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A B S T R A C T

This study addresses the critical challenge of reducing operating temperature in photovoltaic (PV) systems, as
excessive heat generation impairs their electrical efficiency and power output. A novel mini-channel heat sink
with a folded U-shaped fin design is introduced to enhance heat dissipation, offering a scalable solution for
optimizing PV performance. The design increases the heat transfer area while reducing airflow velocity by
narrowing the channels, and optimizing thermal management. Experiments were conducted indoors under
controlled conditions, with inlet air velocity of 0.3, 0.6, 0.8, and 1 m/s and solar irradiances of 500 and 1000 W/
m2. The outcomes showed that the mini-channel heat sink effectively reduced the average cell temperature by
57.44 %. This significant thermal regulation increased electrical efficiency by 26.6 %, resulting in a 37.55 %
increment in power output. The experimental findings were further compared to numerical simulations
achieving an acceptable range of variation and ensuring the reliability of the results with an average heat transfer
coefficient error percentage below 5 %. The originality of this work lies then in its unique U-shaped mini-channel
design, which mitigates thermal stress and optimizes energy output. It provides a promising approach to
advancing PV cooling technologies and a scalable solution for improving solar energy efficiency.

1. Introduction

Solar cell technology has advanced remarkably, increasing cost-
effectiveness and efficiency while expanding its uses in numerous in-
dustries. Due to these developments, PV systems are important in the
global switch to renewable energy, with a growing need to reduce
reliance on non-renewable energy sources. Depending on the material’s
characteristics and configurations, photovoltaic cells can convert inci-
dent solar radiation into electricity, typically ranging from 10 % to 20 %
efficiency [1]. The optical surface space to the receiving solar cell area is
the geometric concentration ratio (CR). The ratio is usually expressed as
“suns” (1sun = 1000 W/m2 of irradiation) [2]. Photovoltaic cells
exposed to elevated solar radiation concentrations experience signifi-
cant temperature increases, Leading to decrease electrical efficiency of
approximately 0.5 % to 0.65 % for each 1 ◦C rise in temperature [3]. It
has been underlined that the degradation rate of the solar cell is able to
twice over time for a 10-degree Celsius increase in operable temperature

and then reduction in the lifespan [4]. To remedy this issue, effective
cooling techniques are essential to regulate cell temperature and ensure
optimal system performance. The conventional air convection heat
transfer method has reached its thermal limits, necessitating the devel-
opment of a more efficient cooling solution [5]. Traditionally, the heat
sink has been configured to address the thermal management challenges
of electronic devices [6]. However, it has since evolved to satisfy the
increasing demands of photovoltaic (PV) systems cooling in solar ap-
plications [7]. Research is focused on developing novel heat sink ge-
ometries, moving beyond conventional straight-fin to more complex
configurations, including fin geometry (the influence of geometrical
parameters), shape, and orientation. This will improve the cooling sys-
tem’s fluid flow dynamics and expand the surface area for heat dissi-
pation, enhancing heat transfer [8].

Fig. 1(a),(b),(c) which are based on the literature, explain the impact
of fin optimization and their shapes in macro-size to improve solar cell
performance. For instance, Johnston et al. [9] have studied the effect of
fin height on heat sink efficiency in solar cells (Fig. 1(a)), revealing that
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increasing fin height (from 20 mm to 300 mm) reduces front module
temperature from 62 ◦C to 45 ◦C. Similarly, Del Rïo et al. [10] have
improved the electrical efficiency of solar panels by 1.07 % due to the
optimum height of the heat sink to 50 mm. Furthermore, Ahmed et al.
[11] have proposed a new design of a truncated multi-level fin heat sink
(MLFHS), which has also been optimized for fin spacing, height, and

thickness effects. The design achieves a 2.87 % rise in power output.
Zaghloul et al. [12] have evaluated four heat sinks: flat plate, straight,
pin, and flared (Fig. 1(b)), to enhance the temperature uniformity of
triple-junction solar cell (TJ) exposed to high concentration ratios. Their
findings prove that the flared-finned heat sink is an effective choice for
maintaining optimal cell performance. Also, Krstic et al. [13] have

Nomenclature

Ac area of solar cell (mm2)
Af area of fluid domain (mm2)
Cp specific heat capacity (j/kg-k)
Dh hydraulic diameter (mm)
I solar radiation (w/m2)
hc average heat transfer coefficient (w/m2.k)
H height of heat sink (mm)
Hc height of fin (mm)
Hb thickness base up(mm)
Hb’ thickness base-down bottom (mm)
k thermal conductivity (w/m-k)
L length of a heat sink (mm)
ṁ the mass flow rate of air (g/min)
Nu Nusselt number
ΔP pressure drop [pa]
Pc electrical power of solar cell (w)
Re Reynolds number
Tc solar cell temperature (◦c)
Tc avg the average cell temperature
Tin the air inlet temperature
Ta the ambient temperature

Tout the air outlet temperature
Tmean the average temperature of the inlet and the outlet of the

air-fluid
Tw the temperature of the fin wall
Tb the temperature of a base heat sink
Vin the inlet velocity (m/s)
W width of a heat sink (mm)
Wc channel width (mm)
WW fin width (mm)

Greek Symbols
ηc cell electrical efficiency of solar cell
τg the transmittance of the cover above the solar cell
η ref electrical efficiency of solar cell reference
f the friction factor

Abbreviations
CPV concentrator photovoltaic
Eq Equation
HCPV high concentrator photovoltaic
HP heat pipe
HS heat sink

Fig. 1. (a) A rectangular finned heat sink, (b) different heat sink types: flat plate, straight, pin, and flared, (c) flared heat sink, (d) stacked and truncated single-layer
mini-channel heat sink, (e) micro-channel sinusoidal fins heat sink, (f) hybrid configuration combines oblique micro-channel and micro pin fin.
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reported that the passive cooling of a PV module was achieved through
various shapes of heat sinks, leading to an average temperature decrease
of 7.5 ◦C and a voltage increase of 0.27 V compared to the reference
panel. They also investigated the optimal geometry for heat sinks and
analyzed their heat transfer characteristics. Likewise, Luo et al. [14]
have improved the cooling method with flared-fin design heat sinks for
concentrator photovoltaic (CPV) systems based on the effect of adding
fin number, height, and inclination angle of a fin heat sink (Fig. 1(c)). It
is particularly found that the thermal resistance is reduced by 10 %
compared to heat sink with rectangular fins.

The current trends of cooling employed in literature are based on
mini-channel and micro-channel heat sinks, as seen in (Fig. 1(d),(e),(f)).
Mini/micro channels increase the heat exchange surface area in small
areas, improve the convective heat transfer coefficient, and enable
integration into solar applications. The optimization scrutinizes the
hydraulic diameter, cross-sectional shape, channel pattern, manifold
configuration, and inlet–outlet port design, which are examples of
geometric factors that can have a major impact on heat removal
improvement [15,16]. Ahmed et al. [17] have employed A mini-channel
heat sink utilizing nanofluids to regulate multi-junction solar cell tem-
peratures in high concentrator photovoltaic (HCPV) systems within
operational limits. Their results showed the highest thermal and elec-
trical efficiencies were recorded at 65.40 % and 40.84 %, respectively.
Similarly, Ahmed et al. [18] have examined using a finned mini-channel
heat sink to limit the high temperatures found in HCPV systems. Three
cooling fluids are evaluated: water, ethylene glycol, and syltherm oil
800. Their findings indicated that water exhibited the highest thermal
and electrical efficiencies, with a minimum temperature of 93.5 ◦C.
Additionally, a study by Okasha et al. [19] examined numerically
truncated mini-channel heat sinks for (CPV) cooling (Fig. 1(d)), and
their results revealed a 31 % rise in electrical efficiency. Torbatinezhad
et al. [20] have proposed a new design of a mini-channel heat sink with
zigzag fins to improve cooling efficiency compared to traditional design.
Their results have found both the thermal resistance and Nusselt number
are enhanced by 13 % and 12 %, respectively. Sadinezhad Fard et al.
[21] have investigated the impact of the height, and base of mini-
channel with grooves and ribs on the cooling efficiency of the CPV
system. Compared to simple channels, they demonstrated a 25.9 %
reduction in thermal resistance at the optimal height rib of 0.2 mm and a
maximum temperature reduction of 6.48 K. Ramezani et al. [22] have
used a microchannel heat sink with sinusoidal fins (Fig. 1(e)). They
showed that the increased number of fins significantly enhanced the
electrical efficiency for the solar cell (HCPV), reaching up to 38.97 % in
the optimal case. Furthermore, Jatau et al. [23] have enhanced cooling
efficiency in (HCPV) by utilizing a square pin–fin array in the center of a
micro-channel heat sink. Their findings indicated that cell efficiency
significantly improves with flow rates, and the optimal case achieves an
electrical efficiency of 40.01 %, surpassing the case reference of 39.91
%. Lastly, Alihosseini et al. [24] have completed the optimal configu-
ration, spacing, and positioning of pin fins inside the oblique grooved
micro-channel heat sink (Fig. 1 (f)) to enhance cell (HCPV)performance,
and their results indicating that the maximum output electrical power
reached 18.443 W.

As the present investigation draws inspiration from conventional
macro-scale designs, it is judicious to reference earlier studies that
highlight this approach in PV cell cooling. Notably, Soliman et al. [25]
demonstrated that a heat sink with forced convection could reduce cell
temperature by only 11 %. In a subsequent study, Soliman et al. [26]
explored two distinct cooling methods: a flat heat pipe (HP) featuring a
100 mm condenser section with a 300 mm adiabatic section coupled
with a heat sink (HP Hs1) and another configuration with a 200 mm
condenser and a 200 mm adiabatic region (HP Hs2). Both methods
utilized forced convection cooling. The results indicated temperature
reductions of approximately 28.98 ◦C and 31.07 ◦C for HP Hs1 and HP
Hs2, respectively, emphasizing the limitations of these cooling systems.
In the present experimental study, an innovative heat sink design

significantly departs from traditional macro-sized, straight-fin heat sinks
by adopting an advanced mini-channel structure. This design in-
corporates folded mini-channels characterized by U-shaped fins. By
opening the base, the design enhances airflow distribution, improves
thermal management, and creates multiple airflow pathways, facili-
tating more efficient heat dissipation. Narrowing the channels slows the
airflow, enabling more effective heat extraction. The heat sink features
40 fins, and the increased fin density provides greater surface area for
contact with the surrounding air, thereby enhancing convective heat
transfer and reducing solar cell temperature. Furthermore, the light-
weight nature of this design makes it particularly well-suited for appli-
cations in solar photovoltaic (PV) systems, where weight and space
constraints are critical.

The proposed design will be experimentally evaluated to gather real-
world performance data. Indoor experiments will be conducted under
controlled conditions, including inlet air velocity rates of 0.3, 0.6, 0.8,
and 1 m/s, corresponding to rates of mass flow of 120, 240, 300, and
360 g/min, and solar irradiance of 500 and 1000 W/m2. The solar cell’s
performance will be assessed by measuring temperature, calculating
efficiency, and evaluating electrical power output. Additionally, the
thermo-hydraulic performance will be determined by calculating the
heat transfer coefficient, Nusselt number, and pressure drop across
varying Reynolds numbers to validate the results against numerical
simulations.

2. Methodology

2.1. Numerical simulation and experimental investigation

The flowchart in Fig. 2 illustrates the rigorous research process un-
dertaken in this present investigation to numerically and experimentally
evaluate a novel heat sink geometry designed to improve the cooling
performance of solar cells. The first phase involved numerical simula-
tions conducted using ANSYS FLUENT 17.1 Computational Fluid Dy-
namics (CFD) software. A mesh analysis was performed for each
geometry by progressively reducing the grid size from 3 mm to 0.5 mm,
resulting in four meshing case studies. The accuracy of the results
improved with finer meshing, and an optimal model was identified,
achieving a minimal relative error of 0.006 % with 6,646,412 mesh el-
ements, thereby confirming its reliability and precision. The boundary
conditions for the numerical simulations were consistent across all ge-
ometries. Both the ambient and entry air temperatures were held at
25 ◦C, with the inlet air velocity varying between 0.3 and 1 m/s (in-
cremental steps of 0.1 m/s). The uniform heat flux density applied to the
solar cell ranged from 500 to 1000 W/m2. Adiabatic boundary condi-
tions were assigned to all solid sides except for the top wall of the ge-
ometry, which was exposed to heat flux density. The outlet pressure was
specified as 0 Pa, and the solar cell sides were considered adiabatic. The
second phase comprised experimental validation. The optimal heat sink
geometry identified during the simulation phase was fabricated and
tested under controlled conditions. The experimental setup was
designed to evaluate the heat sink’s thermal performance and cooling
efficiency, confirming it proved to be the most effective configuration
among the tested models.

These complementary numerical and experimental approaches pro-
vide a robust framework for assessing and optimizing advanced heat
sink designs. This methodology contributes to the development of effi-
cient thermal management solutions for solar cells, addressing critical
challenges in renewable energy systems.

2.2. The Physical model

This study evaluates the performance of two encapsulated poly-
crystalline solar cells sealed with polymeric materials. Table 1 presents
the specifications of PV solar cells. Fig. 3 depicts the system under
investigation, consisting of a solar cell attached to a heat sink.
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2.3. Design heat sink

The proposed design involves a folded mini-channel heat sink to
enhance surface heat transfer, and the base of the geometry was opened
to make direct contact with the solar cell. Additionally, this modification

caused the fin to change into a U-shaped design with 40 fins. Air was
utilized as the cooling fluid, and the design was fabricated of aluminum
alloy (6061) as specified in Table 2, with dimensions according to Fig. 4
(a) and Table 3. A CNC machine cut the aluminum block, creating a new
heat sink model. Conductive epoxy (ICE FUSION V2) was applied to glue

Fig. 2. Flowchart of research workflow and steps.
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the back solar cell with the heat sink base. It decreases the thermal
resistance between interfaces by filling the air gaps. It has a thermal
conductivity of 5 (W/m-K), as shown in Fig. 4 (b). Lastly, thermocouples
were placed at three locations to test the fins and base heat sink.

2.4. Experimental setup

The indoor experiment was conducted in the Solar Thermal and
Sustainable Technology lab at SERI, Universiti Kebangsaan Malaysia
(UKM). The experiment setup followed a methodology based on prior
literature [25,26]. The initial experiment involved testing the solar cell
without a cooling system to establish a performance baseline, as shown
in Fig.5 (a). The infrared camera (Fluke TiR32) recorded the tempera-
ture distribution throughout the solar cell area, as shown in Fig. 5 (b);
subsequently, the data was transferred to The FLUKE Connect software
on a laptop. Additionally, as shown in Fig. 5 (c) and (d), the attached
heat sink was used to test and assess the effectiveness of the proposed
novel folded mini-channel heat sink system for cooling a solar cell. A
solar simulator used in the study has 8 tungsten halogen lamps, each
having a maximum output of 300W, thermocouples type K connected to
a data logger (At4824 Digital Temperature Data Recorder Display 24
Channels) using 12 thermocouples. Table 4 shows the distribution of
them placed around the test setup. All thermocouples must have their
values equal to the ambient temperature before running the experiment.
The air conditioner maintains a constant ambient temperature of 25 ◦C.
A fan (12 V DC) is an active part of the system that operates by forced
airflow toward the fins. The mini digital anemometer (UNI-T UT363)
measures air velocity variation, and the manometer (UNI-T UT366A)
measures pressure. It is located close to the heat sink’s inlet. Then, the
experiment is conducted using inlet air velocity of 0.3, 0.6, 0.8, and 1m/

s, as well as solar irradiances of 500 and 1000 W/m2, respectively. The
halogen lamps generate solar irradiation, which we quantify using a
pyranometer or solar power meter (RS PRO ISM400). Lastly, before
repeating the same procedure for the next solar irradiance levels, the
system ought to cool down for an hour.

3. Background and relevant equations

3.1. Cell temperature and electrical performance

The average cell temperature (Tcavg) is obtained using Eq.1:

Tcavg =
∑

Tc
N

(1)

Tc denotes the instantaneous cell temperature recorded at various in-
tervals, while N signifies the total number of readings obtained.

The solar cell efficiency as influenced by the cell temperature in Eq.2
of Evans and Florschuetz formula [27]:

ηc = ηref
[
1 − βref

(
Tcavg − Tref

) ]
(2)

βref refers to the solar cell’s relative temperature coefficient of
0.004 ◦C− 1 in the reference temperature of Tref = 25 ◦C.

Calculating the produced electrical energy is as follows using Eq. (3)
[27]:

Pc = ηc × τg× I × Ac (3)

Table 1
Detailed specifications of the solar cell used in the study.

PV parameters Description

Solar cell type Polycrystalline
Size of the cell 165 mm*65 mm
Rated voltage 6 V
Rated current 250 mA
Peak power 1.5 W
Weight 40 g
Standard Test Conditions 1000 W/m2,1.5AM,25 ◦C

Fig. 3. (a) Reference solar cell, (b) An innovative design featuring a folded mini-channel heat sink attached to a solar cell.

Table 2
Thermal system materials properties detail.

Material Property symbol Value unit

Air at (25c◦) Density (ρair) 1.184 [kg/m3]
​ Kinematic viscosity (νair) 1.849.10-5 [m2/s]
​ Thermal conductivity (kair) 0.02551 [W/m.K]
​ Specific heat (Cp air) 1007 [J/kg.K]
Aluminum Density (ρal) 2719 [kg/m3]
​ Thermal conductivity (kal) 202.4 [W/m.K]
​ Specific heat (Cp al) 871 [J/kg.K]
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3.2. Themofluide data processing

The present study investigates the heat transfer rates of internal
cooling wall fins, considering a wide range of air inlet velocity, a new
version of the heat sink’s geometric dimensions, and the input of heat
density. The Reynolds number is determined using the hydraulic
diameter, as Eqs. (4)–(5).

Re =
Vin Dh

νair
(4)

Dh =
4(HcWc)

2(Hc +Hc)
(5)

The average heat transfer convection coefficient is determined by

Fig. 4. (a) 3D and 2D views of the folded mini-channel heat sink with main dimensions, (b) schematic vision of the surface roughness interface.

Table 3
Geometrical characteristics and dimensions of the heat sink.

Parameters Symbol Value Unit

Width heat sink W 180 mm
Length heat sink L 100 mm
Height heat sink H 45 mm
Thickness base-up Hb 1.5 mm
Thickness base-down Hb’ 1.5 mm
Wall width fin Ww 1.5 mm
Height channel Hc 43.5 mm
Width channel Wc 3 mm
Hydraulic diameter Dh 5.61 mm
Number of fins Nf 40 −
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Fig. 5. (a) Real photograph of test solar cell without cooling, (b) thermal camera used in the test, (c) real photograph of the experimental system indoors, (d)
schematic vision diagram of the experimental setup.
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Newton’s law Eqs. (6)–(7) [28]:

hc =
Qw

Af(Tw − Tmean)
(6)

Tmean =
Tin + Tout

2
(7)

Tw is the fins wall temperature, and Tmean is the average temperature
between the inlet and the outlet of the airflow. Heat energy in Eq. (8):

Qw = ṁ.cp. (Tout − Tin) (8)

The average Nusselt number is calculated using Eq. (9):

Nu =
hcDh

kair
(9)

The following correlation provide the friction factor of laminar flow at
Reynolds numbers below 600 by Jiang et al. [2930]:

f = 1639/Re1.48 (10)

Pressure drop is calculated using Eq.11 [30]:

Δp = f ×
L
Dh

×
ρVin

2

2
(11)

Where L is the length of a mini-channel heat sink.
Improvement of cooling.
A comparative study on the reduction in solar cell temperature and

the improvement in electrical power output performance was conducted
using Eq. (12) to calculate the percentage difference [31]:

%Tc =
Tc ref − Tc cooling

Tc ref
× 100 (12)

Eq.13 is used to calculate the percentage error between numerical
simulations and experimental results.

%E =
Rsim − Rexp

R exp
x 100 (13)

3.3. Uncertainty analysis

Errors can arise from humans, tools, and devices. Assessing sensor
uncertainty and determining in-reading errors is crucial for high-quality

measurements. The following (Eq. (14) and Table 5 served as the basis
for the uncertainty analysis of the experimental test instruments
[32,33]:

WR =

[(
∂R
∂X1

W1

)2

+

(
∂R
∂X2

W2

)2

+ ⋯⋯
(

∂R
∂Xn

Wn

)2
]1
2

(14)

W=
[
(0.1)2+(0.1)2+(1)2+(0.1)2+(0.5)2+ (2)2

]1
2

W = 2.29%

4. Results and Discussion

4.1. Cell temperature

Fig. 6 illustrate the solar cell front-surface temperature variation
over a 25 min monitoring period. The influence of inlet air velocity on
the thermal performance of the solar cell system is evident for the two
target solar irradiance 500 and 1000 W/m2.

Fig. 6 (a) compares two cases of solar cell operation. Without cool-
ing, the initial temperature of the cell starts at 38 ◦C due to prior
exposure to light before the measurement, indicating that the cell had
already absorbed heat. The temperature rises rapidly during the test,
reaching approximately 68 ◦C under a solar irradiance of 500 W/m2.
This demonstrates the necessity of cooling to prevent overheating. In
contrast, the optimum cooling case, using forced convection at an inlet
velocity of Vin = 1 m/s, maintains a low and stable cell temperature, as
shown by the cooling curve.Fig. 6 (b) examines the impact of different
inlet velocities on cell performance. As inlet velocity increases, cell
temperature decreases. At lower velocities Vin = 0.3 m/s, the temper-
ature gradually rises to 36 ◦C over time. Conversely, at higher velocities
(Vin = 0.8 and Vin = 1 m/s), the cell temperature stabilizes after a few
minutes, indicating that equilibrium is achieved, where heat dissipation
matches heat generation.

Fig. 7 illustrates the thermal response of the system across all inlet
velocities. During the first 5–10 min, the temperature increases signifi-
cantly as the system transitions from ambient temperature to a heated
state. After approximately 15 min, the temperature stabilizes, indicating
that the system reaches a steady state. At lower velocities, the cell
temperature stabilizes at 43 ◦C and 41 ◦C, respectively, highlighting the
limited cooling effect of natural convection at high solar irradiance
(1000 W/m2). At higher velocities (Vin= 0.8 m/s and Vin= 1 m/s), the
temperature of the cell drops to 38 ◦C, showcasing the effectiveness of
forced convection.

Fig. 8(a) shows the average cell temperature, calculated using Eq.
(1), under irradiance levels of 500 and 1000 W/m2. It is shown that.
Without cooling, the solar cell temperature ranges between 67 ◦C and
86 ◦C, demonstrating that increased irradiance intensity results in
higher temperatures and necessitates more efficient cooling. With the
application of a heat sink and varying inlet velocities (Vin= 0.3,0.6,0.8,
and 1 m/s), the recorded cell temperatures under 500 W/m2 irradiance
are 34.35 ◦C, 33.57 ◦C, 32.55 ◦C, and 31.13 ◦C, respectively. Similarly,
under 1000 W/m2, the cell temperature decrease to 40.44 ◦C, 38.93 ◦C,
37.94 ◦C, and 36.99 ◦C. The percentage curves based on Eq. (9), which
illustrate the improvement in cooling At Vin = 1 m/s, show a maximum
reduction temperature of 57.47 % at higher irradiance intensity. Even at
500 W/m2, it maintained at 53.86 %The U-shaped folded mini-channel
design decreased the solar cell’s temperature by 57.44 %. In compari-
son, as reported in the literature [34], conventional finned container
heat sink, lower the operating temperature of photovoltaic panels by
10.53 %, from 57.9 ◦C to 51.8 ◦C. This trend in dropping temperature in
higher solar irradiance indicates high capabilities of the folded heat sink
to remove furthere heat and enhancing its thermal performance.

Table 4
Distribution of thermocouples on the test rig.

Channel in Data logger Location

C1,C2,C3 Tw
C4,C5,C6 Tb
C7 Tin
C8 Tout
C10 Ta
C11,C14,C15 Tc

Table 5
Error range for each instrument employed in the study.

Equipment Model Parameters Unit Uncertainty
(%)

Data Logger AT4824 Temperature ◦C ±0.1
Thermocouples K-type Temperature ◦C ±0.1
Pyranometer RS pro-ISM 400 Solar

irradiance
W/
m2

±1

Manometer UNI-T UT366A Pressure Pa ±0.5
Anemometer UNI-T UT363 Air velocity m/s ±0.1
Thermal
imager

Fluke TiR32
Infrared Camera

Temperature ◦C ±2
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4.2. Electrical cell efficiency

In Fig. 8 (b), the cell electrical efficiency throughout the experiment
is calculated using Eq. (2) versus the inlet air velocity rates. The cooling
system’s effectiveness is evaluated by observing the improvement in the
electrical efficiency between two solar cells (no cooling/cooling) under
varying irradiance intensities. The results indicate that in lower irradi-
ance of 500 W/m2, the new cooling model mini-channel heat sink
significantly enhances PV cell efficiency from 12.45 % to 14.63 % for
recorded via increased inlet velocity; the improvement increased in
difference to 1.99 %, 2.03 %, 2.10 %, and 2.18 %, respectively. Even
under high-intensity irradiance 1000 W/m2, the diminished efficiency

compared to lower irradiance increased from no cooling from 11.28% to
14.28 % cooling recorded via increased inlet air velocity; the improve-
ment increased 2.79 %, 2.88 %, 2.94 %, and 3.00 %, respectively.
Comparison with literature reviews [34] indicates that a finned
container heat sink improved the module efficiency by 5.3 %, corre-
sponding from 9.33 % to 9.82 %. This can be due to the substantial
temperature increase of the PV cell, which impairs their performance.
Overall results are evidence this novel model offers a feasible pathway to
enhance the electrical efficiency of photovoltaic cells.

Fig. 6. (a) Solar cell temperature varitaion over time with and without cooling, (b) Solar cell temperature over time at a solar irradiance level of 500 W/m2 and
different inlet air velocity.
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4.3. Electrical cell power

Fig. 8(c) illustrates the electrical output power generated by two
solar cells versus the inlet air velocity under varying irradiance in-
tensities (500, 1000 W/m2). The Eq. (3) was employed to calculate the
power output. Based on findings, the integration of folded mini-channel
heat sink to solar cell evidence due to increased electrical power dif-
ference between (no cooling /cooling) 0.098 W,0.162 W,0.165 W, and
0.170 W respectively recorded via increase inlet air velocity under 500
W/m2. In contrast, increments are more pronounced in I = 1000 W/m2
by 0.275 W, 0.405 W, 0.412 W, and 0.418 W. So, the solar cell’s effi-
ciency has been enhanced as a result of larger temperature reduction
achieved by cooling at 1000w/m2, which has resulted in a more sig-
nificant increase in electrical power. Lastly, data provided confirm that a
new heat sink significantly outperforms by a reduction in temperature,
increasing the electricity efficiency and power.

Fig. 9 displays an infrared thermal image for two solar cells showing
a graphical representation for the temperature distribution across the
surface with no cooling and a cooling system in 500 W/m2 solar irra-
diance. This is intended to serve as additional backup information to the
thermocouple results that were previously obtained, as previously
described. Fig. 9 (a) illustrates a uniform distribution of high tempera-
tures across the majority of the surface, with the addition of three
randomly placed points on the left, middle, and right, respectively, to
determine the hottest zone within the surface cell. The results show the
hottest point P2 is 69.53 ◦C at the left edge of the surface, and the P1 and
P3 center of the surface and the right edge show lower values of 66.42 ◦C
and 65.52 ◦C respectively. The heat accumulates on the left edge
because the solar simulator emits uniform irradiation. Still, some zones
may receive less radiation in the test area, which is evident. Fig. 9 (b)
shows the effect of integrating design to cooling a cell as the temperature
decreases; the cooler regions at the periphery are P3 at 31.80 ◦C and P1
at 32.28 ◦C. The hotspot in the left zone P2 at 33.41 ◦C, is a reason for the
airflow’s inability to reach all fins uniformly. Effectively, the cooling
system has an advantageous impact.

4.4. Outlet temperature

Fig. 10 represents outlet air temperature and the temperature dif-
ferences versus inlet mass flow rate under solar irradiance. With lower
inlet mass flow rates of 120 g/min to 200 g/min, the outlet air

temperature is higher, reaching 29.24 ◦C and 28.12 ◦C at W/m2. This
indicates the air stays in the fins of heat sink longer, enabling it to absorb
additional heat, leading to a higher outlet temperature. Consequently,
the inlet and outlet air temperature difference is also more significant,
indicating more efficient heat extraction from the heat sink to the air. At
higher 500 W/m2and 30.20◦Cand 29 ◦C at 1000 mass flow rates of 300
g/min and 360 g/min, the outlet air temperature decreases to 27.29 ◦C
and 27.13 ◦C for 500 W/m2 and 28.26 ◦C and 28.08 ◦C for 1000 W/m2.
The smaller residence time of air leads to a reduction in heat absorption,
which results in cooler outlet air temperatures, leading to smaller tem-
perature differences. Outlet air temperatures are significantly affected
by solar irradiances: at 1000 W/m2, the outlet air temperature is
consistently higher than 500 W/m2. The reason is that intensity in-
troduces more heat into the system, increasing the temperature of the air
passing through a heat sink.

5. Comparison between experimental and numerical
simulations

5.1. Thermos-hydraulic parameters

Fig. 11 highlights the significant improvement in thermo-hydraulic
parameters by comparing the findings with previous data simulations.
Achieving an optimal balance between pressure drop and heat transfer
enhancement is crucial for efficient cooling system performance. The
pressure drop represents the resistance undergone the fluid as it flows
through the heat sink with a positive correlation between the Reynolds
number and pressure drop. This study presents three datasets for the
pressure drop: measured, simulated, and calculated (via the correlation
by Jiang et al. [29]), as shown in Fig. 11(a). Experimental findings
reveal that the pressure drop increases progressively from 0.92 Pa, 1.8
Pa, 2.45 Pa, to 3.08 Pa, corresponding to Reynolds numbers 107.8,
215.60, 287.47, and 359.34. The numerical simulation results similarly
demonstrate a consistent rise in pressure drop with increasing Reynolds
numbers, reflecting higher flow resistance at greater velocities. Impor-
tantly, the increase in pressure drop remains within acceptable limits. A
maximum gap of 11 % between the experimental and simulated data
confirms the accuracy and reliability of both methods. The calculated
pressure drop using the friction factor correlation (Eq. (10) by Jiang
et al. [29] shows occasional deviations from the experimental curve.
These discrepancies suggest that the correlation may not fully capture

Fig. 7. Solar cell temperature over time under solar irradiance 1000 W/m2 and different inlet air velocity.
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Fig. 8. (a) Average solar cell temperature and percentage reduction versus inlet air velocity. (b) electrical efficiency and improvement in electrical efficiency versus
inlet air velocity. (c) electrical power and cooling gain power for various inlet air velocities and solar irradiances.
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the geometric complexities of the heat sink design.. As indicated, the
pressure drop tends to increase with more intricate designs, such as
those incorporating narrow channels or mini-channels [35].

Both numerical simulations and experimental studies consistently
record the average heat transfer coefficient. Fig. 11(b) and (c) depict the
average heat transfer coefficient depending of the Reynolds number
under solar irradiances of 500 W/m2 and 1000 W/m2, respectively.
Under solar irradiance of 500 W/m2 in Fig. 11(b), simulation results
show a steady increase in the average heat transfer coefficient as the
Reynolds number rises. The coefficient improves from 13.49 W/m2-K at
a Reynolds number of 107 to 33.68 W/m2-K, demonstrating better
convective heat transfer at Reynolds number of 359. The experimental
results follow a similar trend, ranging from 17.39 W/m2-K a to 34.93W/

m2-K at Reynolds number of 107 to 359 respectively. At solar irradiance
of 1000 W/m2 in Fig. 11(c), a similar pattern is observed. The numerical
simulations reveal that the average heat transfer coefficient increases
steadily from 12.91 W/m2-K at a Reynolds number of 107 to 33.68 W/
m2-K at 359. Experimental results align closely, ranging from 17.67 W/
m2-K to 35.51W/m2-K. The increase in heat flux under higher irradiance
enhances the temperature gradient between the air and the surface,
thereby boosting the average heat transfer coefficient [16]. The results
validate the consistency between numerical simulation and experi-
mental data, with discrepancies within an acceptable gap margin. For
the remaining three values under solar irradiance of 500 W/m2, the
error percentage is below 3 %, further emphasizing the strong agree-
ment between the two approaches.

According to the study, determining the Nusselt number is necessary
to assess the efficiency of a heat transfer process. The findings indicate a
positive relation between the Reynolds and Nusselt numbers, which is in
line with previous research [36]. Fig. 11 (d) and (e) present the average
Nusselt number as a function of the Reynolds number for both simula-
tion and experimental results under solar irradiation levels of 500 W/m2

and 1000W/m2. Experimentally, at I= 1000W/m2, the average Nusselt
number increases with the Reynolds number, showing values of 3.88,
5.33, 6.70, and 7.81. In comparison, at I= 500W/m2, the corresponding
values are 3.88, 5.33, 6.50, and 7.68. These results indicate that as the
flow develops at higher Reynolds numbers, enhanced convective heat
transfer leads to higher Nusselt numbers. The numerical simulations
consistently demonstrate the ability to predict the average heat transfer
coefficient and Nusselt number accurately across all charts (a), (b), (c),
and (d). Using Eq. (13) to calculate the error, the numerical simulation
results show excellent agreement with experimental results. For most
data points, the error percentage remains below 5 %, which is within the
acceptable range, particularly at I = 1000 W/m2. However, the initial
value exhibits a maximum deviation of approximately 22 %, attributed
primarily to measurement errors associated with the thermocouples.
These errors directly influence the computation for both the heat
transfer coefficient and the Nusselt number.

Table 6 provides a summary comparing the temperature differences
(with and without cooling) obtained in this study to various other
published experimental works. It highlights the impact of shaped fin
heat sinks on cooling photovoltaic (PV) cells under identical solar irra-
diance conditions, utilizing different convection flowmethods (forced or
natural). The temperature reduction achieved in this present study is
markedly higher than those reported in the cited literature,

Fig. 9. Thermal image of a solar cell during operation for I = 500 W/m2 : (a) without cooling, (b) with cooling.

Fig. 10. Outlet air temperature and temperature differences at various mass
flow rates for two solar irradiances.
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demonstrating the superior effectiveness of the proposed heat sink ge-
ometry for cooling. These results underscore the significant influence of
the innovative heat sink design on improving thermal control in PV cells,
as validated through simulations.

6. Conclusion

This experimental study examined the integration of an innovative
folded mini-channel heat sink featuring small flow passages to enhance
the cooling and electrical efficiency of photovoltaic (PV) cells. The re-
sults provide valuable insights into the thermal and electrical

Fig. 11. Experimental and numerical simulation comparison: (a) pressure drop versus Reynolds number for three data sets: measured, simulated, and correlation; (b,
c) average heat transfer coefficient versus Reynolds number for two solar irradiances; and (d, e) average Nusselt number vs. Reynolds number for two solar irra-
diance levels.
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performance of PV cells and the thermo-hydraulic behavior of the heat
sink under varying operating conditions, including different solar irra-
diance intensities and airflow rates. The agreement between the exper-
imental findings and numerical simulations demonstrates reliability,
with an average heat transfer coefficient error percentage below 5 %,
well within acceptable limits. The key results for the study are as
follows:

• The average cell temperature decreased significantly from 86.93 ◦C
to 36.99 ◦C, corresponding to a 57.43 % reduction at a solar irradi-
ance of 1000 W/m2 and an inlet air velocity for 1 m/s.

• This temperature reduction directly improved electrical efficiency,
which increased from 11.28 % to 14.28 %.

• A substantial increase in the electrical power output of the solar cell
was observed, particularly under higher irradiance conditions, with
a net power gain of 0.418 W.

• At an inlet air velocity of 1 m/s, the inlet and outlet air temperature
difference was reduced to 3.08 ◦C. Despite the shorter air residence
time within the heat sink, the cooling system effectively maintained
the cell temperature within safe operating limits.

• These findings underline the potential of folded mini-channel heat
sinks to optimize thermal management and electrical performance in
PV cells, particularly in high irradiance environments.

These findings underline the potential of folded mini-channel heat
sinks to optimize thermal management and electrical performance in PV
cells, particularly in high irradiance environments.

• Future research should focus on outdoor experiments using natural
airflow instead of fans to address inadequate airflow distribution.
Additionally, updating the same model heat sink and changing from
U-shaped fins longitudinal to pin fins will further enhance thermal
performance.

• This innovative cooling approach could be adapted to concentrated
photovoltaic (CPV) systems, which typically operate at higher tem-
peratures due to increased solar concentration. By applying the
proposed design to CPV systems, it may be possible to enhance their
thermal regulation and energy efficiency, extending their applica-
bility to regions with extreme climatic conditions.
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Table 6
A comparison of the current results with similar previous published studies.

Authors (Ref.) Years Study Convection Flow Cooling methodology Difference temperature (◦C)

Cuce et al. [37] (2011) Experimental Natural Rectangular heat sink 17.5 ◦C
Soliman et al. [25] (2019) Experimental Natural /Forced Rectangular heat sink 31.1 ◦C
Soliman et al. [26] (2020) Experimental Natural /forced A flat heat pipe with a rectangular heat sink 28.98 ◦C
Elbreki et al.[38] (2020) Experimental Natural Lapping fins heat sink 24.57 ◦C
Gomaa et al [39] (2020) Experimental Natural U shape fins heat sink 2 ◦C
Sivashankar et al. [40] (2022) Experimental Forced Various heat sinks shaped with PCM up to 13 ◦C
Ahmed et al. [11] (2022) Experimental Natural Truncated multi-level fin heat sink (MLFHS) up to 8.45 ◦C
Razali et al. [41] (2023) Experimental Natural Multidirectional Tapered Fin Heat Sink (MTFHS) 12 ◦C
Current study ​ Experimental Forced Folded Mini-channel Heat sink 36 ◦C
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