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This study investigates the performance of photovoltaic (PV) module integration
with novel designs of heat sink modules (PV/HS-1, PV/HS-II, PV/HS-1II, and PV/HS-
1V), introducing an optimized converging-diverging fin configuration (PV/HS-1I)
that demonstrates superior cooling performance under extreme desert
conditions. The experimental work analyzes the impact of cooling air velocity, solar
intensity, solar panel surface area, and power temperature coefficient on the PV
module performance and productivity. The results demonstrate that raising the
cooling air speed enhances convective cooling, lowers the temperature of the PV
surface, and increases electrical efficiency and productivity, especially for the
PV/HS-II design, which is the most effective design compared to other heat sink
configurations. Under Jeddah's climatic conditions, the PV/HS-II module achieves
a peak electrical efficiency of 19.5% and the highest electrical energy productivity
of 65.57 kW. The decrease in power temperature coefficient from -0.5 %/°C to -
0.3 %/°C increases electrical efficiency from 16.5 % to 18.65 %, improving
electrical energy productivity by 40 %. This work provides the first comprehensive
experimental evaluation of fin geometry optimization for PV cooling in high-
irradiance environments, offering practical design solutions for solar farms in hot
climates. The study shows how crucial active cooling is for reducing efficiency
losses, especially in places with a lot of sunlight, like Jeddah, Saudi Arabia. It also

gives valuable tips for improving the performance of photovoltaic systems.
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1. Introduction

Global energy demand and fossil fuel pollution have increased the need for alternative energy sources
like photovoltaics. Barriers to the full deployment of renewable energy resources to replace fossil resources
are discussed [1]. PV systems, which use semiconductor materials to turn sunlight into electricity, are a
renewable and environmentally beneficial way to address rising energy needs [2]. PV technology struggles
with low conversion efficiency due to dust [3], reflection, shade, and temperature [4]. Photovoltaic cells
convert only visible light into electrical energy, while the rest, notably infrared light, is converted into thermal
energy. This extra heat can damage PV panels, lowering their efficiency and lifespan [5] of different types of
PV cells, considering the effect of TPT layer absorptivity [6]. This difficulty has led researchers worldwide to
create unique cooling solutions to improve PV panel efficiency and longevity. This has led to the development
of natural, passive, and sophisticated liquid cooling and forced convection cooling technologies. Many solar
cooling studies have focused on specialized cooling methods. Solar cells cooled with a heatsink and nanofluid
added with aluminum nanoparticles [7], using phase change material [8], using hydraulic cooling [9],
integration with a passive Multi-layered PCMs cooling system [10], and a hybrid photovoltaic thermal system
through parallel water pipe integration [11]. Research has examined water-based cooling technologies, passive
multi-layered PCM cooling systems, heatsinks using nanofluid enhanced with Aluminum nanoparticles, and
parallel water pipe integration. Siah Chehreh Ghadikolaei [12] reviewed cooling technologies, while Cui et al.
[13] evaluated phase change PV/T systems, considering external, energy, economic, and environmental
variables. Madhi et al. [14] examined nanofluid thermo-PV system performance in energy, electricity,
economics, and the environment. Dida et al. [15] examined mono and hybrid nanofluid photovoltaic/thermal
cooling systems. This discovery could change PV system cooling tactics, making solar energy a viable and
sustainable energy source for the future. Photovoltaic (PV) systems turn sunshine into electricity as an
alternative to grid power. However, these systems generate heat, raising cell temperature and decreasing
efficiency [16]. Phase-change materials have been developed to improve solar efficiency, as have water- and
air-cooling methods. Using cooling ducts, heat sinks, and air collectors, forced convection is combined with
radiative cooling [18], phase change materials, nanofluids [19], thermoelectric systems, heat pipes, heat
pumps, and other advanced techniques [20]. Heat reduces PV panel efficiency in high-temperature situations,
especially deserts and tropical regions with high midday temperatures. Use low-temperature coefficient PV
panels in such settings. Cooling equipment with adequate airflow reduces the impact of high temperatures on
solar panel efficiency. By adjusting the rib-base plate angle, A computational approach using air-cooled heat
sinks to reduce PV temperatures was presented by Popovici et al. [21]. ANSYS-Fluent created a turbulent flow
model showing PV panel average temperature reduction under multiple configurations. Passive photovoltaic
cooling [22,23] uses air, water, or conductive materials [24,25] to dissipate heat without energy consumption.
Pumps or fans circulating water, air, or nanofluids enhance cooling, heat conduction, and energy efficiency.
Due to their thermal conductivity, aluminum heat sinks cool PV panels well [26]. Foam or fin configurations,
along with other aluminum-based cooling methods [27], lower surface temperature and enhance electrical
efficiency. Almuwailhi and Zeitoun [28] found that natural, forced, and evaporative cooling solar panels
increase efficiency and energy output. In-depth discussion is given of solar panel cooling, including forced
convection via cooling ducts, heat sinks, air collectors, and passive and active cooling systems. Performance
enhancement attempts on the photovoltaic/thermal module are reviewed [29], and a new photovoltaic panel
cooling classification system [30,31]. A comprehensive review of cooling, concentration, spectral splitting,
and tracking techniques is presented [32].

Al-Waeli, Ali H.A. et. Al. [33] compared nanofluid and nano-PCM cooling methods for PV/T systems
using mathematical and neural network models, showing that the prediction models effectively enhance system
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performance with low error rates. Kazem, Hussein A. et. al. [34] showed that SiC nanofluid notably boosts
PV/T system performance over water-based and conventional setups, proving effective in Oman’s climate.
Djordjevic, Stevan N. et. al.[35] simulated a closed-loop water cooling system applied to the back of a PV
panel. Their results show increased power output by 41.75% by significantly lowering panel temperature, with
simulations confirming its effectiveness and accuracy under real weather conditions. The experimental study
of Muniy, Srilasri, and Narayanasamy, Stalin [36] shows that using Al>Os nanofluid (0.04% concentration) at
a 40 Lph flow rate improves the thermal and electrical efficiency of PV modules compared to deionized water.

Photovoltaic (PV) systems suffer significant efficiency drops in high-temperature environments,
especially in sun-rich regions like Jeddah. Although many cooling methods have been explored, such as
passive heat sinks, nanofluids, and phase-change materials, current research often overlooks the combined
optimization of heat sink design, airflow patterns, and temperature coefficient effects in real-world conditions.
This gap limits the development of affordable, scalable cooling solutions for harsh climates. This work presents
an experimental evaluation of four innovative heat sink designs (PV/HS-I to IV) that feature unique fin
configurations. These designs aim to optimize heat dissipation, reduce solar cell temperatures, and increase
electrical efficiency by controlling airflow speeds (0.5-3 m/s), adjusting sun intensities (1020-5102 W/m?),
and modifying power temperature coefficients (-0.5 to -0.3 %/°C). By carefully analyzing these variables along
with solar panel surface area and air mass flow rates, we seek to find the best setup for next-generation
photovoltaic systems in Jeddah's challenging environment. This approach links theoretical cooling methods
with real-world implementation, offering insights into both energy efficiency and economic benefits in solar
applications.

2. Heat sinks design and integration with PV

The main source of air heat is PV panels. These panels successfully recover waste heat from photovoltaic
electricity generation using experimentally improved heat sinks. The recovered heat effectively warms the
surrounding air, reducing the need for additional heating. Figure 1-a illustrates how the battery stores PV-
generated energy electricity.

This section explains the physical models of the recommended heat sinks, which are designed to create
integrated PV-HS modules by aligning the base temperature with the PV temperature. Modules utilize various
heat sink designs for PV systems. Experimental plate and pin-fin shapes were tested in multiple configurations
to enhance heat sink design. As shown in Fig. 1-b, four heat sink shapes were tested for thermal performance.
Evaluation of heat sink configurations includes:

» HS-I: Perforated plate fin-tilted square pin fin.

» HS-II: Conv/div perforated plate-tilted square pin fin.

» HS-III: Corrugated perforated plate-tilted square pin fin.

» HS-1V: Parallel perforated plate-tilted square pin fin.

After evaluating market availability and pricing, Aluminium Alloy 6061 was chosen for heat sink
modules. The selected aluminum alloy has a specific heat capacity of 897 J/(kg-K), a melting point of 585°C,
and a thermal conductivity of 202 W/(m-K). All variants featured 5 plate fins and 32 pin fins, maintaining
identical volume and fin count. The heat sink dimensions were 14 cm X 14 cm x 13.2 cm (length x width x
height). The plate fins are 4 mm thick and 120 mm tall. As shown in Fig. 1-b, all heat sinks measure 140 x
140 x 12 mm. Based on previous studies, this research carefully determined heat sink specifications, including
fin spacing and length [37,38]. Each configuration was tested for thermal performance at different air
velocities. This method assessed each design's performance under various operating conditions, indicating
their suitability for advanced PV panels in solar power systems.
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Figure 1. Enhanced photovoltaic system with different heat sink modules; (a) schematic of
photovoltaic integrated system, (b) heat sink modules’ dimensions

3. Methodology

3.1. Testing and measuring equipment

An experimental setup evaluated each heat sink design under various operational conditions to improve
their compatibility with advanced photovoltaic panels in solar power systems. Figure 2 shows the experimental
setup and heat sink modules in both photos and diagrams. The setup includes a wind tunnel, test section, heat
sink modules, and measurement and control devices. The 1500-mm vertical wind tunnel connects the airflow
inlet to the exhaust fan. The flow channel has a hydraulic diameter (Dy) of 150 mm, based on its 150 mm by
150 mm square cross section. To achieve enough air velocity for testing, a 0.18 m by 0.18 m fan with a variable-
speed motor (70 W) was installed at the outlet. A 250 W dimmer-controlled fan provides precise airflow
velocity. To ensure even airflow in the test area, the wind tunnel features a 3D-printed honeycomb structure at
the intake. A 10 cm by 15 cm honeycomb helps streamline airflow before entering the duct.

The heat sink is positioned 80 cm from the channel inlet in the test section. Different heat sinks were
heated using a 14 cm by 14 cm flat electric heater with a power output of 300 W. A variac adjusted the voltage
precisely to simulate a hybrid system's solar heat input. At the same time, a wattmeter recorded the heater's
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output. Thermally conductive epoxy bonded the heater to the heat sink models for better heat transfer
efficiency. The base plate and heater assembly were insulated with 1.2 cm-thick rock stone insulation to
minimize heat loss and placed on a hardwood support measuring 18.7 cm X 16.2 cm x 5 cm. A hollow part
within the wooden support housed the heat sink base, exposing only the upper section to the airflow in the
wind tunnel. Anemometers measured the air velocity in the wind tunnel. The average air velocity was measured
500 mm from the inlet with a flow sensor. The setup accurately measured airflow parameters, with a velocity
range of 0.1 to 25 m/s and a temperature range of 0°C to 50°C. A digital manometer measured the pressure
drop over the heat sink. Airflow resistance was assessed at pressure ports located 20 mm from both the inlet
and outlet of the heat sink module.

Fourteen K-type thermocouples are used to measure temperature. T1 and T2 record the average air
temperatures at the input and output. The thermocouples, positioned 150 mm from the heat sink's inlet and
outlet, measure the output air temperatures perpendicular to the airflow. The insulation and wooden base holder
contain three additional thermocouples (T3, T4, and T5) to evaluate heat dissipation from the heater. Figure 2-
¢ shows nine thermocouples (T6-T14) that measure the average surface temperature of the heat sink. This
setup enabled precise regulation and measurement of thermal parameters for assessing the heat sink's thermal
performance. Data was collected using a National Instruments compact DAQ USB chassis and a 16-channel
C Series Temperature Input Module. A computer acquired thermocouple signals from the DAQ system via
LabVIEW. LabVIEW displayed real-time data from the acquisition system. The graphical programming
environment visualized temperature distribution, evaluated heat sink performance, and exported data for
further analysis. Its user-friendly interface allowed for the creation of temperature maps, heat transfer graphs,
and reports, thus enhancing experimental efficiency. The tests employed heat inputs of 20, 60, and 100 W,
resulting in heat fluxes of 1020, 3061, and 5102 W/m?. Air velocities increased by 0.5 m/s, ranging from 0.5
to 3 m/s. Accurate control and measurement of thermal and airflow parameters demonstrated that the heat
transfer efficiency of the heat sink arrangement is improved. Table 1 outlines the specifications of the

measurement instruments used in the experiment setup.

3.2. Conditions and experimental procedure

For a stable state and reliable readings, follow this approach and experimental program:

* Position the heat sink module of the wind tunnel safely 800 mm from the intake.

* Use the dimmer to adjust the fan speed for air velocity.

* Set the air velocity to 0.5, 1, 1.5, 2, 2.5, or 3.0 m/s.

* Adjust heater power with a variable AC power transformer to achieve the required input: 20, 60, or 100 W.

* Allow 30-60 minutes for steady-state conditions to establish, depending on air velocity and heat input.

» Measure thermocouple readings at heat sink sites, including input and output air temperatures (T1 and T2)
and surface temperatures at various locations. LabVIEW captures real-time thermocouple data from a data
acquisition system.

» Use LabVIEW to monitor and analyze heat sink temperature distributions in real time, and store data for
further analysis.

* Verify wind tunnel air velocity with a hot wire anemometer.

* Repeat the steps for each combination of air velocity and thermal input within the specified ranges:

- Air velocity: 0.5 to 3.0 m/s (increments of 0.5 m/s)
- Heat inputs: 20 W, 60 W, 100 W

This systematic approach ensures accurate assessment of each heat sink module's thermal performance and
airflow characteristics within the DAQ system and LabVIEW software, enabling reliable data collection
and comprehensive analysis.
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Figure 2. Experimental configuration: (a) actual photographs, (b) schematic representation, (c)
thermocouple placement on the photovoltaic-heat sink module



Table 1. Measurement Instruments and Specifications

Device Function Operating Range E?if)i:ils/;lai‘gin glee;zslﬂlt.fomnent
Type K Thermocouple | Temperature sensing -180°C to 105°C +2.2°C 0.1°C
Hot Wire Anemometer Air velocity measurement | 0.1 m/s to 25 m/s rin3e(?s§rfet<}11ialue 0.01 m/s
rﬁngr‘:riﬁpemmre 0°C to 50°C +1°C 0.1°C
Digital Manometer Pressure drop assessment 0 to 2000 Pa :(:lee% of full 1 Pa
Dimmer Fan power regulation Up to 250 W +5% Not applicable
Variable AC Power Heater voltage and power 0-150 V/ Up to £1% R
Transformer control 1500 W
DAQ System xgg:sfggior temperature | _snoc 14 200°C +0.1°C 0.01°C
3.3. Processing and Reduction of Data
The following equations are used in the HS modules' data reduction and processing.
The HS module's energy balance formulas
Qa,HS = QH _QL
O, us = M, 1sCp.a (7,-T)
The rate of air mass flow across the HS module is determined using
mﬁ,Hs = PuAV,
The total loss of heat transfer via the HS modules is calculated by
0,- b
R

t

e
2
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T3 and T4 represent the internal and external temperatures of the wooden box surface (refer to Fig. 2

(c)), whereas R, denotes the overall thermal resistance of the wooden box, which may be computed as

1 "]
R 2R

i

Where R;represents the cumulative heat resistance of the HS module's wooden housing:
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x represents the thickness of the wooden box sides, whereas k denotes the thermal conductivity. The

mean surface and base temperatures of the HS module are derived from Equations (7) and (8).
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Ts,HS = 1269
9
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Tb,HS = i:;

(7
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where i = 6, 7, ..., 14 represents the locations of thermocouples scattered around the HS module surface

The air mass flow rate via the PV-HS module is determined by:

[7 —
mg, = pairA VrN

p.HS

¢’ air

The area of the PV is determined as

A

PV — Ab,HSNp,HSN

s,HS

©

(10)



N, usand N, usdenote the quantities of heat sink modules arranged in parallel and series, respectively.
The efficiency of photovoltaic (PV) systems is ascertained in the following manner.
Up =77rgf_ﬂ(TPV_7;qf) (11)
where 7.~ 20% at T,..= 25 °C
The electrical energy generated can be computed as follows
E, = 1,14, (12)
The equations above are resolved numerically utilizing EES software. Electrical efficiency, power
generation, and cooling air flow rate are addressed in EES software V. 10.561 [39]: Tab. 2 lists operational
and design parameter ranges.

Table 2. Values and ranges of studied and operational parameters

Parameter Values / Ranges

Ambient Temperature (ta,o) 26 °C

Four PV-integrated heat sink configurations: PV/HS-I, PV/HS-II,
PV/HS-1I1, PV/HS-IV

Heat Sink Module Designs

Solar Irradiance (Is) 1020, 3061, 5102 W/m?

Cooling Air Velocity (Vair) 0.5,1.0,1.5,2.0,2.5,3.0m/s

Air Mass Flow Rate (ritair) 0.54,1.08, 1.62, 2.16, 2.70, 3.24 kg/s
Photovoltaic Surface Area (Apv) 30 m?to 100 m? (in 10 m? increments)

Power Temperature Coefficient () 0.25%/°C to 0.5%/°C (in 0.05%/°C steps)

Engineering Equation Solver (EES) is a powerful software application designed for solving complex
nonlinear equations in thermodynamics, heat transfer, and fluid mechanics. Recent studies demonstrate its
effectiveness in addressing technical problems. EES uses fluid thermodynamic and transport property data
from the National Institute of Standards and Technology (NIST), a global authority. EES calculates enthalpy,

entropy, and specific heat using NIST's accurate and experimentally validated data.

3.4. Analysis of uncertainty

Experimental error from measurements and estimated variables must be evaluated. Moffat [40] and
Taylor [41] employ source errors of experimental variables such as temperature, air velocity, heat capacity,
and others to assess uncertainty. The equations (1) to (12) can be expressed as Y = f(X;, X2, Xs..., X).

The experimental uncertainty is calculated utilizing Equation (13):

U= z[%u{] (13)

i=1

U indicates overall uncertainty, Uy; represents the i-th measured variable uncertainty, and 0Y/0X; is
determined using numerical differentiation using a customized algorithm. Table 3 lists the estimated

parameters' minimal and maximum uncertainty.

Table 3. Calculated parameters' uncertainty

Parameter Ts m’air el E'a
Min. uncertainty (%) +0.4 +1.0 +1.2 +1.5
Max. Uncertainty (%) +1.2 +3.5 +4.5 +5.2




4. Results and Discussions

This section will describe the performance of solar cells with new heat sink modules to lower solar cell
surface temperatures and increase electrical energy generation efficiency. The effects of solar panel surface
area (Apv), cooling air velocity (Vair), solar intensity (Is), power temperature coefficient (), and air mass flow
rates (m'ir) on solar panel surface temperature (Tpy), electrical efficiency (ne), and electrical energy
productivity (E%) in four heat sink configurations (PV/HS-I, PV/HS-II, PV/HS-III, and PV/HS-IV).
Comparing novel heat sink modules simplifies efficiency evaluation. A Jeddah, Saudi Arabia, case study
provides crucial new information about how heat sink integration improves solar energy systems in real-world

scenarios.
4.1. PV/HS performance assessment and evaluation
4.1.1  Effects of cooling air velocity on PV electrical efficiency and temperature (Diff modules)

Figure 3-a shows how cooling air velocity (V.ir) affects PV cell base surface temperature (Tpv) in four
PV/HS configurations: PV/HS-I, 11, III, and IV. As seen in Fig. 3, all heat sink module designs have lower Tpy
as V.ir rises. This graph illustrates that increasing v.i; enhances convective cooling, lowering PV surface
temperature. From 0.5 to 1.5 m/s, vair lowers Tpy, but up to 3 m/s, it has less effect. Its lowest Tpv at all Viir
makes PV/HS-II the most efficient cooling design among the four PV/HS setups. Thus, the PV/HS-II module
is the best for lowering PV cell base surface temperature (Tpv), improving PV performance and longevity. As
seen in Fig. 3, raising V. from 0.5 to 3 m/s reduced Tpy by 10% (from 29.5 to 26.5°C).

Figure 3-b shows that raising V. from 0.5 m/s to 1.5 m/s improves PV electrical efficiency (1) modules
for all module configurations. This is due to Fig. 3's Tpy drop. At Vair = 0.5 m/s, PV/HS-I has the lowest (1
~17.9%) due to its maximum Tpv (=32.2°C). PV/HS-II has the best efficiency (n. =18.65%) because to its
superior cooling and lower operating temperature (=26.5 °C). As V.ir climbs to 3 m/s, PV/HS-II has the greatest
(e of 19.5%), followed by IV, 111, and 1. Improved convective cooling boosts PV efficiency, and PV/HS-II is
the best combination with the lowest Tpy and highest 1.
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Figure 3. Effects of cooling air velocity on: (a) photovoltaic temperature, (b) photovoltaic electrical
efficiency.



4.1.2  Effect of cooling air velocity on PV electrical efficiency enhancement (Diff modules)

Figure 4 demonstrates how V. affects PV electrical efficiency enhancement (1eienn) of three PV/HS
configurations (PV/HS-II, 11, and IV) compared to PV/HS-I. Figure 4 demonstrates that the maximum (1etenn)
occurs at V,i= 0.5 m/s for PV/HS-II, which improved by 4.25 %, followed by PV/HS-IV (3.3%) and PV/HS-
1T (1.7%). PV/HS-II and PV/HS-IV modules have far lower Tpy than PV/HS-I, which explains this
considerable improvement at low Vair. Nelenh declines and levels off as Vair climbs from 1 to 3 m/s. At greater
V.ir, the cooling performance differential between PV/HS systems decreases, reducing (Netenh)-

45
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Figure 4. Influence of cooling air velocity on photovoltaic electrical efficiency enhancement.

4.1.3 Impact of power temperature coefficient () on PV electrical efficiency

Figure 5 exhibits the effects of V. on PV/HS-II module (1) at varied power temperature coefficients
(B). Figure 5 illustrates that as B decreases, the ne rises, as the higher B, the more negative its impact on 1
increases, as the PV cell's 1 depends on the Tpy. Fig. 3-b shows that for V.= 0.5 m/s, the 1. increases from
16.5 % to 18.65 % as B (from -0.5 %/°C to -0.3 %) decreases. As shown in Fig. 5, B decreases the ne as Vair
increases up to 3 m/s. Higher airflow enhances heat dissipation, reducing PV temperature and reducing the

impact of  on 1.
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Figure 5. Effect of cooling air velocity on photovoltaic electrical efficiency at different power
temperature coefficients
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4.1.4  Influence of solar intensity vs air velocity and mass flow rate

Figure 6 illustrates the effect of V. and m’,i: on the me of the PV/HS-II module under three different
solar radiation intensities (I=1020, 3061, and 5102 W/m?). As shown in Fig. 6, increasing V.ir and m’;, leads
to improved me due to better cooling, which reduces the cell surface temperature. However, a clear inverse
relationship is observed between I and 1., as the ne increases, the n. decreases, even under the same cooling
conditions. For instance, at 1=1020 W/m?, the ne ranges from approximately 18.65% to 19.5%; at 1,=3061
W/m?, it decreases to 14 %17 %; and at the highest radiation level, I, =5102 W/m?, it drops further to 9 %—
14 %. This means the ne declines by = 19 % when I; increases from 1020 to 3061 W/m?, and by an additional
39.5 % when it increases further to 5102 W/m?. The drop is because Tpyv increases with increasing Is, which
makes the PV solar cells work worse. So, to keep performance up, good cooling is quite essential, especially
under intense solar conditions.

(a) (b)
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Figure 6. Photovoltaic electrical efficiency at different solar intensities with varying (a) cooling air
velocity, (b) cooling air flow rate.

4.1.5 Effect of PV area on system’s productivity (electrical energy generated)

Table 4 displays the effect of Vair on PV/HS module electrical energy productivity (E'e) at Apy= 60 m?,
B=-0.3%/°C. The table shows that boosting the V.i: decreases Tpy and raises E"¢ for all PV/HS module setups.
At Vair—= 3 m/s, PV/HS-II module yields the maximum E’¢ of 11.96, 30.47, and 43.73 kW at I~ 1020, 3061,
and 5102 W/m2. The statistics demonstrate that air cooling considerably boosts PV module E’.;, and higher
V.ir improves performance even further. This highlights the importance of heat control, especially in solar-
heavy environments. PV/HS-II has the highest E’ for all Vi, followed by PV/HS-IV, 111, and L.

Table 5 and Fig. 7 demonstrate how Apy impacts the system's electrical energy productivity (E'e) at
various sun intensities (I; =1020, 3061, and 5102 W/m2) for PV/HS modules. E’¢ linearly rises with Apy, as
shown in Fig. 7. This is predicted as a larger Apy captures and converts more I to electricity. At the same Apy,
the PV/HS-II module with a higher I; of 5102 W/m? yields higher E’. than those with I, =1020 and 3061 W/m?.
Apy=30 m? yields 19.67 kW E'gat [ = 5102 W/m?, up from 15.35 kW at I, = 3061 W/m? and 5.909 kW at I
= 1020 W/m?, respectively, a 33% and 300% increase. Where, E'q at Apy= 100 m? is 65.57 kW at I, = 5102
W/m?, up from 51.16 kW at Iy = 3061 W/m? and 19.7 kW at I, = 1020 W/m?, representing a 28% and 225%
increase, respectively. This strong correlation highlights two key points: first, increasing the PV area boosts
energy output, and second, solar radiation intensity mainly influences energy production. Figure 7 and Tab. 5
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demonstrate that maximizing PV system performance involves optimizing panel area and ensuring maximum
sunlight.

Table 4. Influence of cooling air velocity on the different systems’ electrical energy productivities at
Apv= 60 m?, B=-0.3%/°C.

Solar intensity Vair (ms) Electrical energy productivity, E'a (kW)
(W/m?) PV/HS-I PV/HS-II PV/HS-TIT PV/HS-IV

0.5 10.95 11.41 11.13 11.32
1 11.56 11.69 11.61 11.65
1.5 11.7 11.82 11.77 11.8

1020
2 11.77 11.87 11.81 11.86
2.5 11.78 1191 11.82 11.87
3 11.82 11.96 11.83 11.88
0.5 24.39 26.48 25.99 26.09
1 26.7 29.26 28.15 28.33

3061 1.5 27.9 30.7 29.17 29.1
2 28.79 30.16 29.82 29.97
2.5 29.06 30.16 30.11 30.31
3 29.36 30.47 30.55 30.58
0.5 27.34 28.42 31.38 29.6
1 32.77 35.37 34.29 35.36

5102 1.5 36.17 39.34 37.4 38.44
2 38.07 41.71 39.36 40.46
2.5 38.87 42 .81 40.56 41.25
3 39.98 43.73 41.49 42.24

Table 5. Influence of photovoltaic area on the different systems’ electrical energy productivities at m",i—=
1.62 kg/s, p=-0.3%/°C.

Solar intensity Avy () Electrical energy productivity, E’a (kW)
(W/m?) PV/HS-I PV/HS-II PV/HS-III PV/HS-IV

30 5.852 5.909 5.885 5.903
40 7.802 7.878 7.846 7.87
50 9.753 9.848 9.808 9.838
60 1.7 11.82 11.77 11.81

1020
70 13.65 13.79 13.73 13.77
80 15.6 15.76 15.69 15.74
90 17.55 17.73 17.65 17.71
100 19.51 19.7 19.62 19.68
30 13.95 15.35 14.58 14.55
40 18.6 20.47 19.44 19.4
50 23.25 25.58 24.31 24.05

‘061 60 27.91 30.7 29.17 29.1
70 32.56 35.82 34.03 33.94
80 37.21 40.93 38.89 38.79
90 41.86 46.05 43.75 43.64
100 46.51 51.16 48.61 48.49
30 18.09 19.67 18.7 19.22
40 24.11 26.23 24.93 25.63
50 30.14 32.78 3117 32.03
60 36.17 39.34 37.4 38.44

5102 70 422 45.9 43.64 44.85
80 48.23 52.45 49.87 51.25
90 5426 59.01 56.1 57.66
100 60.29 65.57 62.34 64.07
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Figure 7. Influence of photovoltaic area on the system’s electrical energy productivity at different solar
intensities.

APV and B on the system's electrical energy productivity (E’. ) at varying sun intensities are shown in
Fig. 8: 1,=1020, 3061, and 5102 W/m? for PV/HS-II modules. As I; rises, so does its impact. At low irradiance
(Is =1020 W/m?), Fig. 8-a shows that the difference between the three B values is minimal. Figure 8-c shows
that at high irradiance (Is = 5102W/m?), B considerably reduces E’¢ from 65.57 kW at = —0.3%/°C to 40 kW
at p=—0.5%/°C, a 40% reduction. Under high solar input circumstances, surface cell temperature management

is crucial. In conclusion, increasing PV area increases energy productivity, while minimizing temperature

sensitivity (lower B values) is critical for optimal output at higher irradiance levels.
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Figure 8. Influence of photovoltaic area on the system’s electrical energy productivity at different
power temperature coefficients; (a) L= 1020 W/m?, (b) I= 3061 W/m?, (¢) I,= 5102 W/m?
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4.2. Comparison of the electrical and thermal performance of PV/HS-II module with others from the

literature

The PV/HS-II module shows improved performance compared to current PV cooling systems, as
illustrated in Tab. 6, reaching a peak ma of 19.5%, which significantly surpasses the 7-15% power
improvement documented by Liu et al. [42] and the 3% efficiency increase reported by Idoko et al. [44]. The
system effectively reduces cell temperature to 26.5°C, exceeding the 10.28°C reduction achieved by Rahman
et al.'s finned tube design [45] and matching the 28.038°C reduction of Ahmeda et al.'s optimal module [46].
Unlike the findings of Berghanem et al., which show a 0.5%/°C efficiency decline with rising temperature
[43], our design maintains consistent performance even under extreme irradiation levels (5102 W/m?). The
65.57 kW output for a 100 m? system demonstrates greater scalability than Idoko et al.'s 20.96 W improvement
[44]. These results establish PV/HS-II as an ideal solution for high-irradiance environments, combining

thermal stability, electrical efficiency, and economic viability within a unified system.

Table 6. Comparison of PV/HS-II module with others from the literature

Authors Ts}g:fi;f r:glgl?nogf Cooling technique | Thermal results Electrical Results
. Numerical & . Cooling system with The 1mprov§d cooling
Yanfeng Liu et al. [42] . Active . -- system can increase power
Experimental various parameters . o
generation by 7— 15 %
The efficiency of solar
Thermoelectric (TE) cells decreases with an
. Active as a cooling module increase of their
Benghanem etal. [43] | Experimental in hot climatic - temperature by 0.5 % for
conditions each °C increase in
temperature.
Experimental Active Eglcl)lltilr;“;:zﬁﬁz ues Cell surface The output increased by
Linus Idoko et al. [44] p & 1 temperature was | 20.96 W, and the
(PV + heat sink and o ) o
water cooling) reduced to 20 °C | efficiency by at least 3 %.
Finned tube heat Cell surface
Mohammad Mafizur Experimental Active exchanger attached to | temperature _
Rahman et al. [45] P the back of the reduced by
photovoltaic panel 10.28 °C
Cell surface
Numerical & PV panel integrated temperature PVT/HS-3 increased Anpy
Ahmeda et al. [46] Experimental Active with heat sink decreased the by 14.019 % and nyel,enn by
P modules cell temperature | 70.095 %
by 28.038 °C
PV/HS-IT PV/HS-II module
PV solar panel module reduced gfl(:dll::ziercl:f;ﬁmgnwer of
Current Work Experimental Active integrated with heat the cell surface P P
. 65.57 kW and peak
sink modules temperature to . .
26.5 °C electrical efficiency (nel)
) 0of 19.5 %

5. Conclusion and Future Work

This study examined how four unique heat sink designs (PV/HS-1, PV/HS-II, PV/HS-III, and PV/HS-
IV) improved the performance of photovoltaic (PV) solar cell modules. The PV/HS-II module was the most
successful, with a peak electrical efficiency (1) of 19.5% at 3 m/s, a 4.25 % improvement over the reference
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PV/HS-I design. Thermal analysis showed that raising V.- from 0.5 to 3 m/s decreased Tpv by 10% (from 29.5
to 26.5 °C) and improved ne and E’e by 5% and 4.7%, respectively, with Iy =1020 W/m?, Apy= 60 m?, and =
—0.3%/°C. At V.ir=0.5 m/s, PV/HS-I has the lowest 1 (=17.9%), while PV/HS-II has the greatest (<18.65%).
As V,ir grows to 3 m/s, PV/HS-II gets the maximum ne (=19.5%). The 1. gap between PV/HS-II and PV/HS-
IV increased from 0.8% to 1.7% as V. increased from 0.5 to 3 m/s. The study revealed that the increased
influence of I resulted in a 39.5% decline in ne at 5102 W/m? compared to 1020 W/m?, underlining the
importance of active cooling for PV modules in high-I; areas. Scaling effects were noticeable. The peak
electrical energy productivity (E’) of a 100 m*> PV/HS-II system was 65.57 kW, 225% higher than a 30 m?
installation. Lowering the temperature coefficient (B) from -0.5%/°C to -0.3%/°C led to a 40 % increase in E’
at maximum solar irradiation.

Future research should explore hybrid cooling systems that incorporate improved heat sinks, phase-
change materials, and Al-driven control to enhance photovoltaic performance in arid environments. Key
aspects include analyzing thermal stress effects on module integrity at extreme irradiance levels (e.g., 5102
W/m?) and investigating material deterioration caused by aging, corrosion, and fouling in specific
environmental conditions. The trade-off between cooling air velocity, pressure drop, and fan energy
consumption must be assessed to determine overall energy benefits. Implementing adaptive airflow
management, such as [oT-enabled variable-speed fans, could boost real-time electrical efficiency.
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Nomenclature
A Area, m?
A Cross-sectional area, m?
Apy Photovoltaic panel area, m?
Cpa Air specific heat, kJ/kg K
E Electrical power, kW
I Total solar intensity, W/m?
kwood Wood thermal conductivity, W/m K
m'gir Cooling air mass flow rate, kg/s
Ny ns The number of heat sinks in parallel
Ni.nus The number of heat sinks in series
o Heat capacity, kW
R: Total thermal resistance, °C/W
Xi Wooden box side thickness, m
T Temperature, °C
T, The heat sink's air inlet temperature, °C
T, Temperature of the heat sink's air intake, °C
Vair Cooling air velocity, m/s
Greek symbols
yij Power temperature coefficient, %/°C
el Electrical efficiency, %
PDair Air density, kg/m3
Subscript
a Air
b Base
el Electrical
H Heat sink heater
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HS Heat sink

i=1,23 .. Index of thermocouples positions

L Losses

0 Ambient

ref Reference

p Parallel

s Surface

Abbreviations

Conv/div Convergence / Divergence

DAQ Data Acquisition System

EES Engineering Equation Solver

HS Heat sink

NIST National Institute of Standards and Technology

PCMs Phase Change Materials

PV photovoltaic

PVT photovoltaic/thermal
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