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Abstract Solar cell performance decreases with increasing temperature,
heat can reduce output efficiency by 10–25%. The operating temperature
plays a key role in the photovoltaic conversion process. Increase in electrical
efficiency depends on cooling techniques, in particular photovoltaic modules
installed in the high temperature regions. A cooling process using a single
nozzle of photovoltaic panel operating under different configurations was
simulated. The simulation contains two parts: the first is a thermodynamic
investigation of fluid impingement upon the sensor front face. The second
is a performance comparison between two types of glass cover. The major
result that emerges from this simulation is the effect of a single nozzle ar-
rangement to enhance the cooling process, under a low cadence of impinging
droplets in the range 0.1–1.7 m/s.
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Nomenclature
C – heat capacity, J/(kgK)
Cp – specific heat capacity at constant pressure, J/(kgK)
dz – fluid layer thickness, m
F – fluid volume force, N/m3

g – gravitational acceleration, m/s2

I – moment of inertia, kgm2
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k – thermal conductivity, W/(mK)
p – pressure, Pa
Q – heat sources, W/m3

Qp – pressure work, W/m3

Qvd – viscous dissipation in the fluid, W/m3

q – conduction heat flux, W/m2

q0 – inward heat flux, W/m2

T – temperature, K
t – time, s
U – thermal energy, J/kg
v – fluid velocity, m/s

Subscripts and superscripts

vd – viscous dissipation
ρ – fluid
z – nozzle vertical axis
0 – out-of-plane
T – transpose (matrix)

Greek symbols

α – coefficient of thermal expansion, K−1

ρ – density, kg/m3

τ – viscous stress tensor for Newtonian fluid
µ – dynamic viscosity, Pa s

1 Introduction

Solar energy harvesting by photovoltaic (PV) technology which can convert
solar radiation into electric energy by photovoltaic effect is the most popular
one. One of the main obstacles that face the operation of the PV panel is
a very low PV cell conversion electrical efficiency. This is also a key obstacle
of scientists and researchers to enhance the electrical efficiency of PV cells.
The efficiency of PV plant is not only strongly depended on solar radiation,
but also depends on the operating temperature of PV panels [1]. The cause
of low PV cell conversion electrical efficiency is overheating due to excessive
solar radiation and high operating temperatures. This is because the PV
panel converts into electricity only 15% of sunlight energy, whilst the rest
is converted into heat.

The operating temperature plays an essential role in the PV energy con-
version process. The electrical performance of a PV module which involves
both the electrical efficiency and the power output depends linearly on the
operating temperature [2–4]. Cooling mechanisms have already been pro-
posed and the development of cooling techniques continues. It has been
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shown that a sizable amount of power can be gained, up to a total of 5%,
by utilization of a cooling system [5]. The commonly used cooling methods
are divided into air and water cooling methods. Air cooling requires lesser
energy than water cooling, but its cooling ability is also mediocre. Con-
versely, water cooling has better cooling capability than air cooling, and its
equipment costs are usually higher than air cooling.

A study investigates the performance of two low cost heat extraction im-
provement modifications in the channel of a photovoltaic thermal (PV/T)
air system to achieve higher thermal output and PV cooling so as to keep
the electrical efficiency at acceptable level. A proportion of the solar radia-
tion is converted into electricity, up to 20%, and the remainder is converted
into heat [6]. Kaiser et al. [7] set a large air fan under the PV panel for
cooling and discussed the influence of the air-channel size and the flow
velocity on the efficiency of the PV panel. The results showed that the
power output of a PV panel can be improved with air cooling. The ef-
fect of phase-change materials (PCMs) deployment on the performance of
an air-cooled photovoltaic thermal system (PVT) is investigated experi-
mentally [8]. The experimental results indicate that using PCMs leads to
a significant increase in natural and forced convection situations. A concen-
trated photovoltaic (CPV) module and its active water-cooling system are
developed [9]. The experimental results show that the operating tempera-
ture of the CPV module under water cooling is reduced below 60◦C and
therefore the efficiency of the CPV has increased and produced the more
electric power output.

Abdolzadeh et al. [10] investigate the possibility of improving the per-
formance of a photovoltaic water pumping system by spraying water over
the photovoltaic cells. Experimental results show that the cells power is
increased due to spraying water over the photovoltaic cells. Bahaidarah et
al. [11] cooled a mono-crystalline PV module from back side, via closed
casing through which a flow of water is established. A numerical model
is developed using Engineering Equation Solver (EES) software to predict
various electrical and thermal parameters affecting its performance. Najafi
et al. [12] proposed a cooling method for solar concentrating PV systems
by using Peltier effect. A model is developed and simulated, using a rea-
sonable amount of electricity, in order to determine temperatures within
the system, calculate the required power to run the thermoelectric cooling
module and the extra generated power by PV cells due to the cooling effect.
Cooling techniques for PV panels that include a water spray application
over panel surfaces were proposed [13, 14]. A specific experimental setup
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was elaborated in detail allowing the great potential on the performance
of the PV cell by significant increasing of the total output power in cir-
cumstances of peak solar irradiation. A parametric analysis during spray
cooling process [15, 16] was conducted taking into account the thermody-
namic behaviour of the fluid-flow on an aluminium plate at the tempera-
ture of 92◦C. Effects of total internal energy, convective heat flux, Reynolds
number, spray distribution and velocity were carefully examined in order
to better understand and control the temperature variation.

Understanding the physical phenomena occurring on solid surfaces upon
impingement of the single water microjet passes through harvesting theo-
retical and experimental studies of microjet impingement [17, 18]. The in-
vestigation allows the rational design and calculation of microjet modules
and optimum performance of these modules from industrial application to
microelectronics. The present paper studies the influence of a water-jet on
top of PV panel for different operation conditions of cooling. The tilt angle
of the panel is fixed to 17◦. The sprayer at 0.333 m height from the glass
cover delivers a flow rate of constant pressure. Monitoring of temperature
and other parameters is simulated solely by the commercial general-purpose
simulation software – Comsol code without any additional computer-aided
design (CAD) software.

2 Numerical investigation

2.1 System configuration and assumptions

A photovoltaic panel of dimensions 670 mm× 540 mm made of aluminium
was investigated during different conditions of a fluid-spray process (Fig. 1).
Cooling was focused on the upper part (glazing) of the PV panel. For a fixed
panel tilt angle of, the nozzle was placed above the glazed surface in five
cooling cases of configuration inspected in our study (Fig. 2). In this work,
we assumed two types of glass cover. The first type was a quartz glass
and the second was made of polymethyl methacrylate. The polymethyl
methacrylate also called PMMA is a transparent and rigid plastic often
used as a substitute for glass in products such as shatterproof windows,
skylights, illuminated signs, and aircraft canopies. The glass is 2 mm thick-
ness with the dimensions 650 mm×520 mm, implying an additional surface
of luminium forming the sensor edges.

To define the performance of a sprayer, it is necessary to have existing
data on the fluid dispersion. In fact, these data are obtained on the basis
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Figure 1: Photovoltaic panel geometry (model SL-50M).

Figure 2: Configurations cooling of the photovoltaic panel.

of experimental studies in order to get information about the pattern and
volume of the droplets-jet distribution [19, 20]. The chosen nozzle creates
oval spray pattern in a relatively wide flow range from low pressure to
medium pressure. The spray pattern is formed in a rate of longer diameter
to shorter diameter with supposed uniform fluid dispersion.
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2.2 Modelling equations

The commercial Comsol Multiphysics 5.2. code is used to solve partial dif-
ferential equations (PDEs) in a weak form. Comsol is a cross-platform finite
element analysis, solver and multiphysics simulation software [21]. Several
modules are available which are categorized according to the application
areas such as electrical, mechanical, fluid, acoustic, chemical, multipurpose,
and interfacing. We built a PV panel beneath the nozzle spray cooling model
in Comsol, and solved the coupled heat/fluid flow problem using the finite
element method. Appropriate physics modules were selected through the
computational problem, heat transfer convection and laminar fluid flow.

The heat equation is essentially a form of the energy conservation prin-
ciple. Mathematically, we can write this as

ρ
∂U

∂t
+ ρ~v · ∇U +∇ · ~q +∇ · p~v −∇ · τ~v = 0 , (1)

were ρ is the density, ~v is the velocity, p is the pressure, and τ is the viscous
stress tensor of the fluid. Equation (1) states that the rate of change of
total thermal energy, U is equal to the rate of exchange of heat flux, the
rate of change of energy due to convection and pressure variations, and the
rate of change of energy due to viscous dissipation.

If we write the thermal energy in terms of temperature, T, in Eq. (1)
and use the Fourier law for the heat flux, ~q, we obtain the following heat
equation:

ρC

(
∂T

∂t
+ ~v · T

)
= k∇2T − Tα∇ · ~v +∇ · τ~v , (2)

where C is the specific heat, α is the coefficient of thermal expansion, and
k is the thermal conductivity. Now, we have the heat equation in terms
of variables and constants that can be physically measured, thus making
a very useful form for engineering.

The basic equation for fluid motion is the well-known Navier–Stokes
equation [22, 23]. Momentum conservation for a fluid can be written as
follows:

∂ρ~v

∂t
+∇ · ρ~v~v +∇p−∇ · τ − ρ~g = 0 . (3)

By expanding the dyadic product

∇ · ρ~v ~v = ρ~v (∇ · ~v) + ~v (∇ · ρ~v) (4)
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and making use of the continuity equation we can rewrite Eq. (3) in a more
commonly used form of the Navier–Stokes equation

ρ
∂~v

∂t
+ ρ~v (∇ · ~v) = −∇p+∇ · τ + ρ~g . (5)

The principle of conservation of mass leads us to the continuity equation
as shown below

∂ρ

∂t
+∇ · ρ~v = 0 . (6)

With Eqs. (2), (5), and (6), we have fully formulated the coupled problem of
heat transfer in a flowing fluid. Therefore, scalar equations that the physics
modules in Comsol are solving consist of the equation for laminar fluid flow
module and the equation for heat transfer in fluids module:

ρ
∂v

∂t
+ ρv (∇·v) = ∇·

[
−pI − 2

3µ (∇·v) I + µ
(
∇v + (∇v)T

)]
+F+ρg , (7)

∂ρ

∂t
+∇ · (ρv) = 0 (8)

and

dzρCp
∂T

∂t
+ dzρCpv · ∇T +∇ · q = dzQ+ q0 + dzQp + dzQvd , (9)

q = −dzk∇T , (10)

where Qp correspond to work done by pressure changes due to heating
under adiabatic compression as well as some thermoacoustic effects:

Qp = αpT

(
∂p

∂t
+ v · ∇p

)
. (11)

Note that the first term on the right-hand side (RHS) in Eq. (7) is simply
an expansion of the stress tensor, τ , in Eq. (5), and the last term on the
RHS in Eq. (9) contains the viscous dissipation term of Eq. (2):

Qvd = ∇ · τ~v . (12)

2.3 Simulation

Water mass flow rate of 0.016 kg/s at the initial temperature of 20◦C is
ejected at a pressure of 10 kPa upon the front surface of a PV panel. The
simulated module is tilted by 17◦ from the horizontal and oriented south.
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The maximum recorded wall temperature is 54◦C. It is assumed that the
nozzle used delivers a uniform droplets pattern and laminar flow on the
glazing surface is reached. The working time according to the simulation
control was set to 60 min.

A two stage protocol for the thermal simulation process is carried out.
The first step consists of fluid flow simulation, dynamic and thermal be-
haviours are focused. Graphic illustrations showing the temporal evolution
of the drops velocity (Fig. 3) and the film temperature of impinging fluid
(Fig. 4) are presented. For each of the five configurations studied (Fig. 2),
monitoring curves of temperature (Fig. 5), thermal energy (Fig. 6) and con-
vective heat flux (Fig. 7) are obtained. The second part of the simulation
corresponds to a thermal diagnosis of the glass cover. To choose the appro-
priate glazing, curves of Figs 8, 9, and 10 allow us to compare the thermal
performance of the above mentioned materials in Section 2.1.

3 Results discussion

Initial spray conditions such as flow rate, pressure and temperature are
implemented in the simulation code. For the case of selected nozzle, the
geometric model was created and the drops dispersion generated results in
an oval impact surface.

At a distance of 0.280 m below the nozzle, droplets velocity profiles are
obtained at this level, described by an elliptical plane of 1 m diameter
(Fig. 3). The velocity profile in the case of perpendicular cooling (Con-
figuration 1) provides substantial information about the nozzle selected.
Indeed, the drop speed is less than 0.2 m/s over almost 0.6 m inside the
spray. On the other hand, the jet is five times faster towards the boundaries
with a drop speed almost equal to 1 m/s. Moreover, a vertically mounted

Figure 3: Droplet velocity at 0.28 m below the nozzle.
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nozzle (Configuration 2) results in improved flow velocity exceeding 1 m/s.
Symmetrical profiles according to the jet axis are obtained in the case
study of configurations 4 and 5, showing transversal and lengthwise cooling
processes. In such configurations, the highest flow velocity of the order of
1.7 m/s is recorded. Finally, even if a horizontal cooling alongside the PV
plane (Configuration 3) allows noticeable droplet velocity improvement on
almost the entire spectrum, 0.62–1.33 m/s, the half of fluid spray does not
impact the upper surface.

Thermal field illustrations (Fig. 4) during perpendicular cooling (Con-
figuration 1) show the temperature distribution within the liquid film on

(a)

(b)

Figure 4: (a) Temperature field at PV panel surface, t = 59 s; (b) PV panel temperature
profile, t = 60 min.
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the PV module. Figure 4a refers to the first minute of cooling; it represents
a heat map explaining the above dynamic behaviour. We can clearly see the
influence of droplets consistency and velocity on the boundaries and cen-
tral part of the sensor. Figure 4b shows the isothermal lines after 60 min
of uninterrupted cooling.

The curves in Fig. 5 tell us about the instantaneous temperature evo-
lution for five examined configurations, after one hour of cooling process.
Although it is not clearly visible on the graph, the enlargement shows the
cooling effect in the situation of configurations 4 and 5, respectively.

Figure 5: Temperature evolution of the studied configurations.

Figure 6 represents the evolution of the total thermal energy of the
fluid film upon the PV glass wall for every single investigated configura-
tion. After 60 min of continuous cooling, the value of thermal energy is
around 4800 J/kg for configurations 4 and 5, by the time this value reaches
5300 J/kg for configurations 1 and 2.

Figure 6: Thermal energy evolution of the studied configurations.

The convective heat flux value (Fig. 7) is more or less constant through-
out the cooling process. Better heat transfer is achieved when the nozzle is
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arranged perpendicularly (Configuration 1), note a heat flux of the order
of 71 W/m2. The lowest recorded heat flux value, 62 W/m2, corresponds
to the horizontal nozzle arrangement (Configuration 3).

Figure 7: Heat flux variation of the studied configurations.

A thermal simulation of the glazing cover is performed through the ob-
tained graphical results of temperature (Fig. 8), internal energy (Fig. 9)
and convection heat flux (Fig. 10). It is obvious that a glass cover made of
polymethyl methacrylate has an energy efficiency significantly higher than
quartz glass cover. In fact, the material temperature reaches 22◦C in just
5 min while its internal energy is almost zero. A decreasing trend in es-
timated heat flux is observed for quartz glass during the first 23 min of
cooling. In the remaining time it increases very slowly.

Figure 8: Glazing temperature evolution.
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Figure 9: Glazing thermal energy variation.

Figure 10: Glazing heat flux variation.

4 Conclusions and perspective

The present study is considering the simulation of photovoltaic panel cool-
ing using a single nozzle with modified parameters for low temperature
environments. We assumed a low mass flow and pressure, which explains
droplet velocities in the range, 0.1–1.7 m/s. Nevertheless, the velocity pro-
files obtained under the operational conditions inspected (configurations
1–5) show different patterns of dispersion. This information is very useful
with regard to the risk of spray drift, and the quantity and distribution of
the deposit on the target.

The droplet size is a key parameter which plays a very important role
in contact effectiveness and spray-jet stability. An increase of the pressure,
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for example from 10 to 100 kPa, increase droplet flow rate speed but the
resulting droplets are smaller. This could be an advantage if we want to
cover a wider area in order to improve heat transfer. However, fluid viscos-
ity, coolant quantity and contact stresses due to liquid/air interaction must
be taken into account.

To optimize the electrical performance of a photovoltaic module, we have
to design a sensor fitted with polymethyl methacrylate glazing subjected
to transversal and lengthwise cooling (configurations 4 and 5). Obviously,
the efficiency of this configuration is highlighted when faced to large-scale
cooling, i.e. several nozzles arranged in series. On the other hand, Config-
uration 3 would be an interesting solution if we consider heat transfer on
the panel rear side.

For the future, we are working on other simulations in a wide data range
affecting the spray behaviour. We will establish generalized abacuses by
parametric simulations coupling injection pressure, fluid properties and noz-
zle geometrical characteristics.
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