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An increase in the operating temperature of photovoltaic (PV) panels caused by high levels of solar irradiation can affect the
efficiency and lifespan of PV panels. This study uses numerical and experimental analyses to investigate the reduction in the
operating temperature of PV panels with an air-cooled heat sink. The proposed heat sink was designed as an aluminum plate
with perforated fins that is attached to the back of the PV panel. A comprehensive computational fluid dynamics (CFD)
simulation was conducted using the software ANSYS Fluent to ensure that the heat sink model worked properly. The influence
of heat sinks on the heat transfer between a PV panel and the circulating ambient air was investigated. The results showed a
substantial decrease in the operating temperature of the PV panel and an increase in its electrical performance. The CFD
analysis in the heat sink model with an air flow velocity of 1.5m/s and temperature of 35°C under a heat flux of 1000 W/m>
showed a decrease in the PV panel’s average temperature from 85.3°C to 72.8°C. As a consequence of decreasing its
temperature, the heat sink increased the open-circuit photovoltage (V) and maximum power point (Pypp) of the PV panel by
10% and 18.67%, respectively. Therefore, the use of aluminum heat sinks could provide a potential solution to prevent PV
panels from overheating and may indirectly lead to a reduction in CO, emissions due to the increased electricity production

from the PV system.

1. Introduction

The use of renewable energy resources is of interest to
researchers and governments around the world due to
increasing energy consumption and climate change issues
caused by the exploitation of conventional energy sources
[1]. Solar energy is the most abundant renewable energy
resource on Earth and could therefore be the solution for
the growing demand of global energy consumption [1-3].
In general, the utilization of solar energy is divided into two
methods: photothermal and photovoltaic (PV). Photother-
mal systems utilize the heat energy from solar radiation for
various purposes such as crop drying, solar stoves, and solar
water heaters [4]. The PV system converts photons from
solar radiation directly into electrical energy using solar cell
technology [5]. Solar cell technology is widely applied in both
small-scale uses, such as street lighting and providing resi-

dential electricity, and large-scale uses such as in national
power plants [5-7].

Although solar energy harvesting using solar cell technol-
ogy is highly promising, there are challenges to maximizing
the efficiency of solar cells [8-10]. PV modules based on
silicon material can convert 8-20% of solar radiation into
electrical energy [11-13] but the rest of the solar radiation
is reflected back to the surrounding environment and con-
verted into heat energy that can increase the temperature of
the PV device and consequently reduce the total power
output [14-16]. Radziemska [12] adjusted the working tem-
perature of solar cells and showed an inverse linear relation-
ship between the temperature and the power output of solar
cells. Cotfas and Cotfas [8] found that increasing the temper-
ature of solar cells would degrade the voltage because the
electron excitation of the thermal energy was higher than
the electrical energy of the semiconductor material. As a
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FIGURE 1: The (a) proposed geometry and (b) dimensions of a PV panel with aluminum heat sinks.

result, the efficiency of solar cells with crystalline silicon
structures decreases by +0.4-0.5% for every 1°C increase in
temperature [17]. Hence, decreasing the operating tempera-
ture of solar cells will be important for achieving a higher effi-
ciency and longer lifespan of these cells [18].

Researchers have developed cooling systems to decrease
the operating temperature of solar cells; these are catego-
rized as active and passive cooling systems. Active cooling
systems operate mechanical or electrical devices such as
fans or pumps, which require external power input, while
passive cooling does not require additional power to oper-
ate [19-21]. Passive cooling may require additional parts,
such as a heat pipe or heat sink, that rely on convective
heat transfer to drive coolant flow to the solar cells [22].
A heat sink with thermal conductive material attached to
the bottom of a solar cell will increase the area of heat
transfer from solar cell to its surrounding environment
[17, 22]. Thus, because they are relatively simple and inex-
pensive to manufacture, heat sinks have a high potential as
devices to cool PV panels and should be developed further.

Popovici et al. [23] conducted a simulation using the
ANSYS-Fluent software to study the characteristics of heat
transfer in a heat sink under turbulent flow conditions. The
results showed that the cooling rate of a solar cell was propor-
tional to its fin height and inversely proportional to the con-
figuration of the inclination angle. The temperature of the
solar cell was reduced to 10°C and its electrical power capa-
bility was increased to 7.55%. Modeling and simulations of
heat sinks conducted by Zhu and Sun [24] showed that a sim-
ple heat sink can affect the longevity of semiconductor mate-
rial. Research by Luo et al. [25] used an experimental method
to demonstrate several heat sinks with flared fin configura-
tions and obtained an overall reduction in thermal resistance
of up to 10%. Research by Grubisi¢-Cabo et al. [26, 27] exam-
ined the aluminum fins mounted on the backside of a PV
panel (Si-poly, 50 Wp). The results showed that, under low

wind conditions, the electrical efficiency of solar cells
increases by 0.3% and 0.2% under solar irradiation of
850 W/m” and 500 W/m?, respectively. Based on the various
studies currently being conducted on heat sink applications
for PV solar cells, there is a great potential to combine simu-
lation and experimental methods to produce an integrated
study. This applied research will aid the development of PV
cooling systems by providing a complete theoretical and ana-
lytical overview of the methods to decrease the temperature
of solar cells.

This study investigated the application of heat sinks to a
PV module performance with a simple combination of the
computational fluid dynamics (CFD) approach and experi-
mental testing. The CFD study was conducted using the
ANSYS Fluent software, and the three-dimensional (3D)
modeling was carried out to identify the working tempera-
ture of the PV module. The results of the simulation were
presented as the temperature contour of the module and
the velocity profile of the air flowing through the heat sink.
The air flow characteristics shown by the velocity profile
could provide valuable information regarding the relation
between turbulent air flow and the cooling performance of
the panel by using an air-cooled heat sink. Additionally, an
experimental analysis was performed to study the effects of
heat sinks on the electrical characteristics of PV modules.
This study also discusses comprehensive physical phenom-
ena in the silicon material of solar cells caused by tempera-
ture changes. This heat sink cooling system is expected to
decrease operating temperature effectively and increase the
efficiency of PV modules.

2. Materials and Methods

2.1. Numerical Setup. Figure 1 shows the design and geome-
try of a PV module with an aluminum heat sink. The alumi-
num heat sink was mounted on the back of a vertical solar
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TaBLE 1: The properties of each layer in the solar module.
Layer Density (kg/ms) Specific heat capacity (kJ/kg K) Thermal conductivity (W/m K) Thickness (mm)
Tempered glass 2450 0.79 0.7 32
EVA 960 2.09 0.311 0.5
PV cell 2330 0.677 130 0.21
EVA 960 2.09 0.311 0.5
PVF 1200 1.25 0.15 0.3
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FIGURE 2: Schematic configuration of the PV panel with heat sinks.

panel; the fins of the panel were perforated to improve air cir-
culation around them and allow the absorption of more heat
from the PV panel. In the modeling program, the PV panel
was assumed to be a unique composite layer [28-30].
Table 1 shows the properties of each layer in the solar mod-
ule. The properties of these layers are assumed as indepen-
dent properties with temperature and pressure change.

The base and fins of the heat sink are both 2mm
thick. The fluid domain for air has a width of 0.1 m, with
the resulting hydraulic diameter (D) of 0.166 m. The air
flow velocity (V) at the inlet was 1.5m/s, with a tempera-
ture of 35°C according to the average temperature and
velocity of wind in Indonesia [31-33]. The Reynolds (Re)
number and turbulence intensity (I) were calculated using
Equations (1) and (2) below:

Re= % (1)
I=0.16 Re’® (2)

where p and y are density (kg/m’) and viscosity (kg/m s) of
fluid, respectively [23]. The Reynolds number for the imposed
air velocity was approximately 13100 and the estimated turbu-
lence intensity was 4.8%. The simulation was carried out

under steady-state conditions using the k-¢ re-normalization
group (RNG) turbulence model. The semi-implicit method
for pressure-linked equation (SIMPLE) pressure-velocity cou-
pling and the second-order upwind scheme were used to solve
the equations, with convergence criteria of 10~ for energy and
10~ for pressure, velocity, and continuity equations.

The PV panel was irradiated with 1000 W/m* of solar
energy in standard test conditions; it converted this into elec-
trical energy through the mechanism of PV effects [34, 35]. In
general, the electrical efficiency of the crystalline silicon solar
cells ranges from 11 to 20%, while tempered glass reflects as
much as 3 to 10% of the solar radiation to the surroundings
of the cell. This study assumed that 25% of solar energy is
converted into electrical energy and reflected to the environ-
ment; therefore, the remaining solar radiation was treated as
input heat flux to the solar module [23, 35].

2.2. Experimental Procedure. This study used 50 Wp polycrys-
talline solar cells with the dimensions of 655 x 670 x 25 mm.
The experimental set up is shown in Figure 2, with the alu-
minum heat sink mounted on the back of a PV panel with
fins and a base that are both 2mm thick. The fins were
connected to the baseplate with a rectangular hole to
accommodate the PV panel junction box. Before attaching
the heat sink to the bottom of the solar panel, the thermal
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5. Solarimeter
6. Voltmeter and amperemeter
7. Variable resistor

(b)

FIGURE 3: (a) Photograph of the experimental procedure and (b) heat sink configuration on the back of the PV panel.

grease HT-GY260 (thermal conductivity >1.2 W/mK and
thermal impedance < 0.211 C-in*/W) was applied on the con-
tact areas to minimize thermal contact resistance.

The electrical characteristics of the PV panels were mea-
sured using a variable resistance method. This method pro-
vides an electrical resistance load that varies from zero
resistance (to measure the maximum current of a solar cell)
to infinite resistance (to measure the maximum voltage of a
solar cell). The variable resistance was achieved by arranging
several resistors with electrical resistances of 2.5, 3.5, 4.7, 5.4,
5.8, 6.0, 6.4, 6.6, 6.9,7.4,8.5,13.8,19.6, 42.5, 111, and 330 Q2
adjusted to the size of the PV panel. A LI-COR LI-250A pyr-
anometer with an accuracy of +0.6% was used to measure
incoming solar irradiation. The temperature of the PV panel
was measured with a K-type thermocouple with an accuracy
of +1.2°C. The thermocouples were placed on top of the PV
panel to measure its average temperature. The wind speed
passing through the underside of the PV panel was measured
using an anemometer. The position and distance between the
35W fan blower and the PV panel was adjusted to obtain a
uniform wind speed of approximately 1.5m/s. Figure 3
shows a photograph of the experimental procedure and heat
sink configuration on the back of the PV panel.

3. Results and Discussion

3.1. Computational Fluid Dynamics (CFD) Analysis. In the
CFD study, the meshing process divided domains into many
cells. The cell size varied from big to small such that the
meshing process yielded different numbers of elements. This
was done to generate independent simulation results not
influenced by the number of the cells in the mesh. Meshing
was performed with 1 and 2 mm cell size for heat sinks and
4, 6, and 8 mm cell size for the fluid domain. The mesh inde-
pendence study result had an error of 0.13%.

Figure 4 shows the temperature contour of the PV panel
with and without aluminum heat sinks with a heat flux of
1000 W/m?. The average temperature for the PV panel with-
out the aluminum heat sinks was 85.3°C and the average tem-
perature for the PV panel with the aluminum heat sinks was
72.8°C. The results showed a significant decrease in tempera-
ture down to 12.5°C, and an increase in the heat transfer per-
formance from the panel to the air when aluminum heat
sinks are used.

Figure 5 shows the velocity vector of the circulating air
which flows through the heat sink. Fins in the heat sink
caused turbulence of air flow, so the heat transfer from the
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FIGURE 4: Thermal contour of PV panels (a) without aluminum heat sinks and (b) with aluminum heat sinks.
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F1GURE 5: Velocity vector of a PV panel (a) without and (b) with aluminum heat sinks.

PV panel to the environment increased. The high turbulence
level can reduce the thermal boundary layer thickness and
have an impact on the high temperature gradient in the back
of the PV panel. As a result, the average temperature of PV
panels with heat sinks was lower than in PV panels without
heat sinks. Research by Omeroglu [36] revealed a similar
result where the heat sink configuration affected the air veloc-
ity and heat transfer rate from a PV panel to the surrounding
environment. Popovici et al. [23] demonstrated that the ori-
entation and direction of the fin in the heat sink also affected
the air temperature distribution. The 0.03 m height of the fin

and 1.5m/s air inlet velocity decreased the base temperature
of the PV panel from 56°C to 42.35°C (AT up to 13.65°C),
which is similar to this result.

3.2. Experimental Results. Figure 6 shows the average temper-
ature of a PV panel as a function of solar irradiation. As pre-
viously noted, the average temperature of a PV panel without
a heat sink was higher than that of a PV panel with a heat
sink. We also observed that increasing the intensity of solar
radiation would consequently increase the temperature of a
solar cell. The higher the intensity of the radiation, the
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FIGURE 6: Average temperature of a PV panel under various solar irradiation.
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F1GURE 7: I-V curve of PV panel under irradiation of 1000 W/m>

greater the amount of photon energy that hits the solar cell.
In turn, a higher amount of photon energy will increase elec-
tron excitation in solar panels, which will then result in
increasing the temperature of the solar cell [12, 37]. However,
the installation of a heat sink increases the heat transfer area
and heat transfer rate of a PV panel, thereby reducing the
temperature of the panel.

The performance of solar cells can be characterized by a
photocurrent-voltage curve (I-V curve) as shown in
Figure 7. The measurement results of the I-V curve produce
several important parameters, including open-circuit photo-
voltage (V ), short-circuit photocurrent (Ig.), fill factor
(FF), and efficiency (#). This study used a variable resistor
system to measure the solar cell characteristics.

Voc is determined at the open-circuit condition or
when electrical resistance is very high, with no flow of current

and the voltage at maximum, whereas Iy is determined
during the short-circuit condition or when electrical resis-
tance approaches zero and generates a maximum current.
The product of current and voltage produces electrical
power (P), and the maximum product of current and volt-
age is called the maximum power point (Pypp). Another
important parameter of solar cell performance is the fill
factor (FF), which is the ratio of Py;pp to the product of
Voc and Ig.. The efficiency of solar cells (#) is defined
as the ratio of Pypp to the solar irradiation energy
received by the cells. The electrical characteristics of a
PV panel are shown in Table 2.

The heat sink increased the V- by 10% and reduced the
I by 1.18%. As the increase in V. was higher than the
decrease in Ig, the electrical power of solar cells also
increased. The Pypp from solar cells increased by 18.67%,
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TaBLE 2: Electrical performance of a PV panel with and without
aluminum heat sinks under 1000 W/m? irradiation.

Characteristic With heat sink Without heat sink
Vo (volt) 20.9 19

I (ampere) 2.5 2.53

Pypp (watt) 354 29.83

FF 0.677 0.621

1 (%) 11.11 8.51

with the improvement in the electrical performance being
primarily caused by the decrease in the operating tempera-
ture. The electrical efficiency increase gained with the heat
sink could reach 2.6% under 1000 W/m” solar irradiation.
Research by Grubisi¢-Cabo [26, 27] showed a similar trend
of increasing efficiency with aluminum fins mounted on the
backside of a PV panel (Si-poly, 50 Wp).

Semiconductor properties in solar cells are similar to
temperature-sensitive electronic devices. Increasing temper-
ature can decrease the band gap value of the semiconductor,
which in turn increases the energy of the electrons in the
semiconductor material. As a result, the electron bonds in
the semiconductor will be broken easily only by the entry of
energy in low quantities. The parameter that is most affected
by fluctuations in temperature values is Vo [38, 39]. Ve
decreases as operating temperature increases due to the influ-
ence of the reverse saturation current (I,) parameter, as
shown in Equations (3), (4), and (5).

nkT I
Voc= — In L), (3)
o q (Io
Dn?
Ip=qA—", 4
0~14 IN, (4)
I=1,-1, (qu/”kT - 1), (5)

where # is the intrinsic carrier concentration (cm ™), k is the
Boltzman constant (1.381x 1072 J/K or 8.617 x 107°eV/K),
T 1is the temperature (K), g is the electric charge
(1.602x 107 Coulomb), I 1. is the current of the solar cell,
A is the area of the solar cell, D is the diffusivity of the minor-
ity carrier for silicon as a function of doping material, L is the
length of diffusivity of the minority carrier, and Ny, is the
doping material. All of these parameters could change with
an increase in temperature, but the most significant change
is in the intrinsic carrier concentration as shown in Equa-
tions (6) and (7):

n}z = BT FoolkT (6)

O PR

where Eg is the band gap energy, h is Planck’s constant
(6,626 x 107> J.s), m, is the effective mass of the electron,
and my,, is the effective mass of the hole. The constant B is

not a function of temperature; therefore, the parameter n
depends on the operating temperature of the semiconductor.
Semiconductors with low band gap values will produce a
high intrinsic carrier concentration; thus, they will also pro-
duce high n values at high temperatures. The intrinsic carrier
concentration value of silicon material can be determined as
a function of temperature as shown in Equation (8) [40]:

T\ 254
n,(T)=5.29 x 10%° (300> £ 6726/T (8)

Based on Equations (3) and (4), a high n value produces a
large reverse saturation current (I) value, thereby reducing
the V. value of the solar cell. Additionally, Equation (5)
indicates that the increase in the values of I, and # will result
in an increase in the current. However, the increase in the
current is negligible compared to the decrease in voltage from
the solar cell [41].

In addition to the changing current and voltage values,
changes in the operating temperature of the solar cell also
affect the fill factor (FF). The rise in temperature increases
the internal resistance of solar cells, and these obstacles con-
tribute to the charge flow at the p-n junction, resulting in a
loss in the form of charge recombination in the cell. This
decreases FF when the operating temperature of solar cells
increases. Therefore, because the output power of a solar cell
is the product of voltage and current, an increase in temper-
ature will result in a decrease in power [11, 12].

4. Conclusions

We conducted a CFD simulation for PV panels with and
without aluminum heat sinks installed. The results showed
a reduction of up to 10°C in the average temperature of the
PV panels with a heat sink. A physical experiment was also
conducted with a PV module that had a heat sink installed,
and various values of solar irradiation were applied to PV
module to observe their influence on the temperature distri-
bution of the PV panel. The results showed that the installed
heat sink could reduce the panel temperature due to the
increased heat transfer area and heat transfer performance.
Because of its decreasing temperature, the heat sink increased
the Vo and Pyypp of the PV panel by 10% and 18.67%,
respectively. The simple design of this heat sink model pro-
vides a potential solution to prevent PV panels from over-
heating and may indirectly lead to a reduction in CO,
emissions due to the increased electricity production from
the PV system. However, the analysis could be developed fur-
ther from the economic perspective, to produce a cost-based
and performance-based optimum design for heat sinks.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.
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