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This paper presents a computational analysis of the thermoelectric efficiency of hybrid
solar chimneys equipped with ventilated photovoltaic (PV) panels with multiple fresh air
inlets. The problem addressed is the overheating of the photovoltaic cells, which reduces
their electrical efficiency. The influence of multiple air inlets on the electrical and thermal
performance of PV/T collectors is the focus of this study. The main objective is to reduce
the overheating of the photovoltaic cells and improve their efficiency. This is achieved by
using multiple passive ventilation sources instead of placing ventilation systems behind the
photovoltaic panels to extract heat and distribute warm air. The implicit finite difference
approach is used to discretize the governing heat and mass transfer equations, which are
then solved using the Thomas algorithm and the iterative Gauss-Seidel method. The results
are obtained by adjusting several important factors, including Raleigh and Reynolds
numbers and chimney geometric aspects. The results show that the simultaneous addition
of several fresh air openings improves the thermal efficiency by 68% and the electrical
efficiency by 5% compared to a chimney with a single vertical duct. The study concludes
that this system offers an effective solution for improving the performance of photovoltaic

panels, thus contributing to clean energy production.

1. INTRODUCTION

Increasing interest in renewable energy as fossil fuel
resources depleted [1]. Research and development efforts have
been made over the past few decades to find dependable and
financially feasible substitute sources of clean energy. There
are three types of energy: Geothermal, wind, and solar. Solar
energy is the most abundant source of energy and is widely
used for both heating and cooling applications [2]. The
technique known as photovoltaic (PV) converts solar energy
into electrical energy. However, photovoltaic cells have a
limited conversion efficiency when the temperature rises and
only react to part of the solar energy band. Due to the low
efficiency and expensive nature of photovoltaic modules, the
concept of a hybrid photovoltaic-thermal panel system has
emerged. The PV/T system combines a solar thermal collector
and a photovoltaic module. The main advantages of the PV/T
system are that it simultaneously improves electrical energy
production, eliminates excess heat from the photovoltaic
panel, and minimizes space requirements. The energy from the
sun is then converted into heat energy and stored in the water
or the air as follows [3]. Three primary categories exist for
PV/T collectors: air, water, and air/water. Thermally liquid
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PV/T collectors can achieve increased electrical output and
thermal efficiency due to the improved thermal conductivity
of the heat transfer fluid. But they are more complicated and
more expensive and can pose serious problems of freezing in
colder conditions. Over the past few years, there has been
much research into the many different types of liquid systems.
To illustrate this, Etier et al. [4] have conducted experiments
on a PV/T system using actively cooled aqueous systems. The
results showed that the electrical power increased by 6.9%
compared to the standard system. A three-dimensional
computational model of a waterborne photovoltaic/thermal
(PV/T) system designed to boost solar power generation
performance in warm climates has been presented by Salameh
et al. [5]. The study shows that reducing the temperature of
solar panels through water conditioning can increase their
power and thermic output. Improves overall energy efficiency
by providing an efficient methodology for optimizing PV/T
system performance in high-temperature environments. A
numerical model of a waterborne photovoltaic-thermal (PVT)
hybrid solar system has been developed by El Alami et al. [6],
a collector with a numerical model of a waterborne
photovoltaic-thermal (PVT) hybrid solar system has
developed by El Alami et al. [6], a collector with a new type
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of heat collector (PVT-C with duct box). The approach is to
simulate the output of the system under various climatic and
operational circumstances. The results show that, in terms of
effectiveness, the PVT-C has an electrical efficacy of around
12.11%, a thermal efficacy of around 78.59%, and a total
energy efficacy of around 90.7% for an irradiance of 103
W/m?. However, the electrical power efficiency of the
photovoltaic module is only 9.09%, which is 3% lower than
that of PVT-C. Xu and Kleinstreuer [7] demonstrated that
nano-fluid-based solar PV/T collectors are more advantageous
for silicon solar cells than poly-junction solar cells because the
overall energy conversion efficiency of the PV/T system is
better than that of the conventional nano-fluid system.
Sathyamurthy et al. [8] conducted an experimental study on
the use of hybrid CNT/Al nanolayers in a photovoltaic-thermal
(PV/T) system to improve the electrical conversion rate of
photovoltaic cells. Using a helical tube collector to optimize
heat flow, the thermal and electrical performance of
photovoltaic panels with and without a cooling system has
been compared.

The average power output increases by 7.15% with water
and 8.2% with nanofluide, but only by 6.2% with an
independent photovoltaic panel. Effective heat evacuation has
increased energy production by 11.7% when using water and
21.4% when using hybrid nanofluids. In addition, the entire
PV/T system is extremely efficient. In comparison with water,
the entire efficiency of the PV/T system using hybrid
nanofluids was also increased by 27.3%. To achieve an
increase in the efficiency of the photovoltaic-thermal (PV/T)
systems, a new collector cooling system using the nanofluids
ALO3, TiOs, and CuO has been developed according to the
research carried out by Aydm et al. [9]. Three mass
concentrations of 0.2%, 0.4%, and 0.6% were used along with
continuous loads to evaluate the performances, and the result
showed a maximum increase in electrical power for the
nanofluid Al,O; of 1.467% to 0.2%, which is a 5.49%
improvement over the previous results. The nanofluid itself
showed the largest temperature drops, with an average thermal
return of 49.59%. The mean cooling temperatures for water,
TiO, water, Al,O3; water, CuO water, and water were 9.14°C,
11.64°C, and 13.28°C respectively for a 0.2% temperature
drop. The research showed that a nanofluid concentration of
0.4% is optimal for maximizing system efficiency. PV/T
systems based on air are also less efficient than those based on
liquids. Because air conducts heat less well. On the other hand,
air systems require less maintenance, are more affordable, and
are less complicated. To increase the reliability of compressed
air PV/T systems, several designs and changes in geometry
have been investigated in the last decade [10]. A comparison
between three different photovoltaic air collectors and PV
systems was conducted in Algiers by Slimani et al. [11]. They
found the double-holed collector to be the best performer, with
an average daily energy efficiency of 74%. To assess the
performance of a photovoltaic-thermal (PV/T) collector,
Dunne et al. [12] studied the temperature distribution and the
influence of air on the PV cell entry and exit temperatures.
They highlighted the importance of air duct depth and
velocity, aspects that have been little explored in the existing
literature. Two different electricity generation systems are
evaluated: A conventional PV configuration and an integrated
PV/T configuration. A comparison study examines two
different solar energy configurations: the archetypal
photovoltaic (PV) configuration and a hybrid configuration.
Thermal and electrical characteristics were exploited to create

1710

efficiency equations, which were then confirmed by
experimentation. Simulating with ducts shows an increase in
power generation effectiveness of around 14%. While
reducing daily variability, the photovoltaic system optimizes
electrical performance. Deepening the duct reduces its ability
to conduct electricity and heat, but the air moving through the
channel improves its operation. The most effective results are
achieved with a conduit depth of 0.01 m and an air speed of
2.5 m/s. Patil et al. [13] used computational fluid dynamics
(CFD) simulation to study the effect of air circulation on the
efficiency and operation of a photovoltaic-thermal (PV/T)
system. The results show that with airflow rates ranging from
0.04 to 0.1 kg/s at an irradiance of 800 W/m?, maximum
temperatures of 48.8°C, 48.4°C, 47.3°C and 24.5°C are
achieved for the top surface of the PV/T system, the bottom
area and the air inlet and outlet points respectively at a flow
rate of 0.01 kg/s. These results show that airflow is essential
for the thermoregulation and energy efficiency of solar
photovoltaic (PV/T) systems. Sardarabadi et al. [14] proposed
a cutting-edge hybrid PV/air collector system in a follow-up
study. This involved two inexpensive changes to the
conventional collector type: extending the surface area on the
air duct walls and hanging a thin, flat sheet from the duct's
midway. The results showed that these changes were very
efficient in increasing the heat energy extracted and
significantly reducing the PV module temperature, which in
turn increased the overall module efficiency. The researchers
used validated numerical data to determine how the depth and
length of the channel and the airflow rate affected the total
performance of the hybrid PV/T air system. In Busan, Korea,
Choi et al. investigated a novel monophases double-flow air
channel PV/T collector with a heterogeneous cross-sectional
rib attached to the backing of the solar module [15]. With a
mass flow of 0.07698 kg/s, the most remarkable electrical and
total thermal performances were reached, with 14.81% and
71.54% respectively. An air-based PV/T collector with a
single channel integrated into a thin flat plate attached to the
cooling fins was proposed and tested by Mojumder et al. [16].
The highest electrical and thermal efficiencies were found to
be 14.03% and 56.19%, respectively, with four cooling fins, a
mass flow rate of 0.14 kg/s, and 700 W/m? of solar radiation.
Their integration into the walls of buildings will be more
beneficial to the occupants, given the extensive research into
photovoltaic-thermal collectors using different heat transfer
fluids.

Badi and Laatar [17] propose a passive cooling system for
photovoltaic panels using an inclined channel with adiabatic
extensions to remove heat by natural convection. This process
optimizes the efficiency and durability of PV panels in hot
climates by improving airflow by 65% and reducing the
maximum temperature by 11%. This system is particularly
suitable for drylands, where water is limited and passive
cooling is paramount. Building-integrated photovoltaic-
thermal (BIPV/T) systems can be easily integrated into the
building shell. They are simultaneously generators of
electricity and heat. BIPV/T systems not only have the ability
to actively capture solar radiation compared to the standard
building envelope components, but also reduce the need for
the heating and air-conditioning of the built space [18]. A
hybrid solar wall system operating in ventilation mode is
presented by Xu et al. [19], in heating and electricity
generation in the cold season and in water flow configuration
mode the rest of the year to provide hot water and electricity
once. The results show that with a water temperature above



40°C in summer and an indoor temperature of 18.6°C in the
cold season, the daily electricity production is 0.12 kWh with
an efficiency of 7.6% in the heating season and 0.65 kWh with
an efficiency of 12.5% in the cooling season. According to the
simulation modeling, the system also achieves passive cooling
in the cold season and efficient space heating in the hot season.
Chen et al. [20] presented a two-story, energy-efficient,
detached, prefabricated solar building in Quebec City with an
open-circuit, air-cooled bioclimatic building system coupled
to a ventilated cement floor. It was shown that a bioclimatic
building system can reduce the thermal behaviour of solar cells
and has the potential to support space heating. The influence
of some air conditioning configurations on the thermal and
electrical efficiency of a solar panel in a bioclimatic building
system was investigated by Lukasik and Wajs [21]. A
numerical model combining the SST k- turbulence, Discrete
Ordinates radiation models, and a solar load module was
developed using ANSY'S Fluent software to predict the system
performance under different inlet conditions and
configurations. The results indicate that the optimum heat
recovery, one-third of 330 W/m?, is obtained from a channel
having an inlet depth of about 25 mm, an airflow of 7.5 m*/h,
and an incident solar irradiation of 900 W/m?. The maximum
experimental electrical efficiency was 5.76% at a duct spacing
of 50 mm. The geometric configuration chosen gave the
highest airflow (7.5 m*h) at an irradiance of 600 W/m?.
Although optimizing the design of an air-conditioned
photovoltaic solar thermal system can increase its thermal
efficiency, the temperature at the outlet of the air duct is often
high enough to overheat the solar cells and reduce the
efficiency of the photoelectric conversion. From a limited
bibliographic study, it is clear that a hybrid photovoltaic-
thermal system has a ventilation mechanism on the underside
for heat dissipation. A fan then pushes the hot air through
connections in the ducts serving the living rooms and possibly
a thermodynamic water heater. A roof outlet is available for
the removal of excess heat. Photovoltaics is a technology that
makes maximum use of captured solar energy. This system
can use the heat generated under the panels, unlike
conventional photovoltaic panels. The photovoltaic
technology combines photovoltaic solar panels (facing the
sun), which produce electricity like photovoltaic panels, with
thermal solar panels, whose rear side includes a ventilation
device to recover and then diffuse hot air inside the house or
an air intake of a thermodynamic tank. Compared to a
conventional installation, this ventilation increases the
performance of the modules. However, the effectiveness of
multiple openings in fresh air jets for ventilating the
overheated rear surfaces of hybrid photovoltaic solar panels
has not, to our knowledge, been investigated. This research
aims to introduce an innovative ventilation technique based on
multiple fresh air intakes to improve the heat dissipation
behind the photovoltaic cells in PV/T systems. This study
proposes the addition of multiple fresh air inlets to better
dissipate heat and thus improve the thermal and electrical
performance of solar panels, as opposed to conventional
systems that use a single opening or passive ventilation
systems. The interest of this research lies in the improvement
of energy performance by optimizing the ventilation behind
the photovoltaic panels through the use of hybrid solar
chimneys with multiple fresh air inlets. This study proposes a
solution to maximize energy production and minimize heat
loss. The enhancement of hybrid photovoltaic collectors'
performance can diminish the necessity for costly active
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cooling systems while augmenting the amount of energy that
can be harvested per solar panel area. The integration of solar
chimneys and PV/T systems into buildings can facilitate the
creation of energy-efficient structures, thereby addressing the
increasing demand for intelligent and sustainable construction.
This will help meet the growing demand for smart and
sustainable buildings. The findings of this research are
particularly pertinent to regions with high temperatures, where
the efficiency of solar panels is reduced, yet greater energy
consumption is required. In this paper, the authors put forth a
numerical study of a vertically glazed PV/T system whose duct
has multiple fresh air inlets in the area covered by absorbers.
The objective of this study is to evaluate the impact of varying
the configuration of fresh air inlet openings on the electrical
and thermal performance of a PV/T air system, in comparison
with a simple PV/T collector with a single vertical fresh air
inlet duct. The present study comprises a numerical analysis
of a mixed convection problem in a vertical photovoltaic-
thermal hybrid chimney with multiple fresh air jet inlet
openings and a constant heat flow for heating and ventilation.
In this analysis, the airflow enters the chimney through
internal openings and exits the chimney through an external
opening.

2. MATHEMATICAL EXPRESSION
2.1 Physics model

This paper presents a study of the airflow in two distinct
vertical solar chimney designs, with a particular focus on their
potential integration into multi-story buildings. The solar
chimney in question comprises three distinct levels of fresh air
inlet openings. Chimney 2 comprises a shunt duct of width d2,
which serves to channel the inlet opening of the fresh air jet
into the main duct of width d1. The latter is dedicated to
evacuating the heat accumulation above the solar cell level.
The thermal and electrical efficiency of each solar chimney
configuration is evaluated in comparison to a simple vertical
chimney. These chimney designs are illustrated in Figure 1.
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Figure 1. Diagram of the physical model
Solar chimney configurations: a) single chimney b)
combination chimney c¢) shunt chimney



The principal heat transfer medium employed for the
dissipation of surplus thermal energy from the solar cells is air.
This investigation proposes a two-dimensional (2D) model of
laminar mixed thermal convection in a transient state. The
transfer equations are derived under the assumption that the
air's temperature and thermophysical properties remain
constant and that the fluid is perfectly incompressible and
ideal. Furthermore, the Boussinesq approximation has been
adopted.

2.2 Governing equations
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U v

LY 1
<+ a7 0 (1

Movement equation

6Q+UOQ+V69_1 6ZQ+629 +R69 )
at 90X ~dY R,\9X2 QY2 Lax @)
Energy equation
89+U69+V69_ 1 629+629 3
dt 90X ~ dY R,P.\dX? 0y2 ®)
2.3 Associated boundary conditions
Initial conditions
Att=0,0=0=¥=U=V=0
Att>0
Combined chimney
X=0,0<Y<D
R
U=V=0Q0=—-—
o x|, _, 4
X Yo = _(Tgl“pv - ne)
X=1L,K<Y<D
R
U=V=060=-—+
iy x|, _, (5)
& vt = (TglaabsaPV)
X=10<Y<S
R
U=V=060=-—+
iy x|, _, (6)
ﬁ et = (TglaabsaPV)
X=1LP<Y<A
EY
U=V=00=-—7
" 0x?|, _, (7)
G_X et = (TglaabsaPV)
X=1LA<Y <K
0%y
U=-LV=0¥=-v;0=— ®)
x|, _,

6=0
X=10<YLT
0%y

U=-LV=0¥=-Y;0=——-—
0Xx?

X=1
0=0

X=1S<Y<P
U=-LV=0¥=-Y

O =

0%y 0=0
—— 19 =
X Y1
Y=D;0<X<1

au _ 0 av _0
Wly—p 0Yly—p
iR Y _ 0_69 —0
aY? veb "0Y ly=p
Shunt chimney
X=00<Y<D
U=V=0,Q= o
=V=00=-—2
20 e
X Yo = _(Tglapv - ne)
Y=00<X<1
U=vV=0,Q= 0" o 0
= = 5 P 2 ;—2 =
2 avz|,_, oY, _,
_— =0
Yly=o
Absorber plates
X=B
iR Y 00
U=V=0,0=-— X2 :aL{_B = (nga’absa’PV)
X=B =
Inlet openings
X=1
R
U=—1;V=O;‘P=—Y;Q=—0X2 ;0=0
Xx=1
U_B‘I’_V_ v 0*Y 9%y
ox’ ay’ aX? Y2
Simple chimney
X=0,0<Y<D
U=V=0Q= o
ST axe
26 N
X Yo = _(Tgl%v - ne)
X=10<Y<D
U=V=0,Q= o
ST axz
29 =
ﬁx—l = (TglaabsaPV)

©)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17

(18)



Y=00<X<1
0%y

19)
U=0V=1¥Y=-X0=——— ;86=0 (
0X?
X=1

Y=00<X<1

9%y 9%y a6 (20)
U:V:O'Qz—— J— =0;— =0

aY?2 veo Y2 o Y ly—

2.4 Assessment of heat transfer intensity

The transfer of heat through vertical walls subjected to
heating may be described in terms of the 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.

Nypy = 1/6(Y) 1)

The electrical efficiency of a photovoltaic solar cell is

expressed in the following way:

—298) + ylog (——)

1000 22)

Net = Nref + Bpy (m

The following relationship is used to evaluate the thermal
efficiency of the chimney:

D, C(Ty — T;
Nen =% (23)
___ 1 (H
Tpy = E_L Tpy (y)dy (24)
1
D, =f V(X,A)dx (25)
0

where, Tpy is the average temperature of the PV, T, is the
temperature of the air leaving the chimney and T; is the
temperature of the air entering the chimney.

2.5 Numerical procedure

The implicit finite difference method was employed for the
discretization of the heat and mass transfer equations
associated with the solar chimney.

Approximations of the first and second derivatives of the
diffusive terms were achieved through the use of central
differences, while a second-order ascent scheme was
employed for the convective terms to circumvent the potential
instabilities inherent to mixed convection problems. The
algebraic Egs. (2) and (3) were integrated using the Thomas
algorithm. In each iteration, the sequential points sub-
relaxation method was employed to treat the Poisson equation,
given by Eq. (4). The optimal sub-relaxation coefficient was
found to be 0.8 for the grid with 51x101 points that were used
in this study. At each time step, convergence of the iteration
for the solution of the flow function is obtained. To ascertain
the viability of a stable solution, the following criterion is
employed. It is assumed that solutions will converge if the
relative error for each variable between successive iterations
PN -P" )

is less than the convergence criterion €. Y, T

1713

1075, Where ® represents y, ©, Q ; and n is the number of
iterations. Az = 107 is the time step used in the calculations.
The wall vorticity is approximated by the Woods formula.
QW = %Qw+1 - % (l'I'lw_'_l - \pw), Where \pW‘l'l’ \pW are the
values of the stream function at the points adjacent to the
boundary wall, § is normal to the boundary wall. The data on

the electrical and thermo-optical properties of the walls used
in the calculations are shown in Table 1.

Table 1. Numerical model input characteristic values

Characteristic Value
The absorption coefficient of the PV cell surface, 0.89 (-)
o_pv
The transmittance of the PV cell surface, t_pv 0.09 (-)
The reference temperature of the cells, Ty ¢ 293 K
Reference temperature electrical efficiency, 7f 0.015(-)
PV cell's temperature coefficient, Br.r 0.0045 K!

3. RESULTS AND DISCUSSION
3.1 Validation

To evaluate the computational code developed for this
study, an investigation was conducted into the phenomenon of
a vented cavity subjected to a constant heated flux emanating
from its left vertical wall, while the remaining walls were
considered to be insulated.

As evidenced in the study conducted by Raji et al. [22],
there is a notable correlation between the solutions derived for
the ventilated cavity and the results observed in the test case.
Two apertures, situated in opposition to one another at the
midpoint of the vertical plates and parallel to the horizontal
walls, facilitate the entry and exit of fresh air into and out of
the cavity when the system is introduced. All walls were
subject to non-slip boundary conditions. For the Rayleigh
number Ra fixed at 0, the Reynolds number Re was fixed at
100. The values of the current lines and the thermal fields in
the ventilated cavity were predicted using numerical
investigations. The results presented in Figure 2 are in perfect
agreement with those reported in the study of Raji et al. [22].

Présent work

A. Raji

.Isotl;\erms .
Figure 2. Validation of streamlines and isotherms
3.2 Dynamic and heat field visualisation

Figure 3 illustrates that the streamlines and temperature
distribution of the structure follow the geometric relationship
(B H/d), with an aspect ratio of 8. The steady-state
streamlines and isotherms for a fixed Rayleigh number (Ra) of
2.10° and Reynolds number of 100 are presented. The flow of
air and the resulting distribution of temperatures (isotherms)



for the three types of chimneys (simple, combined, and shunt)
are presented in Figures 3(a)-(c), respectively.

Re=100,Ra=2.10°;HL =8

(a)Simple chimnney  (b)combined chimnney  (c)shunt chimnney

Figure 3. Visualization of streamlines and isotherms

The isotherms demonstrate the temperature variations,
while the flow lines illustrate the adequate airflow through the
ducts. It is evident that as heat transfer increases, isotherms
narrow. The presence of both closed and open streamlines for
return or recirculation flows indicates that mixed convection
is the dominant mechanism in the stacks. As the heated air
flows towards the chimney outlets, the airflow converges
towards the PV cells, which are exposed to a constant heat
flow. This evidence provides compelling support for the
assertion that the optimal transfer method, mixed convection,
is capable of extracting the maximum possible excess heat
from the solar cells within the hybrid photovoltaic-thermal
chimney. The isotherms for the three types of PV/T collector
exhibit tight and nearly parallel profiles along the active wall
surfaces. This suggests that heat transfer predominantly occurs
via conduction near the photovoltaic panels. In the region
situated at a distance from the active walls, the isotherms
exhibit deformation and bifurcation, which indicates the
occurrence of a convective heat transfer phenomenon.

A comparison of the Nusselt number (representing heat
transfer intensity) for the primary chimney types is provided
in Figure 4. The results demonstrate that the combined and
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shunt stacks facilitate greater heat transfer than the single
stacks. This improves the heat dissipation from the
photovoltaic panels.

—=&— simple chimney
—e— combined chimney
—a&— shunt chimney

60

50

H/L=8
q=500W/m?

Ra=2,10°
Re=100

Figure 4. Variations of the local Nusselt number along the
plate of solar stack PV cells

Re=50 H/L =8

Ra=10° Ra=3.10°

(b) Isotherms
Figure 5. Variation of streamlines and isotherms in the
simple chimney



3.3 Influence of the Rayleigh number of the chimney

Numerical analysis has been conducted to examine the
effect of different Rayleigh numbers on airflow in solar
chimneys. Figures 5(a), 6(a), and 7(a) illustrate the flow
patterns and thermal fields within the chimneys, employing
streamlines and isothermal contours. These figures illustrate
how the airflow and thermal transfer within the stacks change
with an increase in Rayleigh number. As the Rayleigh number
increases, the volume of air flowing through the stacks rises,
thereby enhancing the cooling of the PV panels, particularly in
combined and shunted stacks. This configuration confers an
advantage upon these novel chimneys, in that the PV cells are
subjected to further cooling by the multiple openings of the
fresh air jet inlet or the openings of the fresh air bypass
channel. As illustrated in Figures 5(b), 6(b), and 7(b), there is
an evident distortion of the isotherms as the Rayleigh number
increases. This indicates that the majority of the heat transfer
occurs within the solar cell area, as evidenced by the
configuration of the isotherms in proximity to the PV cell
panels or active walls. The isotherms display a high degree of
parallelism. This suggests that the transfer of heat through the
active walls is solely via conduction.

Re=50 HL =8
Ra=10°

Ra=10*

Figure 6. Variation of streamlines and isotherms in the
combined chimney
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The local Nusselt number profiles as a function of the
Rayleigh number, as about a single stack, a combined stack,
and the stack in its entirety, are displayed in Figures 8, 9, and
10, respectively. The rate of heat transfer from the active walls
to the heat transfer fluid is found to increase with the Rayleigh
number. It can thus be stated that an increase in the Rayleigh
number results in a corresponding increase in the local Nusselt
number. These figures demonstrate that an increase in the
Rayleigh number results in a corresponding increase in the
Nusselt number, indicating that the transfer of heat from the
PV panels to the fluids becomes more efficient as the airflow
within the stacks rises. The variation of the local Nusselt
number at the PV/T air collectors typically commences with a
high value, which gradually decreases from a low value to an
insignificant value towards the top, for all three categories of
solar chimneys. Bilgen and Yamane [23] observed a
comparable correlation between heat transfer and the Nusselt
number, as a function of Rayleigh number, in their
investigation of an enclosure with a chimney.

Re=50HL =8

| a9
o2
o
24
L 03

-

b oty

r
1Y

Streamlines

+
]

(a)

(b) Isotherms
Figure 7. Variation of streamlines and isotherms in the shunt
chimney

3.4 Electrical and thermal efficiencies of the chimneys

The results presented in Figure 11 illustrate a positive
correlation between Reynolds number (Re) and thermal
efficiency, indicating that increasing the Reynolds number
enhances the recovery of heat from solar cells within



chimneys. Figure 11 additionally illustrates that the shunt and
combined chimneys exhibit superior thermal efficiency in
comparison to a conventional chimney. Therefore, it can be
concluded that both the shunt and combined chimney
configurations offer superior mass draft airflow, as
demonstrated in Figure 12. This enables the effective removal
of excess heat from the back of the thermal photovoltaic (PV)
panels. The results presented in Figure 13 demonstrate that for
a reference efficiency of 15% of a crystalline silicon-based PV
cell (mref = 15%) [24], the combined or shunt chimneys
equipped with three fresh air jet inlet openings, respectively,
exhibit enhanced electrical efficiencies relative to that
observed for the simple chimney with a single vertical air duct
under identical conditions. This signifies that the period that
the fresh air spends in the vertical duct is too brief, resulting in
an insufficient dissipation of excess heat behind the thermal
solar panel of the simple chimney. The maximum electrical
efficiency of solar cells in combined or shunt chimneys with
three fresh air jet inlet openings, respectively, is 14.7%; and
14.4% in comparison to 14% as shown in Figure 13, for solar
cells in a solar chimney with a single vertical duct.
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Figure 8. Variation of the local Nusselt number as a function
of the Rayleigh number of the simple chimney
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Figure 9. Variation of the local Nusselt number as a function
of the Rayleigh number of the combined chimney

An improvement of 5% may be observed in terms of
electrical efficiency. Similarly, the maximum thermal
efficiency of solar cells in combined or shunt chimneys with
three fresh air jet inlet openings is 67%, while that of solar
cells in a solar chimney with a single vertical duct is 40%
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(Figure 11). An improvement in thermal efficiency of 68%
was observed. The aforementioned results align with those
reported by other authors in the existing literature, who have
demonstrated a correlation between elevated temperatures and
reduced electrical efficiency in PV cells [25]. Consequently,
the electrical efficiency of the cell plate exhibits a linear
increase as a function of the Reynolds number, as illustrated
in Figure 13.
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Figure 10. Variation of the local Nusselt number as a
function of the Rayleigh number of the shunt chimney

—&— simple chimney
combined chimney
—a&— shunt chimney

=
o
1

3 2

S

8

Thermal efficiency (%)

H/L =8
g=500 w/m?

T
150 200
Re

T T
50 100 250 300

Figure 11. Variation of Thermal efficiency versus the
Reynolds number

—a— simple chinmey
—&— combined chimney

—a— shunt chimney

0.020
. H/L=8
£,0015 4 =500 W/m?
<
& -
2 0.010 4
o«
=
=
-

0.005 A

0000 T T T T T T

50 100 150 200 250 300

Re

Figure 12. Variation of the mass flow of air at the outlet of
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3.5 Influence of the number of fresh air jet inlet openings

3.5.1 Combined chimney

The efficacy of a series of geometric air channel
configurations, comprising two inlets, three inlets, four inlets,
five inlets, and single inlets, is evaluated through a
comparative assessment. The results are presented in terms of
electrical, thermal, and mass flow efficiencies in Figures 14,
15, and 16. The data indicates that there is an increase in
electrical and thermal efficiencies and mass flow rate with an
increase in the number of openings in the fresh air jet inlets.
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Figure 14. Influence of the number of fresh air inlet openings
on thermal efficiency

Figure 14 illustrates that thermal efficiency increases in a
linear fashion with the number of air inlet openings. For
example, the use of five air inlets has been demonstrated to
result in a thermal efficiency that is approximately twice as
high as that achieved with a single inlet. This increase can be
attributed to the enhanced disturbance of the air boundary
layer on the surface of the photovoltaic panel, which in turn
facilitates improved convective heat transfer. Furthermore, the
electrical efficiency demonstrates a similar upward trend with
the number of air inlets, as illustrated in Figure 15.
Nevertheless, the variation is less pronounced than in the case
of thermal efficiency. The reduction in temperature of the PV
panels as a result of heat dissipation has a less pronounced
impact on electrical efficiency. The air mass flow rate
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demonstrates a notable increase in the number of air inlet
openings, indicating that systems with multiple fresh air inlets
facilitate enhanced air circulation, which contributes to
superior heat dissipation (Figure 16).
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Figure 15. Influence of the number of fresh air jet inlet
openings on electrical efficiency
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Figure 16. Influence of the number of fresh air jet inlet
openings on the mass flow of air at the chimney outlet
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Figure 17. Influence of the number of fresh air jet inlet
openings on the thermal efficiency of the shunt chimney
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Figure 18. Influence of the number of fresh air jet inlet
openings on the mass flow rate for the shunt chimney
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Figure 19. Influence of the number of fresh air jet inlet
openings on the electrical efficiency of the chimney

3.5.2 Shunt chimney

The present study compares five distinct air channel
configurations, comprising 2 inlets, 3 inlets, 4 inlets, 5 inlets,
and a single inlet configuration. The results are displayed
concerning thermal and electrical efficiency, as well as mass
airflow at the outlet of the chimneys, as illustrated in Figures
17, 18, and 19. An increase in the number of apertures for the
input of fresh air in the shunt chimney is accompanied by an
increase in its thermal efficiency (Figure 17). The photovoltaic
cells lose a greater quantity of heat when more apertures are
created, which results in a reduction in temperature and an
enhancement in heat recovery efficiency. The configuration
comprising five intake apertures exhibits optimal thermal
efficiency, representing a substantial enhancement over
designs with a reduced number of openings. As evidenced in
Figure 18, an increase in the number of fresh air jet inlet
openings correlates with an increase in the mass flow rate at
the outlet of the shunt chimney. This signifies that an
augmented number of inlets facilitates the intake of a greater
volume of air, thereby optimising the ventilation and heat
removal capacity of the system. The greater the circulation of
air within the chimney, the more effectively it will remove
excess heat from the photovoltaic cells, thereby enhancing the
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overall thermal performance. Furthermore, an increase in the
number of inlet openings for the flow of fresh air results in
enhanced electrical efficiency. The incorporation of
supplementary inlets has been observed to engender a more
efficacious cooling effect, which in turn serves to reduce the
temperature of the photovoltaic cells and thereby enhance their
performance. A reduction in the temperature of the solar cells
results in an increase in electrical power, which in turn leads
to an improvement in electrical efficiency.

4. CONCLUSIONS

The findings of this study demonstrate that the utilization of
solar chimneys equipped with multiple fresh air inlets
substantially enhances the thermal and electrical efficiency of
photovoltaic/thermal (PV/T) systems. The thermal efficiency
increased by 68% and the electrical efficiency by 5% in
comparison to a single chimney, as a consequence of the
enhanced dissipation of the heat generated by the photovoltaic
panels. These findings substantiate the value of multiple
ventilation in optimizing the performance of PV/T systems.
The findings of this study are applicable to residential,
commercial, and industrial solar integrated energy systems.
The integration of solar chimneys with multiple air inlets
facilitates the optimization of electricity production while
simultaneously recovering heat for utilization in heating
buildings or powering hot water systems. Such systems could
prove invaluable in regions characterized by high
temperatures, where the risk of overheating photovoltaic
panels is a significant concern, as well as in installations that
necessitate both electrical and thermal energy, including smart
buildings and exo-energy infrastructure. The present study
offers substantial insights into enhancing photovoltaic-thermal
(PV/T) systems by employing solar chimneys with integrated
fresh air inlets. Nevertheless, as with any research project,
several  limitations warrant acknowledgment. The
aforementioned limitations also provide opportunities for
further improvements and research in this area. The study's
primary methodology is numerical modelling, utilizing
techniques including implicit finite differences, the Gauss-
Seidel scheme, and the Thomas algorithm. Although this
approach is effective for controlled scenarios, it fails to take
into account some dynamic aspects of the real behaviour of the
systems, including weather variations and transient effects.
The research is primarily concerned with thermal and
electrical efficiency, but it does not consider the costs
associated with installing chimneys with multiple fresh air
intakes or the materials required to optimize heat transfer.

The subsequent phase of this research will involve the
construction of a prototype experimental solar chimney
comprising multiple fresh air inlets, to be subsequently tested
in a controlled external environment. A further study in situ
would enable the authors to validate the numerical results and
evaluate the performance of the system in real conditions.
Future studies could introduce simulations of turbulent flows
in stacks to more accurately assess the performance in
situations where laminar flow cannot be maintained.
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NOMENCLATURE

cp Calorific capacity (J. Kg''. °C™)

d Chimney width (m)

g Acceleration of gravity (m.s2)

h Convective Transfer Coefficient (W m2K™")

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

w Wall
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)
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Uy
X Y
X,y

Temperature (K)

Ambient air temperature (K)

Material Temperature (K)

Components of directional velocity x et y
(m.s™h

Dimensionless components of speed

in directions X et Y, U = u/u,,

V= v/up ()

Air inlet velocity in the chimney (m.s™)
Dimensionless Cartesian coordinates (-)
Cartesian coordinates (m)

Greek letters

SIS oE I oER_E D
)

Dimensionless vorticity (-)
Dimensional vorticity (s!)
Dimensional Current Function (m2.s™)
Dimensionless current function (-)
Dimensionless Temperature (-)
Dimensionless Time (-)

Coefficient of Thermal Conductivity (W.m™!.°C™)
Dynamic Viscosity of Air (Kg.m™.s™)
Air density (Kg.m™)

Transmission coefficient

Electrical efficiency of cells PV (-)
Thermal efficiency of the chimney (-)
The density of solar flux (W.m?)





