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NUMERICAL ANALYSIS OF A PHOTOVOLTAIC MODULE
INTEGRATED WITH VARIOUS WATER COOLING SYSTEMS

Summary

As the main drawback of a photovoltaic module is its high operating temperature, various
designs for cooling the module are presented in this study. Computational fluid dynamics
(CFD) software is used for simulating the presented models. In these models, water channels
are placed above or below the panel to cool the module and heat the water at the same time. In
two designs, aluminium fins are attached to the bottom side of the panel inside the water
channel. The water outlet temperature, pressure drop and heat flux from the panel are calculated
at various Reynolds numbers. The results show that as the Reynolds number increases, the heat
flux and the pressure drop increase while the coolant average outlet temperature decreases. The
highest amount of heat flux is obtained from Model A, which indicates that this model has a
better cooling capacity than other models investigated in the study.
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1. Introduction

Among different renewable energy technologies, photovoltaic (PV) systems are the
most common ones used to generate electricity from sunlight. PVs do not produce pollutants
during operation; they have low operating costs and need very low maintenance [1]. However
they have some drawbacks, such as low efficiency level, dependence on inverters and storage
batteries, and high investment and insurance costs. The performance of a PV system can be
affected considerably by its operating surface temperature [2]. Due to an increase in the PV
module surface temperature of 1°C, there is about a 0.5% reduction in the efficiency of the
system [3]. The rise in the surface temperature of the cell prevents the total amount of the
solar energy absorbed to be converted into electrical energy. As a result, the remaining solar
energy will be converted into heat. In order to improve the overall performance of PV
modules, various cooling techniques are introduced and examined by researchers. Peng et al.
[4] investigated the practical effects of solar PV surface temperature on the output
performance. Experimental studies were also carried out under different radiation conditions.
A cooling system was proposed for a possible system setup of residential solar PV
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application. The findings showed that with the proposed cooling system, the efficiency of the
PV could be increased by 47%.

In order to control the temperature of the PV module during its operation, a passive
temperature control technique with heat spreaders and cotton wicks was developed. The test
results showed that the PV module temperature was reduced by 12% while the electrical
performance was increased by 14% [5]. To investigate the effect of water spray cooling on the
PV panel performance, an alternative cooling technique was developed [6]. In that technique,
both sides of the panel were cooled simultaneously. With the proposed model, the panel
temperature was decreased from an average 54°C to 24°C. Also, a maximal total increase of
7.7% 1in the electric power output was observed.

A laboratory scale experimental setup was developed in [7] with intermittent and
continuous water cooling systems. Irradiance was varied from 87.38 W/m? to 359.17 W/m?.
Three different flow rates of 3 lit/min, 5.3 lit/min, and 6.2 lit/min were used in the tests. The
test results showed an increase of about 18% in the total amount of energy produced for all
three cases. In another study, [8], two models, a steady-state and a dynamic model, were
developed in order to examine the panel operating temperature behaviour. In the proposed
models, water was used as the cooling medium. To validate the mathematical model,
empirical investigations were also carried out. Various parameters, such as the distance
between nozzles, nozzle sizes, and the angles of spread of jets were changed in each test. By
utilizing nine water nozzles with the angle of spread of 90° and a total water flow rate of
0.09 lit/(m*s), acceptable results were achieved. The authors of the study found that the gap
between the cooled and non-cooled steady-state temperatures was within the 8 to 24°C range.
Rajput and Yang [9] investigated the performance of a PV module with cylindrical pin fin
heat sinks attached underneath and compared the results with a traditional single-channel
PV/T collector. The analysis showed 30% and 41.5% enhancements in the heat flux at the
panel rear side using a heat sink and a PV/T collector, respectively.

It is known that as the flow velocity over the panel increases, the cooling performance
increases as well but at the same time this enhances the power consumption [10]. Krauter [11]
showed that the water flow enhances the panel electrical efficiency by 8-9% and at the same
time reduces the reflection losses. Researchers applied various methods to improve the overall
performance of the PV panel [12]. Some researchers used a converging channel heat
exchanger [13], some employed intermittent water cooling with a sun tracking system [14],
some installed a water sprinkle on the front surface of a PV module [15] or included a water
film cooling system to the front surface of the panel [16]. In the study [17], three types of
passive cooling, including water, air, and conductive passive cooling, were applied to a PV
module; as a result, a 3% increase in the efficiency was reported. In a cost-effective cooling
method introduced by Sajjad et al. in [18], PV panels were installed on the cooled air ducts of
the air conditioners used in buildings. A 6% increase in the performance ratio was observed
with this method.

The aim of this study is to numerically investigate the effect of different configurations
on the PV panel heat flux and coolant temperature. With the proposed design, the PV module
can be cooled while the heated water could be used elsewhere. Six models were designed and
simulated using computational fluid dynamics (CFD) software. In each simulation, changes in
the heat flux and the coolant outlet temperature at different Reynolds number are observed. In
two models, aluminium fins are placed in the bottom channel to examine their effect on the
heat flux and the coolant temperature.
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2. Methodology

In order to reduce the PV module surface temperature, various cooling techniques are
introduced and examined by researchers. Both air and water are common coolants used in
various systems but water has better thermal conductivity and also better heat carrying
capacity than air [19], and, consequently, a higher heat transfer rate. It is known that water
can reduce the surface temperature of a PV module by approx. 22°C and, at the same time, the
light reflection from the panel; on the other hand, the temperature of the module decreases by
approx. 12°C when a heat sink with air cooling is used. The electrical efficiency of a PV panel
does not always increase with an increasing air mass flow rate, but the water spray cooling
enhances the performance of such systems considerably even at low water flow rates.

2.1 Description of the proposed system configuration

In order to investigate the coolant temperature behaviour, a PV panel integrated with
various channel configurations is designed and simulated using commercial CFD software
(Ansys-Fluent). In all the designs, water is used as the coolant due to its homogeneous
thermophysical properties.

Six models are considered in this study (see Fig. 1). In the first model (Model A), water
flows over the panel surface in a channel with a height of 2 mm. In the second one (Model B),
water flows over the panel surface in a channel with a height of 3 mm. In the third model
(Model C), cooling is done at the back side of the module, where a channel with 2 mm in
height allows water to flow below the panel where it absorbs the heat. In the fourth design
(Model D), water flows in a 3 mm high channel connected to the back side of the panel. The
remaining two designs are different from the first four designs because fins are used inside the
channel connected to the back side of the module. The height of the channels with fins was 3
mm in Model E and 4 mm in Model F. Fins are generally employed to increase the heat
transfer from surfaces. The increased heat inside the panel is transferred to the water through
these fins. Properties of the coolant and the fins used in the simulations are listed in Table 1.
The fins are assumed to be made of aluminium because of high thermal conductivity
coefficient of this metal.

Table 1 Finned channel and coolant properties

Material properties Value

Coolant Water

Inlet temperature 20°C

Conductivity 0.6 W/(mK)
Density 998.2 kg/m’
Viscosity 0.001003 kg/(m's)
Fins

Material Aluminium
Conductivity 202 W/(m'K)
Number 6

Thickness 40 mm

Distance between fins 60 mm

Water channel height

Models (A,B,C,D) 2 mm (A, B), 3 mm (C, D)
Models (E and F) 3mm (E), 4 mm (F)
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Fig. 1 Schematic picture of a photovoltaic panel with various cooling designs: a) Cooling channel on top of the
panel, b) Cooling channel attached below the panel, c) Cooling channel with fins

2.2 Numerical method

In all simulations, the laminar flow regime is considered along the length of the panel.
The water film thickness is assumed to be constant along the cooling channels. The
temperature distribution over and below the panel is delineated by solving equations (1) to
(3), which are equations for the conservation of mass, momentum, and energy in an
incompressible fluid.

ouj _
ax, = (1)
w0 _ o
U; ox, + o, uvu; 2)
aT _ @ orT
P =5 o) ®

Here, u and x represent the velocity and direction vectors, respectively, p is the density
(kg/m?), p is the pressure kg/(m-s?), p is the fluid viscosity (Pas), T is the temperature (K), k
is the thermal conductivity (W-m™"K™"), and V is the Laplacian operator. In order to solve the
equations, the following assumptions are made: constant flow velocity at the inlet, constant
pressure at the outlet, and no-slip boundary condition on all walls.

The SIMPLE algorithm (Semi-Implicit Method for Pressure Linked Equations) is a
well-known method used to obtain numerical solutions of the incompressible Navier-Stokes
equations [20]. In this study, the SIMPLE algorithm is applied for coupling the continuity
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equations with the momentum equations. The solution was limited when residuals of x-
velocity, y-velocity, z-velocity, and energy equations were reduced below 10°. A hexahedron
mesh is selected for meshing. Different mesh elements are applied for the numerical solution
of various models (Fig. 2). For the numerical solution of A, B, C, and D models, 200,000
mesh elements are used and for that of E and F models, 260,000 mesh elements. The
empirical data obtained from experimental work carried out by Saygin et al. [21] was used to
verify the designed model in ANSYS. The same PV module is used in the simulation and the
experimental work. The PV module characteristics are shown in Table 2. As good agreement
between the numerical and experimental results was achieved, the new cooling systems were
designed and simulated.

0,000 5,000 10,000 (mm)

2,500 7,500

Fig. 2 Grid structure for coolant

Table 2 Specifications of the photovoltaic panel (PV)

Cell type Polycrystalline

Dimensions 101.5 cm x 66.6 cm x 3.5 cm
Module maximum power (P,,) 80 W

Short circuit current (7,,) 3.62 A

Open circuit voltage (V) 2940V

Voltage at maximum power point (V) 23.88V

Current at the maximum power point 335A

Standard packaging (modules per pallet) 48 Pcs

Front cover Tempered glass

Weight 7.9 kg

3. Results and Discussion

In order to investigate the influence of different channel configurations on the coolant
temperature and the heat flux, six models are designed and simulated with the ANSYS
program. The simulation results are shown in the figures below. Variations in the water outlet
temperature and the heat flux from the panel at different Reynolds numbers (Re) for Models
A and B are shown in Fig. 3. The water inlet temperature was 20°C in all the simulations. In
the figures below one can see that as the Reynolds number (Re) increases, the coolant outlet
temperature decreases while the opposite happens with the heat flux. A higher Re value
means a higher fluid velocity value, which leads to an increase in the heat flux; on the other
hand, at higher flow velocities, water has less time to absorb the heat from the panel. As a
result, the coolant outlet temperature falls at higher Re numbers. The maximum amount of
heat flux (22,603 W) was observed at the highest Reynolds number (1800). The models are
examined at various hours of the day (14:00 and 15:00). At 15:00, as the Reynolds number
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exceeded 1000, the temperature and the heat flux results became almost constant; therefore,
the simulations were stopped at that step (Fig. 3 and 4). A comparison of the simulation
results shows that the highest amount of heat transfer from the panel to the coolant (Qqyt)
occurs at 14:00 in Model A. In addition, the average water outlet temperature is found to be
higher in Model A than in all other models. At the same Reynolds number (600), the water
outlet temperature is found to be 39.03°C, 35.74°C, 38.34°C, 34.97°C, 34.89°C, and 32.85°C
in Models A, B, C, D, E, and F, respectively.

For Models C and D, the water channel was placed underneath the module. The results
show that the average outlet temperature decreases with an increase in the channel height
(Fig. 4). Similar results are observed in Models A and B in which the cooling channel was
placed on top of the panel. In Model C, the water gets warmer and, therefore, the average
outlet temperature rises. As shown in Fig. 5, the water pressure drop (Ap) becomes bigger as
the Reynolds number increases. This is observed in all the designs with upper or lower
cooling channels (Models A, B, C, and D). But the enhancement is more obvious when the
same models with different channel heights are considered. It is found that the models with
smaller channel heights (Models A and C) show a bigger pressure drop. At the constant
pumping power ( Wpp), the total pressure drop (Ap) increases if the total volume flow rate
(Q, ) decreases; this is proved according to Equation (4) [22].

Wpp = Qy - Ap 4)

where the units of Wpp, Q,,, and p are watt, m3/s, and pascal, respectively. For Models E and
F, variations in the average water outlet temperature and the heat flux from the panel at
different Reynolds numbers are shown in Fig.6. It is found that the water outlet temperature
decreases with an increase in the Reynolds number, while the heat flux exhibits the opposite
behaviour. In Model E, the maximum amount of heat flux from the finned channel to the
coolant of about 10,096 W is obtained at a Reynolds number of 1200. At 15:00, as the
Reynolds number exceeded 500, the temperature and heat flux results became almost
constant; therefore, the simulations were stopped at that step (Fig.6). The obtained results
suggest that an increase in the fin (channel) height decreases the heat flux to the coolant and
reduces the average outlet temperature. The outlet water temperatures obtained from Models
E and F were 52°C and 49.8°C at a Reynolds number of 100, respectively.

Changes in the water pressure drop in Models E and F are shown in Fig. 7. It is clear
that an increasing height of the fin reduces the pressure drop through the channel. A
comparison between Figures 5 and 7 shows that a finned channel causes a smaller pressure
drop than a normal channel at the same flow rates. At the same Reynolds number (1000), the
pressure drop values obtained from Model B (channel without fins) and Model E (finned
channel) with the same channel heights (3 mm), are 232.6 Pa and 229.8 Pa, respectively. The
coolant temperature distributions for Models B and D for three values of Re number (100,
1000, and 1800) and a constant plate temperature of 55°C at 14:00 are shown in Fig. 8 and 10.
At a constant plate temperature, as the Re number increases, the average coolant temperature
decreases at the outlet, which means that the temperature difference between the inlet and the
outlet water decreases as well. The results show that the water outlet temperature is higher in
Model B than in Model D; therefore, the temperature difference between the inlet and the
outlet water will be bigger in this model as well. The coolant pressure distribution for Model
B is shown in Fig. 9. It is clear that the water pressure drop (Ap) becomes bigger as the
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Reynolds number increases. It is also found that an increase in the channel height of 1 mm
can considerably reduce the water pressure drop inside the channel.

Water temperature and pressure distributions for Model E, at Re numbers of 100, 600 and
1000 are presented in Fig. 11 and 12. As can be seen in Fig. 11, at different Re numbers, the
temperature of the fin is almost uniform along its length but the temperature of the coolant
varies. In Model E, with a fin of 3 mm in height, the coolant temperature rises to a maximum of
about 32°C while in Model F, with a fin of 4 mm in height, it rises to 29.8°C (Fig. 6). The way
the coolant pressure is distributed inside the finned channels of Model E is shown in Fig. 12
together with the values of the coolant pressure. It is clear that the pressure drop is bigger at
higher flow velocities, but still, it is smaller than the pressure drops in the models without fins.
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Fig. 3 Variations in the water outlet temperature and the heat flux from the panel
at different Reynolds numbers for a) Model A and b) Model B.
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Fig. 4 Variations in the water outlet temperature at different Reynolds numbers for a) Model C and b) Model D.
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Fig. 5 Changes in the water pressure drop for Models

A, B, C, and D at various Reynolds numbers.
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Fig. 6 Variations in the water outlet temperature and the heat flux from the panel
at different Reynolds numbers for a) Model E and b) Model F.
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Fig. 7 Changes in the water pressure drop for Models E and F at various Reynolds numbers.
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Fig. 8 Coolant temperature distribution for Model B at a) Re=100, b) Re=1000, and c) Re=1800 at 14:00.
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Fig. 9 Coolant pressure distribution for Model B at a) Re=100, b) Re=1000, and ¢) Re=1800 at 14:00.
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Fig. 10 Coolant temperature distribution for Model D at a) Re=100, b) Re=1000, and c) Re=1800 at 14:00.
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Fig. 11 Coolant temperature distribution for Model E at a) Re=100, b) Re=600, and c¢) Re=1000 at 14:00.
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Fig. 12 Coolant pressure distribution for Model E at a) Re=100, b) Re=600, and c) Re=1000 at 14:00.
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4. Conclusion

The performance of a photovoltaic panel depends on many factors, one of which is its
operating temperature. In many cooling techniques, water is sprayed on the panel to cool it,
while in this study water is flowing above or below the module in a thin channel attached to
it. This way the heated water does not evaporate and it is not wasted as it can be used in other
domestic or industrial applications. In order to investigate the coolant temperature behaviour
and the heat flux from the panel, a model is designed and simulated using commercial CFD
software (ANSYS). Six different models are analysed in this study. In each simulation,
changes in the heat flux, pressure drop, and coolant outlet temperature at different Reynolds
numbers are calculated. Aluminium fins are also used in two models to examine their effect
on the coolant temperature. Various channel heights are examined in the simulations. The
obtained results show that as the Reynolds number increases, the coolant outlet temperature
decreases while the heat flux exhibits the opposite behaviour in all models. Also, an increase
in the channel height reduces the water pressure drop inside the channels. The highest
amounts of heat extracted from the panel and the highest coolant outlet temperature are
obtained in the case when the water flows over the module in a channel with a height of
3 mm.

The focus of future work must be on harvesting heat from the panel surface in an
effective, more stable and controlled manner.
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