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Abstract—Solar panels that use photovoltaic (PV) cells are popular
for converting solar radiation into electricity. One of the major
problems impacting the performance of PV panels is the overheating
caused by excessive solar radiation and high ambient temperatures,
which degrades the efﬁciency of the PV panels remarkably. To
overcome this issue, an aluminum heat sink was used to dissipate
unwanted heat from PV cells. The dimensions of the heat sink were
determined considering the optimal ﬁn spacing that fulﬁls hot climatic
conditions. In this study, the effects of cooling on the efﬁciency
and power output of a PV panel were studied experimentally. Two
PV modules were used: one without and one with a heat sink. The
experiments ran for 11 hours from 6:00 a.m. to 5:30 p.m. where
temperature readings in the rear and front of both PV modules were
recorded at an interval of 15 minutes using sensors and an Arduino
microprocessor. Results are recorded for both panels simultaneously
for analysis, temperate comparison, and for power and efﬁciency
calculations. A maximum increase in the solar to electrical conversion
efﬁciency of 35% and almost 55% in the power output were achieved
with the use of a heat sink, while temperatures at the front and back
of the panel were reduced by 9% and 11%, respectively.
Keywords—Photovoltaic cell, natural convection, heat sink,
efﬁciency.

I. I NTRODUCTION

T

HE overall power generation in Kuwait is totally relying
on fossil fuel such as oil or natural gas which is depleting
non-renewable resources and damaging the environment. The
total consumption of electricity in Kuwait has increased
signiﬁcantly over the last ﬁve decades. Between 1960 and
2008, total consumption of electricity increased from 380
million kWh to 45234 million kWh. The rise in consumption
was mostly due to increases in both per capita consumption
and population. In particular, over the period 2000-2009,
annual per capita consumption of electricity increased at an
annual rate of 6.8%, surpassing the population average growth
rate of 3.9% per year [1]. Therefore, there is an essential need
to diversify away from these sources and pursue alternatives
such as solar and wind energy.
Due to the abundance of sunlight throughout the year,
the power generation from solar energy is the more likely
candidate than wind energy in the near future. Kuwait is
exposed to a high rate of solar radiation with annual average of
3.5-8.0 kWh/day [2]. The maximum average hourly radiation
is attained in summer during the months May–September at
12 : 00 a.m. with the highest average value in June, while
the minimum average hourly radiation occurs in winter during
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November, December, and January with a lowest average value
in January [3]. The daily average temperature in the winter
season is 14.4◦ C while it often exceeds 48◦ C in the summer
season.
Photovoltaic (PV) solar cells directly converts sunlight into
electrical energy. When solar radiation passes through a PV
panel, part of the energy is converted into electrical energy,
while the rest is converted into heat that is dissipated to the
surroundings by convection and radiation via the front and
back surface of the panel. Due to the fact that the energy
extracted from the solar radiation is only limited to a small
waveband of 0.4 − 1.1nm, the portion of energy absorbed by
the photoelectric phenomenon is limited to a maximum of less
than 20% efﬁciency [4].
Temperature is a vital factor that affects the performance and
the power output of PV cells. It is increased by the absorbed
solar radiation that is not converted into useful energy resulting
in a decrease in their conversion efﬁciency and hence the
power output [5]–[10]. Thus, it is essential to keep the PV cell
temperature as low as possible to enhance the efﬁciency and
increase the life of the cell by a proper cooling system such
as passive and active cooling techniques [11], [12]. Passive
cooling may be considered one of the most effective, cheap
and practical cooling approaches that provides an acceptable
level of cooling for PV cells. In this approach extended
surfaces are used to cool PV cells via natural convection,
i.e. the buoyancy difference between the hot and cold air.
Comprehensive reviews of experimental and numerical work
pertaining to photovoltaic cooling systems are given in [13]
and [14].
The power output of a PV module decreases by
approximately 0.5% per degree (◦ C) of cell temperature rise
(i.e. 0.5%/◦ C) [15]. Previous studies conducted by [16] and
[17] revealed that the temperature effect on the efﬁciency of a
PV module is more signiﬁcant for c-Si modules than for other
types (e.g. amorphous silicon soalr cells [18] and thin ﬁlm of
cadmium telluride [19], [20]). It is found that when the solar
irradiance is greater than  950 W/m2 , cell temperatures will
rise to above 60◦ C while the efﬁciency will drop to ≈ 9% [10].
The effect of passive cooling on the performance parameters
of polycrystalline PV cells under indoor conditions was
investigated experimentally by Cuce et al. [11]. Their results
demonstrated that passive cooling increased the conversion
efﬁciency and exergy efﬁciency by 13% and 20%, respectively.
Chen et al. [21] experimentally investigated the performance
of polycrystalline PV cells under natural ventilation. They
proposed four testing modes to examine the effect of
parameters such as PV panel inclination, ambient temperature,
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wind velocity and solar radiation on the efﬁciency parameters.
Their results concluded that the performance of PV cells
mainly depends on the heat transfer area and the wind velocity.
Active cooling by spraying water over the front surface of
PV panels were studied experimentally by many researchers
[22]–[26]. The experimental results showed that due to heat
losses by convection from the upper surface of the cells, the
operating temperature of the panel was reduced up to 26◦ C and
the performance was improved to near the value of nominal
parameters.
The effect of temperature on the efﬁciency and power output
of a PV module was studied experimentally by Teo et al.
[27], who developed a hybrid PV/T solar system to investigate
the performance of the PV module with and without active
cooling. An array of air ducts were attached to the back of
the PV panel to increase the heat transfer from the panel to
the moving air inside the duct. They found that without active
cooling, the efﬁciency was degraded to 8.6% and a maximum
temperature of 68◦ C was recorded. However, the efﬁciency
and temperature were respectively 12.5% and 38◦ C with active
cooling.
Tarabsheh et al. [28] examined the performance of PV
modules whose PV cells operate under different temperatures
and proposed cooling pipe layouts underneath the PV module
to improve the conversion efﬁciency of the module. Their
results showed that the active cooling increased the efﬁciency
by approximately 17%.
Bahaidarah et al. [29] numerically and experimentally
investigated the performance of a PV hybrid water cooled
system. The results showed a reduction in operating
temperature of 20% and an increase of 9% in the electrical
efﬁciency with active cooling. In addition, the output power
of the PV system with cooling at an irradiance of 900 W/m2
was 211 W compared to 190 W without cooling.
Tonui and Tripanagnostopoulos [30] studied the
performance of two low-cost modiﬁcations in the channel of
a PV/T air system to achieve higher thermal output and PV
cooling in order to keep the electrical efﬁciency at acceptable
level during energy conversion. Both experimental and
theoretical results showed that the suggested modiﬁcations
improved the efﬁciency of PV/T system. A maximum increase
in the conversion efﬁciency of 6% was achieved for the ﬁn
system compared to the reference system.
More recently, Idoko et al. [31] employed a multi-concept
cooling technique to increase the PV efﬁciency and power
output. The process of cooling was achieved by spraying of
water over the front of the panel and attaching a heat sink to
the back of the panel. A power output of approximately 21%
and an efﬁciency gain of not less than 3% were reordered.
The aim of this study is to investigate passive cooling
effects on the performance of the PV module for hot climate
conditions such as that of Kuwait. An optimised passive
cooling heat sink is attached to the back of the panel in order to
dissipate unwanted heat, lowering the operating temperature,
and resulting in higher efﬁciency and power output. Passive
cooling with no extra energy consumption may be considered
one of the most effective but cheap and practical techniques
that provides an acceptable level cooling for PV panels.
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Fig. 1 Schematic diagram of the plate-ﬁn heat sink geometry with the
dimensions: spacing z, thickness t, proﬁle length b, proﬁle are AP , base
plate length L, base plate width W [32]

A. Optimization of the Heat Sink
A heat sink is a thermal conductive heat exchanger that is
attached to a device to effectively dissipate the unwanted heat
to the surroundings. A wide range of applications that require
an efﬁcient heat transfer employ heat sinks. Examples include
refrigeration, heat engines, and cooling of electronic devices
[32]. The performance of a heat sink is enhanced by increasing
either the thermal conductivity of the ﬁns, the surface area
of the ﬁns, or the heat transfer coefﬁcient. The proﬁle of
ﬁns include rectangular, triangular, and parabolic ﬁns. The
rectangular plate ﬁns are the simplest solution that used widely
in natural convection cooling systems both in terms of cost
and reliability [33] and have been considered in this work, as
shown in Fig. 1. In a typical heat sink design, it is desired
to maximize the heat transfer rate from the ﬁn array and to
minimize the mass, volume and cost. Therefore, the material
used in heat sink fabrication is aluminum as it offers a good
tradeoff between the weight and thermal performance.
For a high performance heat sink, it is necessary to
determine the ﬁn spacing or the number of ﬁns for a given
plate area L × W where the thickness of ﬁns is much smaller
than the ﬁn spacing [34]. The optimal spacing between ﬁns
can be found as [33]
zopt = 2.714LRaL −0.25 ,

(1)

where RaL is the Rayleigh number for a ﬂow over a ﬂat plate
of length L, which is deﬁned as
gβ(Tbase − T∞ )L3
,
(2)
να
where β is the volumetric expansion coefﬁcient, α is the
thermal diffusivity, ν is the kinematic viscosity, L is the height
of base plate and g is gravity. Tbase and T∞ are, respectively,
the base plate temperature and ambient air temperature.
Following the work of [34], the optimum proﬁle length bo
is a function of optimum ﬁn thickness to ,
 12

K t
1.4192 2hf zo
,
(3)
bo = 

1
K f to 2 hz
1 − 1.125 2hz
Kf
RaL =
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where Kf is the thermal conductivity of ﬁn material and hz is
the heat transfer coefﬁcient for a vertical parallel ﬂow between
two ﬁns which can be found as
hz =

Ka
zopt



576 2.873
+
1
El2
El 2

− 12

,

Raz =

zopt
,
L

(5)

gβ(Tbase − T∞ )zopt 3
.
να
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W
.
zopt + to

ηpv =

Pmax = Vm · Im = Vov · Isc · F F,

(7)

where Pmax , Vm and Im are the module maximum power,
maximum voltage and maximum current respectively. Vov is
the open circuit voltage and Isc is the short circuit current.
F F is the ﬁll factor. Substituting equations (8) and (18) gives
ηpv =

(8)

where Vf is the volume of a single ﬁn
Vf = Lbo to .

(9)

The single-ﬁn efﬁciency, effectiveness and heat transfer are
given, respectively, as

 
o)
tanh bo hzK(L+t
Lt
o
f

,
(10)
ηf =
hz (L+to )
bo
Kf Lto
qf = ηf hz 2(L + to )bo (Tbase − T∞ ),
εf =

qf
hz Lto (Tbase − T∞ )

.

(11)
(12)

The ﬁnal equations for the overall efﬁciency ηo , total heat
transfer qt rate and overall thermal resistance Rth are given
in [34] as
Af
(1 − nf ),
(13)
η o = 1 − nf
At
with
Af = 2(L + to )bo ,

(14)

At = ηf [2(L + to )bo + Lzopt ] ,

(15)

where Af and At are, respectively, the single-ﬁn surface area
and the total ﬁns surface area.
qt = ηo hz At (Tbase − T∞ ),
Rth =

1
.
η o h z At

(16)
(17)
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(18)

The electrical power and thus the efﬁciency depend on the PV
cell’s working temperature and ambient temperature. This is
due to the dependance of the module voltage and current on
temperature. The maximum power of the PV module can be
expressed as [35], [36]

The total mass of the material as a function of to can be written
as
mt = n f ρf V f ,

Pel
.
GApv

(6)

The number of ﬁns is also a function of ﬁn thickness,
nf =

The efﬁciency of a PV cell is the ratio of power output
Pel obtained from the PV cell divided by the product of the
irradiance G and area of the panel Apv [31]

(4)

where El and Raz are, respectively, the Elenbaas number and
Rayleigh number based on the spacing between the ﬁns,
El = Raz

B. PV Cell Efﬁciency

Pmax
.
GApv

(19)

(20)

C. Temperature Effect on PV Cell Efﬁciency
For the most common crystalline silicon c-Si-based
applications, the effect of temperature on PV cell efﬁciency
can be expressed using the equation suggested by [37].
ηpv = ηR [1 − βR (TC − TR ) − γ log10 G)] ,

(21)

where ηR is the module electrical efﬁciency at reference
temperature Tref (25◦ C), βR is the temperature coefﬁcient
which is mainly depends on the cell material and Tref typically
(0.004 − 0.005/◦ C) [17], [38], TC is the cell operating
temperature, γ is a radiation intensity coefﬁcient, and G
is the irradiation incident on the PV module. By adding
and subtracting the ambient temperature Ta to and from the
temperature terms and setting γ = 0, 21 reduces to [17]


G
(TC − TR )βR (TC,N T − TR,N T ) ,
ηpv = ηR 1 −
GN T
(22)
where GNT , TC,N T , and TR,N T are the solar irradiation, cell
temperature and reference temperature at nominal operating
temperature, respectively.
II. E XPERIMENTAL S ETUP
The experimental setup consists of two identical PV
modules with speciﬁcations given in Table I. The two modules
are mounted as shown in Fig. 2 where one module is attached
with an aluminum heat sink while the other is not. Thermal
grease is applied to the base of the heat sink to eliminate the
air gaps, thus increasing thermal conductivity. The heat sink is
fabricated in the mechanical workshop of Australian College
of Kuwait-ACK, and photographs of the fabricated heat sink
is shown in Fig. 3. The dimensions of the heat sink used in
this work are given in Table. II.
The experiments were conducted during the month of
April, 2019 in ACK, Mishref, within latitude 29.2761◦ N
and longitude 48.0654◦ E. The experiments run for 11 hours
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TABLE II
O PTIMISED H EAT S INK D IMENSIONS

TABLE I
S PECIFICATIONS OF THE PV M ODULE
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Parameter
Module type
Maximum power,Pmp
Maximum power voltage,Vmp
Maximum power current,Imp
Open circuit voltage,Voc
Short circuit current,Isc
Cell technology
Module dimension
Module weight

Value
FL-M-50W
50 W
18.0 V
2.77 A
21.60 V
2.94 A
Monocrystaline silicon
71 × 54 × 3 cm
3.60 kg

Parameter
Fin thickness, t (mm)
Proﬁle length, b (cm)
Fins spacing, z (mm)
Number of ﬁns, nf (−)
Mass of ﬁns, mf (kg)
Length of heat sink, L (cm)
Width of heat sink, W (cm)

Dimension
0.8
7.5
13.6
35.0
3.98
84.0
49.5

from 6 : 00 a.m. to 5 : 30 p.m. where temperature
readings in the rear and the front of both PV modules are
recorded at an interval of 15 minutes using sensors and an
Arduino microprocessor. Results are recorded for both panels
simultaneously for analysis, temperate comparison, and for
power and efﬁciency calculations. The instrument devices used
include: thermocouple Omega-k type, voltage sensor, current
sensor ACS721, solar meter TES, rheostat, and Arduino Mega
R3 (High Quality Clone) with multi pins.
The solar radiation was measured using a pyranometer
located at the top of the PV modules. The temperatures in
the rear and on the surface of the PV modules were obtained
using six-channel data logger. The temperature probes were
attached to the rear and front of the panels using tape to aid
the accuracy of temperature measurements. The current and
voltage were obtained using current and voltage sensors and
the Arduino microprocessor while variable resistors were used
to reach the PV panels, peak load.
III. R ESULTS AND D ISCUSSIONS

Fig. 2 Experimental setup with PV modules with and without heat sink

Fig. 3 Photographs of the fabrication process of the aluminum heat sink
used in this study
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Results are presented in three subsections. Firstly,
dimensions of the passive cooling heat sink are determined
with respect to the optimization parameters such as the total
heat dissipation and ﬁn effectiveness. This is followed by
considering the effect of passive cooling on the performance
parameters of the PV modules such as the front and back
temperatures, and maximum power. Finally, the increment in
performance parameters are presented.
To optimize the heat sink, equations given in § I-A are
solved analytically using Matlab. Figs. 4 and 5 show the
results of the optimization. For the optimization, the total
heat dissipation rate is maximized for a given base to
ambient temperature difference when the thermal resistance
is minimized. This implies that the heat sink is capable of
dissipating unwanted heat, lowering the operating temperature,
which in turn increases the efﬁciency and power output.
Fig. 4 shows the variation of total heat dissipation rate with
the ﬁn thickness at different ﬁn proﬁle lengths. It can be noted
that there is a signiﬁcant increase in heat dissipation where a
progressive increase in the peak heat dissipation is generated
with increasing the ﬁn proﬁle length. It is found that the
maximum heat dissipation occurs at small ﬁn thickness which
slightly increases as the proﬁle length increases.
The use of ﬁns cannot be justiﬁed unless the effectiveness,
which is deﬁned as the ratio of heat transfer rate with ﬁns
to that heat transfer without ﬁns, is sufﬁciently large, i.e.
εf  1. The dependance of the heat sink effectiveness on
the ﬁn thickness at different proﬁles length is shown in Fig. 5.
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Fig. 6 Front and rear temperatures of the PV panel with heat sink during the
day. The bar chart shows the variation of solar irradiance during the day is
overlaid in this graph

1000

800

600

f

Open Science Index, Energy and Power Engineering Vol:14, No:7, 2020 waset.org/Publication/10011303

Fig. 4 Optimization of the total heat dissipation of the heat sink at different
ﬁn proﬁle lengths at z = 13.615 cm and T = 20 K
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Fig. 7 Front and rear temperatures of the PV panel without heat sink during
the day. The bar chart shows the variation of solar irradiance during the day
is overlaid in this graph

Fig. 5 Optimization of the effectiveness of the heat sink at different ﬁn
proﬁle lengths at z = 13.615 cm

An effectiveness εf  1 is observed at small ﬁn thickness
for all b which implies that the current heat sink is capable
of increasing the heat transfer rate and hence dissipating the
unwanted heat at a given temperature difference.
Now the effect of using a heat sink on the PV module
temperatures (front and back) and maximum power output will
be considered. The variation of the module front and back
surface temperatures with and without heat sink along with
solar irradiation is depicted respectively in Figs. 6 and 7. The
maximum value of solar irradiation received is 1085 W/m2
at 12:21 p.m. whereas the average throughout the day was
685 W/m2 . The surface temperature of the PV module
experiences the main effect of sun intensity which makes it
higher than the rear temperature.
At the start of the experiment, the temperature of both
modules was almost the same, after which, there was a
progressive difference between the temperature of the two
modules as shown in Figs. 6 and 7. For the case without
the heat sink, a maximum module surface temperature of
 48◦ C was recorded while a maximum temperature of 44◦ C
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was recorded for the back surface. In contrast, when the heat
sink is attached to the back of the PV module, the respective
maximum temperatures were 44.5◦ C and 42.3◦ C. Cooling the
module with the heat sink resulted in an average reduction of
the front and back surface temperatures respectively by 4%
and 6.5%. The temperature reduction resulted in a remarkable
improvement in the efﬁciency and power output of the PV
module as shown in Figs. 8 and 9.
The comparison of the maximum electrical power output
of the module for the two cases during the test day is shown
in Fig. 8. As discussed in § I-B and § I-C, the maximum
power output of the module changes with the intensity of
solar irradiance and the surface temperature of the cell. It
is also affected by the number of cells in the module, the
type of cells, and the total surface area of cells. The peak
power of a module is rated by manufacturers under standard
test conditions of 1000 W/m2 solar irradiance and 25◦ C cell
temperature. Therefore, the maximum power output produced
by the module is always less than that of the rated peak power
under real conditions. The maximum value of the power output
for the case without a heat sink was 8.52 W at 2:51 p.m.
whereas the maximum power output with the heat sink was
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cooling the module with the heat sink resulted in an average
reduction of the front and back temperature by respectively
4% and 6.5 which interns lead to a remarkable improvement in
the efﬁciency and power output of the PV panel. A maximum
increase in the solar to electrical conversion efﬁciency of 35%
and ∼ 55% in the power output were achieved with the use
of a heat sink.
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Fig. 8 Comparison of maximum power output of the module Pmax during
the day with and without heat sink. The dashed-line curve shows the
variation of irradiance during the day
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