainable buildings, reducing energy costs whilst 
optimizing the utilization of available solar energy. 
These solutions are part of an eco-responsible 
construction and energy transition perspective, offering 
a promising avenue for reducing the carbon footprint of 
buildings while optimally utilizing renewable energy. 
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Nomenclature 
Letters  

cp : Calorific capacity (J. Kg-1. °C-1) 

d: Chimney width (m) 
g: Acceleration of gravity (m.s-2) 

 
h:  Convective Transfer Coefficient (W m-2K-1) 
H: Overall height of the chimney(m) 
D: The ratio of total height to the width of the  

chimney 
S: The ratio of the height of the second 

 level to the width of the chimney 
A: The ratio of the height of the first level  

to the width of the chimney 
T: The ratio of the first entrance to the  

width of the chimney 
K: The ratio of the height of the third level to  

the width of the chimney 
P :      The ratio of the height of the second level to 

the width of the chimney 
L: Total length of the room (m) 
Gr: Grashof number (-) 
Pr: Prandtl number (-) 
Re: Reynolds number (-) 
t: Time (s) 
T: Temperature (K) 
Ta: Ambient air temperature (K) 
  
u, v  : Components of directional velocity x et y   

(m.s-1) 
U, V :  Dimensionless components of speed  

in directions X et Y, U = u u0⁄ ,  
V = v u0⁄ , (-) 

U0:  Air inlet velocity in the chimney (m.s-1) 
X, Y:   Dimensionless Cartesian coordinates  (-) 
x, y :  Cartesian coordinates (m) 

 
Greek  Letters 
Ω: Dimensionless vorticity(-) 
ω:  Dimensional vorticity (s-1) 
ψ: Dimensional Current Function (m2.s-1) 
Ψ: Dimensionless current function (-) 
Θ: Dimensionless Temperature (-) 
τ: Dimensionless Time(-) 
λ:  Coefficient of Thermal Conductivity (W.m-

1.°C-1) 
μ: Dynamic Viscosity of Air (Kg.m-1.s-1) 
ρ: Air density (Kg.m-3) 

τ : Transmission coefficient  

ηel: Electrical efficiency of cells PV(-) 
ηth :        Thermal efficiency of the chimney (-) 
Dm :      mass flow rate (Kg/s) 
Ф:      The density of solar flux (W.m-2) 
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