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Abstract

In hot dry regions, photovoltaic modules are exposed to excessive temperatures, which

leads to a drop in performance and the risk of overheating. The present numerical study

aims to evaluate the natural air cooling of PV modules by an inclined chimney mounted at

the back. The basic equations were solved using the finite volume method. The validity of

the model is verified by comparison with the data available in the literature. Thermal and

dynamic flow patterns are analyzed for a variety of parameters: Rayleigh numbers from 102

to 106, PV panel tilt angle from 15˚ to 90˚, and channel aspect ratios from 1/20 to 1/5. A criti-

cal aspect ratio has been determined to minimize overheating of the PV module. According

to the computational results, the tilt angle and modified Rayleigh number increase the mass

flow rate and mean Nusselt number. The overheating zone with maximum temperatures is

located in the upper part of the photovoltaic panel. The addition of an extension to both

channel’s inlet and outlet was found to improve the cooling of the photovoltaic panels; how-

ever, only the extensions downstream of the channel are truly effective. The critical lengths

at which channel performance improves significantly were identified by examining the

impact of longer extensions on channel performance. Increasing the extension length from

0 to 3H improves the mass flow rate by 65%, the average Nusselt number by 13.4%, and

leads to an 11% decrease in maximum temperature when Ra* = 106. This cooling technique

is particularly promising for hot dry regions where water is scarce.

1. Introduction

Solar energy is receiving considerable attention as a sustainable and renewable energy source

that can mitigate climate change by reducing greenhouse gas emissions. This energy source is

particularly attractive in hot, desert regions with high solar radiation, as it can provide abun-

dant electricity [1]. However, implementing solar energy in these regions presents significant

challenges. The climate in these regions is characterized by hot, dry air, with temperatures
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exceeding 50˚C during the day and dropping to 10–20˚C at night. These extreme climatic con-

ditions subject photovoltaic installations to high thermal stresses throughout the day, affecting

their performance, reducing their life span, and even causing irreversible damage [2]. In addi-

tion, dust and sand in the air can accumulate on photovoltaic (PV) modules, reducing their

efficiency. In addition, desert regions pose logistical problems for the solar systems’ installation

and maintenance, given their geographic isolation and lack of infrastructure. It is therefore

crucial to adapt the appropriate cooling technique to these extreme conditions in order to pro-

tect PV modules from degradation and improve their performance [3].

Several studies show that photovoltaic modules typically convert about 20% of solar energy

into electricity, while the remaining 80% is converted into heat. This excess of heat causes the

PV cells’ temperature to rise, leading to reduced electricity production and increased heat pro-

duction, which can negatively impact conversion efficiency [4]. Single-junction solar cell effi-

ciency may reach up to 25%, depending on the technology in place [5]. Installing PV modules

in hot regions can exacerbate the temperature difference between the module and the ambient

air, resulting in reduced electrical energy production and accelerated module degradation. For

instance, the temperature difference between a PV module and the surrounding air can exceed

40˚C under such conditions [6].

To prevent a drop in efficiency, it is crucial to keep the temperature of the photovoltaic cells

as low as possible, which can be achieved by implementing various cooling solutions or ther-

mal management systems. Cooling techniques are often classified into three main categories:

active, passive, and hybrid methods. Each of these methods has its advantages and disadvan-

tages [7].

Passive cooling techniques utilize natural processes such as air convection, water flow, or

thermal conduction to dissipate heat without consuming additional energy. These techniques

include phase change materials, liquid immersion, heat pipes, microchannels, impingement

jets, microporous evaporation sheets, and cotton wicks. On the other hand, active cooling

methods require additional equipment such as fans and pumps to remove heat and force the

circulation of cooling fluids like air, water, or nanofluids [3]. Forced circulation methods can

maintain acceptable PV cell temperatures by achieving a high mass flow rate, but the addi-

tional equipment and energy consumption can make this approach more complicated and

expensive [7]. Water is the most common active cooling medium for PV panels, while air is

the most abundant natural cooling medium for passive cooling. However, air is not typically

used for cooling PV panels due to its low thermal conductivity and slow heat transfer rate.

Hybrid cooling systems have become a leading trend in photovoltaic module cooling research

[8]. These innovative approaches combine several thermal management techniques, including

passive and active cooling methods. Examples of these hybrid cooling systems include air-

water cooling, air-fine cooling, phase change material (PCM)-water cooling, PCM-air cooling,

PCM-fine cooling, PCM + thermal dissipator, PCM-metal foam, thermal dissipator + thermal

conduit, gas-liquid cooling, and air cooling with heat exchanger [9].

Despite being less effective than other cooling methods in dissipating heat, passive cooling

is a simpler, lighter, and cheaper alternative. Moreover, passive cooling techniques can be

enhanced with diffusers or heat sinks. As passive cooling technology improves in terms of

thermal efficiency, it could become a more viable option for efficiently harnessing solar

energy.

The literature contains a vast and diverse range of research works exploring various cooling

methods for photovoltaic panels including active cooling, passive cooling, hybrid cooling, and

passive air cooling [7–9]. In the following, we will focus on passive air cooling technology as it

is directly related to the present work.
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The most economical and easiest way to cool PV modules is to use natural convection air-

flow under the panels. This technique relies on the chimney effect to draw warm air through a

channel behind the PV modules. However, the effectiveness of this cooling approach is limited

by the low heat transfer rate of natural convection and the low thermal conductivity and volu-

metric heat capacity of air. Air-cooled photovoltaic/thermal (PV/T) systems as well as build-

ing-integrated PV systems (BIPV) are concrete examples of cooling PV modules by natural air

convection with a suitable energy efficiency. They are integrated into sloping roofs or facades

of buildings for urban solar applications. In BIPV applications, an air gap is used to circulate

air to cool the PV modules and the preheated air can be used for the thermal needs of the

building. Ventilated PV/T is a viable and economical method of providing electrical power,

warm air, and hot water to buildings. The air gap in a BIPV system behaves like a natural air

stream, driven by buoyancy and wind-induced pressure difference. Several studies have

reported low induced air velocities, less than 0.5 m s-1, in the air channel behind the PV mod-

ule justifying the fact that the flow is mainly laminar.

Brinkworth et al investigated a method of lowering the temperature of photovoltaic cells

using natural convection airflow in a duct at the back of the panel [10]. Simulations deter-

mined fundamental parameters such as the height and depth of the cooling duct, which was

found to be effective in reducing the temperature of the solar cells by 15 to 20 K. This tech-

nique has proven effective in improving the energy output of PV coatings used in building

walls and roofs.

Tripanagnostopoulos and Themelis experimentally tested three passive systems for cooling

photovoltaic panels by natural convection [11]. The first system includes an air duct at the rear

of the PV panel; the second system contains an air duct similar to the first, in which a thin

sheet metal (TMS) has been inserted to increase the cooling process; while the third system, it

is formed by metal fins placed at the back of the PV panel to increase the heat exchange sur-

face. The test results show that the last cooling system (fins) is the most efficient, followed by

the second solution (TMS), then the first.

Baloch et al. conducted an experiment in which they compared the performance of two

photovoltaic (PV) panels in a hot climate in Saudi Arabia [12]. One panel was placed in a nor-

mal frame, while the other was cooled by a duct channel. The experiment took place during

the second half of the year. The results showed that in June and December, the temperature

decreased from 71 ˚C to 48 ˚C and from 45 ˚C to 36 ˚C, respectively. The proposed cooling

system resulted in an average increase of over 35% in power output and a relative reduction of

19% in levelized energy cost.

To prevent photovoltaic panels from overheating in hot climates, Abd-Elhady et al. have

proposed a passive cooling solution using natural convection [13]. The method involves dril-

ling holes in the photovoltaic panels to allow the hot air beneath the panels to escape. This air

is replaced by cooler ambient air, ensuring better cooling of the PV panel. Experimental tests

validated the concept, followed by simulations that explored the effects of hole size and quan-

tity. A critical hole diameter was identified, beyond which smaller holes led to an increase in

panel temperature.

Glick et al. conducted research that differs from most previous studies which centered on

determining the optimal tilt angle for PV panels to maximize sunlight absorption [14]. Instead,

their focus was on the impact of the PV panel arrangement on the incoming wind flow. By

varying the tilt angle of the PV panels and calculating the heat transfer coefficients of their sur-

faces, the researchers found that a 30˚ tilt angle resulted in the highest heat transfer rate on the

bottom surface. They therefore suggested improving the flow of sub-panels through height

optimization or implementing baffles to enhance the lifespan and efficacy of the PV panels.
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Naghavi et al. conducted experimental and numerical studies to investigate the impact of

natural convection on the temperature reduction of PV panels [15]. They investigated the

effect of the distance between the panels and the roof on the performance of the PV system.

Their experiments showed that the average temperature of the PV module without an air gap

was 12 ± 5˚C higher than of modules with air gaps greater than 200 mm. The CFD simulation

revealed that the surface temperatures of the panels decreased with increasing air gaps and the

maximum efficiency of the PV panel was 15.44% for 250 mm spacing.

Zhou et al. examined a passive cooling method using vortex generators (VGs) on photovol-

taic (PV) modules for free convection conditions [16]. The VGs were thermally non-conduc-

tive and placed in an array on the rear surface of the module. The study found that VGs

reduced module operating temperatures up to 2˚C under free convection and 3˚C with con-

ductive materials. Computational fluid dynamics and PIV measurements showed that VG-

induced mixing in the boundary layer increased convective heat transfer. The study highlights

that the VGs’ shape and placement are essential and suggests that this cooling method could

increase energy yield and prolong module lifespan, particularly in hot climates.

Sutanto et al. investigated the development of floating photovoltaic (PV) systems with pas-

sive cooling using thermosyphon to increase their power output [17]. The results show that

the power output of floating PV systems is about 4.52% higher than that of ground-mounted

PV installations. The introduction of a thermosyphon cooling system increases the power out-

put of floating PV panels by about 7.86% compared to ground-mounted PV generation and by

3.34% compared to floating PV systems. The results of the study highlight the potential of

using floating PV systems with passive cooling to address the problem of limited land availabil-

ity and minimize environmental impacts while meeting global energy demand.

Fatnassi et al. performed particle image velocimetry (PIV) experiments to predict the mor-

phology of natural convection-induced fluid flow in an inclined double-skin photovoltaic

(IPVDSF) facade during transient and laminar regimes [18]. The experiments were performed

under realistic geometric and environmental conditions, and an irregularly heated channel

was used with three different slopes (-10˚, 0˚, and +10˚) for the PVDSF duct. The results

showed that the slope has a significant effect on the flow and velocity fields for both flow

regimes, and the study aimed to provide baseline data for numerical results and design devel-

opment of such systems while considering aesthetics and PV efficiency improvement aspects.

Panda et al. conducted experiments to investigate the effect of front or rear cooling of a PV

module on its performance [19]. They cooled the front of PV modules by circulating water at a

specific mass rate while cooling the back with wet grass. The average reduction in panel tem-

perature was 21.23˚C, resulting in a 28.6% increase in power output and an average efficiency

of 34.96%. Both cooling methods were effective, but top-side cooling was the best.

This literature review has shown that each PV module cooling technique has its characteris-

tics in terms of energy efficiency, initial investment, and maintenance costs.

In hot, desert regions, water is scarce, and passive air-cooling techniques become very

attractive, despite their low efficiency. These methods have the advantage of being economical,

silent, easy to install, and maintenance-free.

The use of a duct at the back of the photovoltaic module is an old passive panel cooling

technique. Several researchers have taken up this configuration (simple channel). El Kharaz

et al. [20] used the CFD code ANSYS-Fluent to simulate turbulent flow in a vertical channel

behind a photovoltaic panel. They used several turbulence models to investigate the impact of

channel geometry on flow topology and heat exchange. They suggested optimal spacings

between channel plates for heat fluxes from 10 to 300 W/m2. The findings revealed an average

heat transfer coefficient Nua ranging from 70.9 to 132.8.
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This study aims to investigate the use of natural convection for cooling photovoltaic panels.

More specifically, we analyzed the concept of using an inclined chimney as a passive cooling

system from the rear of photovoltaic panel. The chimney is a rectangular duct that passes

through the back of the panel and extends to the channel outlet. Airflow in the channel is

induced solely by buoyancy forces. This configuration has been designed on the basis of vari-

ous studies of natural convection flows in parallel-walled heated channels. Most of these stud-

ies concern flows in vertical geometries, as in the case of electronic component cooling [21] or

natural building ventilation [22]. However, there are a number of studies on natural convec-

tion in inclined channels with heated walls [23, 24], aimed at improving the performance of

rooftop solar chimneys or roof-mounted solar panels. Other authors have studied mixed con-

vection using fins to cool the channel [25].

In this work, we modified the simple channel to make it more efficient. Novelty design con-

sists in placing adiabatic extensions upstream and downstream of the PV panel in order to

increase the chimney draft by accelerating the airflow behind the module, thus improving the

evacuation of the heat released by the PV panel. The aim of the study is to optimize the width

of the channel and the length of the extensions as a function of the angle of inclination and the

modified Rayleigh number, in order to improve the thermal performance of the system.

2. Problem formulation

The studied configuration is illustrated schematically in Fig 1, with an inclined, open channel

formed by two parallel plates in which air can circulate freely. The photovoltaic panel forms

the upper wall of the channel, while the lower part is formed by an adiabatic plate of equal

lengthH. The channel is inclined to the horizontal plane at an angle ϕ and has an aspect ratio

Ar = b/H where b is the thickness of the air gap behind the photovoltaic panel. The channel is

asymmetrically heated by a uniform heat flux q applied on its upper surface. Air enters the

channel from below at ambient temperature. It flows into the channel under the effect of buoy-

ancy, cooling the back of the photovoltaic module. Adiabatic extensions of lengths Ein and Eout

can be added to the inlet and outlet of the simple channel.

The airflow through the channel is governed by the time-dependent 2D Navier-Stokes and

energy equations for an incompressible fluid with constant properties. Fluid motion is

assumed to be laminar and two-dimensional.

Using the Boussinesq approximation, the conservation equations of mass, momentum and

energy in non-dimensional form are given by [26–29]:

@U
@X
þ
@W
@Z
¼ 0 ð1Þ

@U
@t
þ U

@U
@X
þW

@U
@Z
¼ �

@P
@X
þ Pr

@2U
@X2
þ

@2U
@Z2

� �

þ PrRa cosφ T ð2Þ

@W
@t
þ U

@W
@X
þW

@W
@Z
¼ �

@P
@Z
þ Pr

@2W
@X2
þ

@2W
@Z2

� �

þ PrRa sinφ T ð3Þ

@T
@t
þ U

@T
@X
þW

@T
@Z
¼

@2T
@X2
þ

@2T
@Z2

� �

ð4Þ
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Dimensionless variables are defined as follows:

X ¼
x
b

; Z ¼
z
b

; t ¼
at

b2
; P ¼

P þ rgzð Þb2

ra2
; U ¼

ub
a

; W ¼
wb
a

; T ¼
y � y1
DT

; DT ¼ qb=l

The dimensionless numbers appearing in the governing equations are the Rayleigh number

a ¼ gbqb4

lan
, the Prandtl number Pr ¼ and the modified Rayleigh number Ra* = Ra (b/H).

The dimensionless number Ra* is the product of the aspect ratio Ar = b/H and the Rayleigh

number Ra and it is the relevant parameter for studying natural convection in heated open

channels.

The computational domain is restricted to the channel geometry and the following bound-

ary conditions are imposed:

At the walls, the no-slip boundary condition is applied (U =W = 0). On the heated wall, a

uniform heat flux q is imposed leading to @T
@X ¼ � 1 in dimensionless form and along the adia-

batic wall @T
@X ¼ 0 is assumed.

At the open boundaries (the entrance and exit of the channel),

Fig 1. Geometrical configuration of the inclined channel with adiabatic extensions.

https://doi.org/10.1371/journal.pone.0302326.g001
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At the entry of the channel:

@W
@Z
¼ 0 ;U ¼ 0 ;T ¼ 0; P ¼ � 0:5

R 1

0
W X; 0ð ÞdX

� �2

At the exit of the channel:

@W
@Z
¼
@U
@Z
¼ 0 ;

@T
@Z
¼ 0 ; P ¼ 0 If W � 0

Else

@W
@Z
¼ 0 ;U ¼ 0 ;T ¼ 0; P ¼ � 0:5

1

L

R

L
W X; 0ð ÞdX

n o2

L is the length of the portion of the outlet section where the air enters the channel.

The mass flow rate induced by buoyancy is defined as follows:

M ¼
R 1

0
W X; 0ð ÞdX

The local Nusselt number along the heated wall is given by:

Nu Zð Þ ¼
h Zð Þb
l
¼

1

Tw Zð Þ
Tw is the wall temperatureð Þ

The average Nusselt number at heated wall is then defined by:

Nua ¼
1

H

R H

0
Nu 0;Zð ÞdZ

3. Numerical resolution

The conservation equations are solved using software developed by LIMSI (CNRS FRANCE)

for the integration of the time-dependent Navier-Stokes equations. Various types of problems

have been solved by this software [27–31].

The Navier-Stokes Eqs (1–4) written in primitive variables are discretized in space by the

finite volume method, whereas a time-splitting algorithm is used for temporal integration to

decouple velocity and pressure. If all quantities are assumed to be known at time n. Δt, the val-

ues of the variables at the next time step (n + 1) Δt are determined as follows:

First, using a second-order time scheme, an intermediate velocity field V* is determined.

For this purpose, the diffusion terms are discretized by a second order backward Euler scheme

and the nonlinear terms are processed by the second order Adams-Bashforth scheme [31]. At

this point, the discretization is as follows:

3V∗ � 4Vn þ Vnþ1

2Dt
þ 2 V:rVð Þ

n
� V:rVð Þ

n� 1
¼ � rPn þ PrDV∗ ð5Þ

Then, using Helmholtz’s decomposition theorem, the intermediate velocity field is pro-

jected onto the subspace of divergence free vector field:

Vnþ1 � V∗ ¼ �
2Dt
3
r Pnþ1 � Pnð Þ ð6Þ
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When applying the divergence operator to the previous expression, we obtain a Poisson-

type equation for the incremental pressure:

DC ¼
3

2Dt
rV∗ C ¼ Pnþ1 � Pn ð7Þ

Finally, the last equation is solved by a multigrid method that accelerates the convergence

of the basic iterative method by using a hierarchy of discretization.

Next, the new quantities at time (n + 1). Δt are given by:

Pnþ1 ¼ C þ Pn

Vnþ1 ¼ V∗ �
2Dt
3
rC

8
<

:
ð8Þ

Spatial discretization uses a second order upwind scheme for the convective terms and a

centered scheme for the diffusive terms.

The calculations were carried out on a 2D computational domain limited to the space

bounded by the channel walls. This domain is defined by [0, Xm] * [0, Zm] where Xm = 1 and

Zm = H/b. The domain is simple and has no singularities. Consequently, refinement is only

used close to the walls. The spatial discretization used consists of a uniform mesh in the flow

direction and a non-uniform mesh in geometric progression in the normal direction. The fin-

est meshes are located close to the walls.

A mesh independence study was conducted to guarantee the accuracy of the numerical

results for the vertical channel. Calculations were made with three gridline systems, namely

66*130, 130*258 and 258*514 with Ra* = 105. The changes in the mesh size give errors of less

than 1.5% for relevant parameters such as the average Nusselt number and the mass flow rate.

Based on the test results, the mesh of 130*258 is chosen for all simulations. Throughout this

work, the time step is set at Δt = 10−5, close to the limit of stability and the maximum CFL

number is around 0.5, close to the walls.

4. Code validation

To validate our numerical model, comparisons with results available in the literature were per-

formed. The first validation test relates to the Webb and Hill experiment [32] for a vertical

asymmetrically heated channel with an aspect ratio Ar = b/H = 1/5. The variation of the aver-

age Nusselt number with the modified Rayleigh number in the case of the vertical channel (ϕ
= 90˚) is displayed in Fig 2a. The computed values of the average Nusselt number in this simu-

lation are in good agreement with the correlation proposed in [32].

The second validation test uses the numerical results presented by Mittelman et al. relating

to the passive cooling of inclined photovoltaic panels tilted by an angle (ϕ = 30˚) and with an

aspect ratio Ar = b/H = 1/20 [33]. Fig 2b depicts the variation of the average Nusselt number

with the modified Rayleigh number in the case of the inclined channel (Ar = b/H = 1/30 and

ϕ = 30˚). As can be seen, our results are in perfect agreement with the correlations given by

Mittelman et al. [33].

5. Results and discussion

Numerical modeling of natural convection flows in open channels is simple, but it is difficult

even in the 2D case, especially when the computational domain is limited to the channel space.

The boundary conditions at the channel entrance are unknown and only the exit conditions

can be imposed. This difficulty is generally overcome by using homogeneous boundary condi-

tions of the Neumann type. The exact determination of the boundary conditions to be
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Fig 2. a: Average Nusselt number versus the modified Rayleigh number in the case of a vertical channel (Ar = b/H = 1/

5 and ϕ = 90˚). b: Average Nusselt number versus the modified Rayleigh number in the case of an inclined channel (Ar

= b/H = 1/30 and ϕ = 30˚).

https://doi.org/10.1371/journal.pone.0302326.g002
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imposed at the entrance remains an open problem because the flow is generated by the hot

source located downstream of the channel entrance.

The modified Rayleigh number Ra* is the most relevant parameter for characterizing the

flow regime in heated open channels. It should be noted that the flow regime in the asymmetri-

cally heated channel is laminar for Ra*� 106 and turbulent for Ra*� 107.

The effect of inclination on airflow and heat transfer in channels with and without adiabatic

extensions is studied in a laminar regime. In the following, the channel configuration without

adiabatic extensions will be referred to as the reference case. The study covers a wide range of

tilt angles (15˚� ϕ� 90˚) and modified Rayleigh numbers (102� Ra*�106).

Preliminary calculations are first performed on the channel without extensions to predict

the critical aspect ratio that minimizes overheating of the photovoltaic panel for different tilt

angles and various modified Rayleigh numbers.

5.1 Channel without extensions

In this section, we examine the case of the channel without extensions (the reference case)

before analyzing the effects of extensions on channel performance.

5.1.1 Effect of aspect ratio. To study the effects of the aspect ratio Ar on natural convec-

tion in inclined channels, Ar was varied from Ar = 1/20 = 0.05 to Ar = 1/5 = 0.2 for different

angles of inclination.

As the length of the channel is fixed, varying the spacing between the walls results in a varia-

tion of the aspect ratio. Reducing the aspect ratio means reducing the air gap behind the pho-

tovoltaic panel. This section aims to determine the critical aspect ratio that minimizes

overheating. The critical aspect ratio can be defined as the value of the aspect ratio at which the

mass flow rate in the channel and the maximum temperature of the PV panel begin to stabilize.

This approach was used by Gan (2009) [34] to determine the critical air gaps for building-inte-

grated photovoltaics. Determining the critical value of the aspect ratio means determining the

minimum channel width that prevents the photovoltaic panel from overheating.

Fig 3a and 3b show respectively the variation of dimensionless maximum PV temperature

and mean air velocity as a function of channel aspect ratio for tilt angles ranging from 15˚ to

90˚ at Ra* = 105. It should be noted that for the same aspect ratio, the maximum temperature

of the PV panel decreases as the angle of inclination increases (closer to the vertical position).

This result can be explained by the increase in air flow rate as the channel inclination tends

towards the vertical position (Fig 3b). It can also be seen that as the aspect ratio decreases, the

maximum temperature of the PV panel remains stable until a critical value is reached when

the temperature rises significantly to high values indicating high overheating at low aspect

ratios. This behavior is due to the decrease in air flow rate for low aspect ratios and conse-

quently for low air gaps (Fig 3b). From these two curves, we can estimate the critical aspect

ratio to be around 0.1 (Arc = 1/10). This means that the minimum spacing between the chan-

nel walls must be H/10 a tenth of the panel length H. In the following, the channel aspect ratio

will be fixed at Ar = 1/8 above the critical value.

5.1.2 Fluid flow and heat transfer characteristics. To study the flow structure inside the

simple channel, the velocity profiles at the channel inlet and outlet are analyzed for different

angles of inclination. Fig 4a and 4b depict respectively the velocity profiles at the entrance and

exit of the channel for pitch angles ranging between 15˚ and 90˚ for a modified Rayleigh num-

ber Ra* = 105 and an aspect ratio Ar = 1/8. Velocity profiles at the channel inlet are of the fully

developed parabolic type for all inclinations. Peak velocity is symmetrical and increases with

the inclination angle. The velocity profiles are very close for 45˚� ϕ� 90˚, while a remarkable

drop is observed for ϕ = 15˚.
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Fig 3. a: Maximum dimensionless PV module temperature as a function of channel aspect ratio for different tilt angles

at Ra* = 105 (channel without extensions). b: Dimensionless mean velocity as a function of channel aspect ratio for

different tilt angles at Ra* = 105 (channel without extensions).

https://doi.org/10.1371/journal.pone.0302326.g003
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Fig 4. a: Velocity profiles at the channel inlet for different tilt angles (Ar = b/H = 1/8; Ra* = 105). b: Velocity profiles at

the channel outlet for different tilt angles (Ar = b/H = 1/8; Ra* = 105).

https://doi.org/10.1371/journal.pone.0302326.g004
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At the exit of the channel, the velocity profiles are of the boundary layer type, with a strong

asymmetry highlighted by the acceleration of the fluid behind the PV panel. A reversal zone,

characterized by negative velocities, partially occupies the channel outlet near the lower adia-

batic wall. Its size increases with the tilt angle. The peak velocity also increases as the angle of

inclination increases and gets closer to the photovoltaic panel, thus reducing the thickness of

the boundary layer.

The maximum velocity at the channel inlet and outlet increases with the angle of inclina-

tion. An inversion zone, characterized by negative velocities, partially occupies the channel

outlet near the lower adiabatic wall. Its size increases with the tilt angle.

To study heat exchange inside the channel, we examine the temperature profiles along the

heated wall for different angles of inclination. Fig 5 shows dimensionless temperature profiles

along the top wall of the channel for different angles of inclination between 15˚ and 90˚ for a

modified Rayleigh number Ra* = 105 and an aspect ratio Ar = 1/8. These profiles take the form

of a charge curve. At the inlet, the dimensionless temperature is zero, then increases rapidly

until it reaches the maximum temperature at the channel outlet, meaning that the overheating

zone is at the upper end of the PV panel.

To quantify heat and mass transfer within the channel, we examine the variations of average

Nusselt number and mass flow rate as a function of tilt angle. Fig 6a and 6b show respectively

the dimensionless mass flow rate and the average Nusselt number versus the tilt angles for dif-

ferent modified Rayleigh numbers ranging from Ra* = 102 to Ra* = 106 when the aspect ratio

Fig 5. Dimensionless temperature profiles along the upper channel wall for different tilt angles (Ar = b/H = 1/8;

Ra* = 105).

https://doi.org/10.1371/journal.pone.0302326.g005
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Fig 6. a: Dimensionless mass flow rate as a function of tilt angles for different modified Rayleigh numbers (Ar = b/

H = 1/8). b: Average Nusselt number as a function of tilt angles for different modified Rayleigh numbers (Ar = b/

H = 1/8).

https://doi.org/10.1371/journal.pone.0302326.g006
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is fixed at (Ar = 1/8). The mass flow rate increases with the modified Rayleigh number and

with the angle of inclination. The increase is particularly marked at low angles of inclination. It

should also be noted that the average Nusselt number increases with the modified Rayleigh

number and with the angle of inclination. This means that heat exchange intensifies as the

inclination of the channel increases and approaches the vertical position. But for tilt angles

below 30˚, the rate of heat transfer remains particularly low.

5.2 Channel with extensions

5.2.1 Effects of adiabatic extensions. In previous numerical and experimental studies,

some authors have introduced adiabatic extensions at the entrance and exit of the channel.

The reasons for this are various: stabilization of the flow, minimization of radiation losses or

simply improvement of the thermal and hydrodynamic performance of the open channel. The

purpose of this paragraph is to verify the usefulness of adding extensions to the input or output

of the channel to improve its performance.

To enhance heat transfer and buoyancy-induced mass flow, adiabatic extensions are added

to the inlet and outlet of the simple channel. Fig 1 shows schematically the geometric configu-

ration of the inclined channel with adiabatic extensions of lengths Ein and Eout. In the follow-

ing, the aspect ratio of the simple channel is fixed at (Ar = 1/8). Next, extensions of lengths H/

2 and H are added at either the inlet or outlet of the channel to test their usefulness.

Fig 7a and 7b respectively show the variation of the dimensionless mass flow rate M and the

average Nusselt number Nua as a function of the angles of inclination for different adiabatic

extensions at the entrance and at the exit of the channel when the modified Rayleigh number

is equal to Ra* = 105.

The introduction of the extension at the channel inlet does not improve mass flow rate and

heat exchange for all tilt angles (15˚� ϕ� 90˚) considered in the study. Increasing the length

of these extensions even inhibits airflow in the channel and heat transfer at the rear of the pho-

tovoltaic panel. For example, when the modified Rayleigh number is Ra* = 105 and the inlet

extension is of length Ein = H, the reduction in mass flow rate is greater than 45% for all tilt

angles, resulting in a 14% reduction in average Nusselt number for the same conditions. On

the other hand, the addition of extensions at the channel outlet improves both the mass flow

rate and Nusselt number for all angles of inclination. Extending the length of these extensions

even boosts airflow in the channel and heat transfer rate at the heated wall. For example, when

the modified Rayleigh number is Ra* = 105 and the outlet extension length is Eout = H, the

enhancement in mass flow rate M is over 47% for all tilt angles, resulting in a 7% increase in

heat transfer rate for the same conditions. In conclusion, extensions at the channel inlet should

be avoided and only extensions at the channel outlet should be introduced to improve both

mass flow rate and average Nusselt number.

To explain the mechanisms behind the negative effects of inlet extensions on airflow and

heat transfer, we may suspect a loss of chimney draught power or the formation of a recircula-

tion zone blocking the channel inlet. The first hypothesis is to be rejected, as increasing the

length of a chimney always increases its draught due to heat loss. It should also be noted that

the second hypothesis is also to be rejected, as all numerical and experimental studies on

heated channels have never mentioned the formation of a recirculation zone at the inlet [21,

32–35]. In our opinion, the real reason for the poor performance of inlet extensions is the pres-

ence, in this zone, of fresh, dense air that cannot flow by buoyancy because it has not yet been

heated. This mass of cold air blocks the entrance of the channel and reduces the airflow

through the channel, as well as heat extraction from the PV panel.
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Fig 7. a: Dimensionless mass flow rate as a function of tilt angles for different adiabatic extensions at the channel inlet

and outlet (Ar = b/H = 1/8; Ra* = 105). b: Average Nusselt number as a function of tilt angles for different adiabatic

extensions at the channel inlet and outlet (Ar = b/H = 1/8; Ra* = 105).

https://doi.org/10.1371/journal.pone.0302326.g007
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5.2.2 Effects of extension length. In this section, we study the effect of varying the exten-

sion length at the channel outlet, on the mass flow rate and the heat transfer rate along the heated

upper wall. The channel tilt angle is fixed at ϕ = 30˚. This choice is dictated by the open-air tests

currently underway in the Tabuk region of Saudi Arabia (latitude 30˚). These experiments pro-

vide interesting details on the actual performance of the system under desert conditions.

For simulation, the extension length at the channel outlet Eout was varied from 0 to 3H. Fig

8a and 8b depict, respectively, the variation of dimensionless mass flow and average Nusselt

number as a function of normalized adiabatic extension Eout/H at the channel outlet for differ-

ent modified Rayleigh numbers ranging from Ra* = 102 to 106 when (Ar = 1/8; ϕ = 30˚).

Interestingly, the mass flow rate and Nusselt number increase with the outlet extension

length Eout and the modified Rayleigh number Ra*. These increases are significant when the

extension length Eout exceeds 2H. For the mass flow, the best improvement rates are obtained

for Ra* = 106. For example, when the extension length Eout increases from 0 to 3H, the mass

flow rate increases by 50% at Ra* = 104, by 60% at Ra* = 105 and by 65% at Ra* = 106. How-

ever, the best improvement rates of the average Nusselt number are obtained for low Rayleigh

numbers. Indeed, when the length of extension goes from 0 to 3H, the Nua improvement rate

is 21.7% at Ra* = 102, 16.8% at Ra* = 104, and 13.4% at Ra* = 106.

To analyze the results and explain the performance of long extensions, we study the evolu-

tion of thermal and dynamic fields in channels of different lengths. It should be noted that

varying Rayleigh numbers and extension lengths lead to complex airflow patterns, particularly

at the channel outlet. Fig 9a shows channel exit velocity profiles for different Eout extension

lengths ranging from 0 to 3H (Ar = 1/8; Ra* = 105; ϕ = 30˚). For the reference case (Eout = 0),

the velocity profile at the outlet of the channel is of the boundary layer type, with a strong

asymmetry and a sharp peak due to the acceleration of the fluid near the heated wall. Negative

velocities are observed near the adiabatic wall. In this area, air enters the channel in the oppo-

site direction through the outlet section, creating an inversion zone. This recirculation area

partially blocks the channel outlet, reducing the airflow rate. As the length of the extensions

increases, the chimney draft intensifies the mass flow rate increases, and the peak velocity shifts

towards the channel axis. The inversion zone, corresponding to negative velocities, narrows as

the extensions lengthen until it disappears for Eout = 2H. The disappearance of the reversed

flow, which partially blocks the exit of the channel, frees the airflow and improves the mass

flow rate. As the length of the extensions increases, the velocity profiles gradually change from

the boundary layer type for Eout = 0 to the asymmetric Poiseuille type for Eout>2H, character-

ized by a broad peak that tends to approach the channel axis. As noted above, the experimental

studies of flows in asymmetrically heated channels, with or without extension, have never

shown the existence of a recirculation zone at the channel inlet. However, reverse flow does

occur at the channel outlet, close to the adiabatic wall under certain conditions. As the length

of the outlet extensions increases, the size of this vortex decreases until it disappears for an

extension length twice that of the panel. This can be explained by the increase in the chimney’s

draught power as a result of the increased channel length.

Dimensionless temperature profiles along the top wall of the channel are depicted in Fig 9b

for adiabatic extensions with lengths ranging from 0 to 3H when Ar = 1/8; Ra* = 105 and ϕ =

30˚. These profiles have the same shape as the charge and discharge curves. At the entrance of

the channel, the dimensionless temperature is zero then it increases rapidly along the heated

wall until it reaches its maximum value at the upper end of the PV panel. Then, the tempera-

ture decreases exponentially along the adiabatic extension until it reaches its minimum at the

exit of the channel. As the length of the extensions increases, the airflow intensifies and the

temperature of the PV module drops, thus avoiding the risk of overheating and improving the

electrical performance of the PV panel. For example, as the length of the extension increases
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Fig 8. a: Dimensionless mass flow rate as a function of normalized adiabatic extension at the channel outlet for

different modified Rayleigh numbers (Ar = b/H = 1/8; ϕ = 30˚). b: Average Nusselt number as a function of normalized

adiabatic extension at the channel outlet for different modified Rayleigh numbers (Ar = b/H = 1/8; ϕ = 30˚).

https://doi.org/10.1371/journal.pone.0302326.g008
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Fig 9. a: Channel exit velocity profiles for different adiabatic extension Eout (Ar = b/H = 1/8; Ra* = 105; ϕ = 30˚). b:

Dimensionless temperature profiles along the upper channel wall for different adiabatic extension Eout (Ar = b/H = 1/8;

Ra* = 105; ϕ = 30˚).

https://doi.org/10.1371/journal.pone.0302326.g009
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from 0 to 3H, the maximum temperature decreases by 4.8% for Eout = H, 8.7% for Eout = 2H

and 11.1% for Eout = 3H.

The study showed that the reverse flow which is partially blocking the channel outlet disap-

pears as soon as the length of the extensions exceeds twice that of the panel. Beyond this length,

improvements in mass flow and heat transfer rate are not significant. Clearly, increasing the

size of the extensions will be accompanied by higher purchase and installation costs. What’s

more, if the space reserved for panel installation is limited, like the roof of a building for exam-

ple, you can’t afford to use extensions that are too long. For this reason, using extensions twice

the length of the panel is a good compromise between technical and economic constraints. This

critical length also avoids the risk of shading other PV modules due to the excessive size of the

extensions, and also avoids the use of cumbersome mounting structures to hold them in place.

The proposed system is easy to install, economical, silent, energy-efficient and mainte-

nance-free. It protects the photovoltaic panel from overheating, increasing its efficiency and

lifespan. This cooling technique is particularly suited to arid regions where the climate is hot

and water scarce. However, in these arid regions, the performance of the proposed system can

be influenced by extreme weather conditions, such as intense solar radiation, high ambient

temperatures, external winds and sandstorms. Dust accumulation is a major challenge to the

proper operation of the photovoltaic panel and passive cooling system. Regular maintenance is

necessary to ensure efficiency.

6. Conclusion

A numerical study was carried out on the use of natural convection to cool a photovoltaic

panel using an inclined chimney at the rear. Validated through numerical simulations, the

model considers modified Rayleigh numbers, tilt angles, and channel aspect ratios to evaluate

the performance of the simple channel. A critical aspect ratio of 0.1 is identified to prevent PV

module overheating, emphasizing the need for an air gap at least one-tenth of the panel length.

The analysis of the simple channel’s flow reveals a complex structure influenced by inclination

and Rayleigh number. Increasing Rayleigh number and tilt angle enhances airflow, intensify-

ing heat exchange, and expediting panel cooling. Adiabatic extensions at the channel’s

entrance and exit are introduced to improve chimney draught and cooling. Inlet extensions

hinder airflow, while outlet extensions significantly enhance mass flow and Nusselt number.

Critical findings show a 47% increase in mass flow and a 7% rise in heat transfer rate when

outlet extensions equal panel height. A critical extension length of 2H is identified, leading to

improved heat exchange, mass flow rate, and a reduction in maximum temperature. It was

found that increasing the length of the extensions from 0 to 3H improved the mass flow rate

by 65%, the average Nusselt number by 13.4%, and led to an 11% drop in maximum tempera-

ture, when Ra* = 106. The proposed system, easy to install and cost-effective, safeguards the

photovoltaic panel from overheating, enhancing efficiency and lifespan, making it ideal for

arid regions with hot climates and water scarcity. However, the performance of the proposed

system can be influenced by extreme weather conditions, such as intense solar radiation, high

ambient temperatures, external winds, sandstorms and dust accumulation.
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