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1. Introduction

ABSTRACT

This study experimentally investigates a suction-based fan cooling system to improve
the thermal and electrical performance of photovoltaic (PV) modules under outdoor
conditions. Low-power axial fans extract heated air from a sealed plenum behind the
panel, inducing distributed inflow through inlet holes. This limits warm-air
recirculation and creates uniform convective streams across the backside. Experiments
were performed on a clear, sunny day with a peak irradiance of 1030 W/m? and an
ambient temperature of 32 °C. The system achieved a maximum surface-temperature
drop of 15.5 °C relative to an uncooled module. With the experimental results
subjected to a rigorous uncertainty analysis, infrared thermography confirmed a more
uniform temperature with no visible hot spots. Electrical performance was assessed
using a 15-minute duty cycle (5 min ON / 10 min OFF) to balance cooling and
auxiliary energy use. Based on the manufacturer’s temperature coefficient combined
with measured surface temperature and irradiance, the system yielded an estimated net
electrical efficiency gain of 0.94% after accounting for fan consumption. Compared
with conventional rear-side blowing, the suction architecture demonstrated superior
cooling, improved thermal uniformity, and potentially better long-term stability,
offering a compact, energy-efficient solution for PV modules in warm climates.

significantly reduce electrical efficiency, typically
by 0.3-0.5% per °C rise [1]. Consequently, effective

The rapid expansion of photovoltaic (PV) thermal management has attracted extensive
technology has made it a cornerstone of renewable research attention. Cooling strategies reported in the

energy, yet elevated

operating temperatures
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literature can be broadly classified into passive,
active, and hybrid approaches.

Passive cooling techniques, including water-
based systems, phase change materials (PCMs), heat
sinks, and heat pipes, primarily aim to dissipate
excess heat without auxiliary power. Water or PCM
layers integrated into PV structures have
demonstrated notable temperature reductions and
substantial improvements in electrical output [2,3],
while customized passive configurations, such as
cooling towers, reduced panel temperatures from 50
°C to 30 °C, improving annual efficiency by around
7% [4]. Similarly, heat sinks and heat pipes have
effectively mitigated thermal stresses and improved
reliability, with optimized fin geometries and novel
perforated or wavy structures further enhancing
dissipation [5-8]. Despite these benefits, passive
methods often exhibit delayed responses to fast-
changing irradiance and may suffer from material-
related issues, such as PCM leakage and higher costs
[9-13].

Active cooling approaches focus on enhancing
convective heat transfer. Forced-air systems, such as
ducted PV facades or rear-mounted fans, have
achieved temperature reductions of up to 25 °C and
measurable gains in electrical output [14,15].
Liquid-based strategies, including sprinkler and
evaporative air cooling in PV/T systems, also
demonstrated significant effectiveness under hot
climates [16,17]. However, fan-assisted approaches
often yield only limited improvements in average
cell temperature and may still exhibit non-uniform
thermal fields due to recirculation or uneven airflow

distribution, thereby restricting long-term
performance gains [18,19].
Hybrid concepts combine two or more

mechanisms to maximize heat removal. Examples
include thermoelectric generators integrated with
dual-axis tracking, achieving efficiency
improvements from 10.6% to 14% [20], or systems
combining active convection with PCMs to maintain
a stable cell temperature under fluctuating radiation
[21]. Advanced frameworks combining PCMs,
nanofluids, heat pipes, thermoelectric modules, and
assisted airflow have demonstrated synergistic
cooling performance [22-24], with reported
temperature reductions up to 31% and power gains
as high as 67%, depending on the technique [25].
Nonetheless, reviews consistently indicate that no
single solution is universally optimal; performance
depends on climatic conditions, cost, and auxiliary
power consumption [26,27].

Experimental  investigations highlight the
potential of PCM integration to maintain nearly
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constant cell temperature and to improve energy
output under high irradiance [28], while forced-
convection  studies  demonstrate  significant
reductions in PV temperature and improvements in
performance under various operating conditions
[29].

Despite the wide range of passive, active, and
hybrid cooling techniques reported in the literature,
most approaches primarily reduce the mean
operating temperature while providing limited
suppression of in-plane temperature gradients at the
module surface. Such gradients promote localized
hot spots, induce differential thermal stresses, and
accelerate  material ~ degradation,  ultimately
constraining the long-term performance of PV
modules [18]. In addition, fan-based air-cooling
configurations commonly rely on backside blowing
through open ducts, which can favor recirculation of
heated air and lead to uneven convective action. As
a result, the resulting thermal improvements tend to
be modest and spatially non-uniform, particularly
under high irradiance when overheating is most
pronounced [29,30].

To address these shortcomings, the present study
investigates a rear-side cooling design featuring low-
power axial fans operating in suction mode. The fans
evacuate air from a shallow plenum mounted on the
back of the PV module, drawing ambient air through
distributed inlet openings and forming multiple
impinging jets on the rear surface. This airflow
configuration is intended to promote a more uniform
temperature field and enhance the overall cooling
effect relative to conventional blowing-based
arrangements. The suction architecture is compact
and compatible with other approaches, such as
phase-change materials, offering potential for hybrid
thermal management strategies. By reducing both
the average temperature and spatial gradients, the
proposed system may help mitigate hot-spot
formation and support more stable electrical
performance under realistic outdoor conditions.

2. Experimental setup
2.1. Test rig design

An experimental rig was developed to assess the
performance of the proposed cooling approach
applied to a photovoltaic module under actual
outdoor operating conditions. The experiments were
conducted on two PV panels installed with a tilt
angle of 35°, placed adjacent to each other on the
rooftop of the Mechanical Engineering Department
at Sharif University of Technology, Iran. This
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configuration was intended to reduce variations in
solar irradiance and to provide similar
environmental conditions for both the cooled
module and the reference panel.

A rear cooling channel was integrated behind the
panel, and four low-power axial fans were mounted
at its outlet to induce suction-driven airflow across
the backside surface. The channel geometry and fan
placement were selected to promote distributed air
intake along the rear surface rather than localized
forced jets. The panel was evaluated under two
configurations: with the fan cooling activated and
under a reference condition without airflow. Figure
1 illustrates the outdoor setup, Figure 2 provides a
schematic of the cooling system, and Tables 1 and 2
list the specifications of the PV module and the fans,

PV systems
Table 1. Photovoltaic module specifications
Model BENQ-PM096B00_333
Pm 333W
Vmp 54.7Vv
Imp 6.09A
Voc 64.9V
Isc 6.58A
Dimensions 1559x1046x46mm

Max system voltage 1000 V

The cooling system was evaluated under two
operating modes. For the long-term outdoor
experiment, the fans operated continuously from

10:00 to 16:00. on September 25, 2025, at the
rooftop test site of the Mechanical Engineering
Department at Sharif University of Technology.
Meteorological conditions during this period are
summarized in Table 3. Preliminary tests indicated
that approximately 5 minutes of operation were
sufficient for the cooled module to approach a lower
quasi-steady  temperature. In  contrast, the
temperature recovered toward the reference level
within roughly 10 minutes after fan shutdown. At 1
p.m., in a separate thermoelectric test, the fans were
controlled cyclically, operating for 5 minutes
followed by 10 minutes off, for a 15-minute duty
cycle. This intermittent operation was selected to
reduce auxiliary energy consumption and to assess
the module's transient thermal and electrical

responses under periodic cooling.
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Figure 2. Schematic illustration and photdgraph'of
the air-fan cooling configuration
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Table 2. Specifications of the fans

Model PAPST - 4118N/6XMV
Power per fan 4.5W

Speed 3000RPM

Airflow rate 82CFM

Dimensions 120%120%38 mm

2.2. Cooling concept and system description

A sealed plenum chamber was constructed
behind the PV module using MDF boards, with a
depth of 5 cm to provide a controlled airflow
pathway. Instead of conventional blowing fans, the
system employs exhaust-mode fans mounted on the
rear cover to evacuate warm air from the plenum.
This extraction generates a mild under-pressure,
drawing ambient air through a series of circular inlet
openings (30 and 60 mm in diameter) distributed
across the rear surface (Figure 2). The distributed
inflow establishes multiple localized cooling streams
along the plenum surface before being collected by
the fans.

The suction-driven inflow generates localized air
streams that enhance rear-surface convection and
disrupt stagnant thermal regions. Extracting air from
the plenum reduces the tendency for warm-air
recirculation, which is frequently observed in
backside blowing configurations. The closed plenum
constrains airflow through the intended inlet orifices,
directing it toward the panel rear surface before the
fans collect it. A schematic of the cooling concept is
presented in Figure 3.

Front of Channel «~—

—_—

Hot Ai Fan

Ambient Air =+ PV Panel

Inlets]

Hot Air Fan

Uil

Back of PV Panel
Figure 3. A schematic diagram of the proposed
cooling method
During the outdoor tests, the module surface
temperature, solar irradiance, ambient temperature,
and wind speed were recorded at regular
measurement intervals. Infrared images were
acquired at selected time points to characterize the
spatial temperature distribution across the panel
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surface. The measured surface temperatures were
subsequently combined with the manufacturer-
reported temperature coefficient of power. They
measured solar irradiance to approximate the
electrical performance of the modules, using a
methodology commonly adopted in PV thermal
studies when direct 1-V measurements are
unavailable.

To estimate the influence of module
temperature on the electrical output of the PV panel,
the maximum power was calculated using the
relation [31]

P =Py T [1 (T, ~25)]

ax max, ref
GT ref

€]

Where Pmax is the maximum power output of
the PV module under the actual operating
conditions, and Pmax, ref is the maximum power at
Standard Test Conditions (STC), i.e., cell
temperature of 25°C and Grrer =1000 W/m2. The
coefficient y is the temperature coefficient of power
(—0.33 %/°C, as provided in the module datasheet),
and Tc is the average cell (surface) temperature
obtained from the thermal measurements. Gr
denotes the in-plane solar irradiance measured
during the present study. This relation shows that
each 1°C increase in cell temperature results in a
proportional reduction in power output, with the
magnitude of the reduction determined by y. To
quantify the improvement in electrical performance
due to the cooling system, the relative increase in
electrical energy output was evaluated as [29]

E

cooling Ereference %100

An= )

reference
Where Ecooling 1S the total energy output of the
fan-cooled PV system, and Ereference IS the total
energy output of the uncooled PV system. The
quantity An thus represents the percentage increase
in electrical output attributed solely to the thermal
management strategy.

2.3. Measurement procedure

Surface temperatures were measured using type-
K thermocouples. Five thermocouples were mounted
on the cooled PV module and five on the reference
module to enable a direct comparison of temperature
distributions. For each sensor, three readings were
taken at every measurement hour, and the values
shown in the plots represent the average of these
measurements.
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In photovoltaic thermal studies, the temperature
of the front glass surface is commonly used as an
approximation of the cell temperature, as the thermal
resistance between the glass and encapsulated cells
is small and the transient delay is negligible under
steady irradiance. This assumption is valid provided
that airflow- and shading-induced spatial gradients
are minimal and no hotspots form.

Ambient temperature and wind speed were
measured with a Testo 405i hot-wire anemometer,
and global solar irradiance was recorded using a
TES solar meter positioned adjacent to the
experimental setup.

All thermocouples were connected to a BTM-
4208SD data logger, which continuously recorded
and stored the temperature measurements throughout
the experiment. A Seek Thermal infrared camera
was also used to acquire thermographic images of
the PV module surfaces and to characterize the
spatial distribution of surface temperatures. The
temperatures derived from infrared imaging agreed
with the thermocouple readings to within 1 °C,
indicating that the surface measurements reliably
reflect the modules' operating temperature under the
tested conditions. An overview of the experimental
setup is provided in Figure 4.

Table 3. PV module parameters considered in the

case study
Date 25/9/2025
Solar radiation 1030W/m?
The ambient temperature 32°C
Wind speed 3.96Km/hr

Figure 4. The overall experimental setup
2.4. Uncertainty analysis

2.4.1. Temperature uncertainty

2771

The surface temperature of the PV module was
continuously monitored through five type-K
thermocouples attached to the front face of the
panel. For each thermocouple, three consecutive
readings were recorded at each measurement
interval. The average temperature of each
thermocouple was calculated from its three
measurements, and the panel surface temperature
was then determined as the arithmetic mean of the
five individual thermocouple averages.

The uncertainty associated with the measured
panel temperature consists of two independent
components: (i) the repeatability of the
thermocouple readings and (ii) the instrumental
uncertainty. The repeatability uncertainty of each
thermocouple was obtained from the sample
standard deviation of the three readings, and these
contributions were statistically propagated to the
panel-level mean across the five sensors. The
instrumental  uncertainty of each  type-K
thermocouple was taken as +0.1°C based on the
manufacturer’s specification. Since the
thermocouples operate as independent sensors, the

instrumental error decreases by a factor of J5 when
averaged across the panel.

The combined standard uncertainty of the panel
surface temperature was calculated using the root-
sum-of-squares (RSS) method

_ 2 2
uT - \/u rep, panel +Uu tc, panel

®)

Where  Urppanet IS the  repeatability
contribution of the five thermocouples to the panel
mean, and Ugpaner IS the thermocouple accuracy
contribution to the averaged surface temperature.
Based on the experimental data, the combined
standard uncertainty of the measured PV surface
temperature, with a coverage factor k=2 for a 95%
confidence level, is 0.15°C.

In addition, using Eq. (3), the uncertainty
associated with measuring the temperature
difference between the inlet and outlet air behind the
photovoltaic panel, as measured by an anemometer,
was evaluated. With a coverage factor of k=2, the
expanded uncertainty of the temperature difference
was determined to be 0.59 °C.

2.4.2. Output power uncertainty

The uncertainty in the calculated electrical power
was evaluated using the uncertainty propagation
method proposed by Moffat [32]. Since the electrical
power depends on several measured quantities, the
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total uncertainty was obtained by combining the
individual contributions of the relevant parameters.
The method accounts for the sensitivity of the output
variable to each input through partial derivatives. It
aggregates the effects of the measurement
uncertainties  using a  root-sum-of-squares
formulation. Since the electrical power output,
according to Eq. (1), is a function of the PV surface
temperature and solar irradiance, its uncertainty was
evaluated using the propagation expression

Up = J(%)zw <)

(4)

Where ur and ug denote the uncertainties of the
surface temperature and the solar irradiance,
respectively. Based on the measured uncertainties of
the relevant input variables, the combined
uncertainty of the calculated electrical power was
determined to be 1.97%.

Table 4. Instrument measurement uncertainty

Instrument Uncertainty
Solar meter +10W/m?

Hot wire anemometer  +£0.5°C-0.17m/s
Thermocouples type K £0.1°C

Infrared camera +0.3°C

3. Results and discussion
3.1. Climatic data

To examine the thermal performance of the
developed cooling system under real operating
scenarios, experimental tests were performed on a
clear day during the period from 10 a.m. to 4 p.m.
Figure 5 illustrates the variations in ambient
temperature, solar irradiance, and the wind-speed
profile during the testing period. The ambient
temperature increased gradually in the morning,
reaching a peak of approximately 32 °C around
midday, then decreased slightly toward the
afternoon. Similarly, solar irradiance rose steadily
from the beginning of the test, reaching a maximum
of approximately 1030 W/m? near solar noon,
followed by a moderate decline in the late afternoon.
The ambient wind speed was about 3.96 Km/hr, with
modest intra-day fluctuations; this parameter is
particularly relevant as it influences the external
convective heat-transfer coefficient on the panel
surfaces and, consequently, the cooling
effectiveness. Such variations in weather conditions
are critical, as ambient temperature, solar intensity,
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and wind speed directly affect the surface
temperature of photovoltaic panels and their cooling
effectiveness.  Therefore,  monitoring  these
parameters ensures the reliability and consistency of
the comparative analysis between the cooled and
uncooled panels.
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—e— Solar Radiation [25

——— Ambient Temperature

6004

50075 11 12 13 14 15 1620
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(a)
4.54

Wind Speed (Km/hr)

10 11 12 13 14 15 16
Time (Hour)
(b)
Figure 5. (a) Changes in ambient temperature and
solar irradiance with time in Tehran, (b) Variation of
wind speed with time in Tehran

3.2. Thermal performance

Figure 6 depicts the temporal profile of the PV
modules’ average surface temperature during the
period from 10:00 to 16:00. Both panels followed
the expected daytime trend, increasing toward solar
noon and decreasing afterward; however, the cooled
module consistently operated at a lower temperature.
At peak irradiance (1 p.m.), the reference panel
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reached 56.4°C, whereas the suction-cooled panel
remained at 40.9 °C, yielding a maximum difference
of 155 °C. This temperature gap persisted
throughout the test window, indicating that the rear-
side suction configuration limited heat accumulation
on the module surface under outdoor conditions. The
reduced temperature variation suggests a more stable
thermal response during irradiance fluctuations, with
the largest difference occurring at high solar
intensities.

Infrared thermal images captured at 1 p.m., when
the modules reached their maximum operating
temperature, provide a spatial assessment of the
cooling performance (Figure 7). The cooled panel
displays a uniform temperature field of 39-41 °C
with no visible high-temperature regions, whereas
the reference module remains within the 54-56 °C
range and exhibits several localized hot spots in its
central area. Such gradients are known to induce
differential thermal stresses and can accelerate
degradation in crystalline silicon modules. The
infrared readings were consistent with the
thermocouple measurements within less than 1 °C,
supporting the use of surface temperatures as a
representative indicator of module operating
temperature under the tested conditions. Under these
circumstances, the suction-based cooling system
achieved a maximum reduction of approximately
155°C and substantially reduced in-plane
temperature non-uniformities associated with hot-
spot formation.

60:

55+
50]
45-
40 ’/'/0/.\0\'\<
q p
35+

30
——@&—— PV with fans cooling

254 ——&—— PV without cooling
———— Ambient Temperature

Temperature (°C)

2075 11 12 13 14 15 16

Time (Hour)
Figure 6. Time-dependent comparison of ambient
and average PV temperatures

To quantify the heat removal capability of the
airflow, the temperature difference (AT=TouTin)

between the air inlet and outlet of the cooling
channel was measured throughout the day (Figure
8). The air outlet temperature consistently exceeded
the air inlet temperature, confirming continuous heat
transfer from the module to the moving air. The
temperature difference increased during periods of
high irradiance, indicating that the system removed
more heat when thermal loading was highest, which
aligns with the observed improvement in panel
temperature and uniformity.
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Figure 7. Infrared thermal image of the (a) PV panel
with cooling, (b) PV panel without cooling

AT (°C)

2,

10 11 12 13 14 15 16
Time (Hour)
Figure 8. The temperature difference between the air
entering the cooling channel and the air discharged
from the fans

According to Figure 8, the air temperature
difference between the inlet and outlet was 3.8 °C at
10:00, corresponding to the relatively low irradiance
in the early period. A steady increase in the
temperature difference was observed as solar
radiation approached its midday maximum, reaching
6.0 °C at 13:00, coinciding with the period of
highest surface heating. This increase reflects a
larger amount of thermal energy being transferred to
the airflow. Following the afternoon decline in
irradiance, the temperature difference decreased to
3.3 °C by 16:00.

The variation in the inlet-outlet air temperature
difference suggests a sensitivity of the cooling
process to solar intensity. Larger temperature
differences were observed at higher irradiance
levels, indicating that a greater amount of thermal
energy was removed by the airflow during periods
of elevated module heating. This trend is consistent
with the peak reduction observed in the module
surface temperature near solar noon.

In photovoltaic-powered desalination systems,
such as humidification-dehumidification (HDH)
units, the outlet airflow extracted from the PV
backside can be used as a thermal input. Since this
air stream consistently leaves the cooling channel at
a higher temperature than the ambient intake
temperature, it can be introduced into the HDH
process to enhance evaporation efficiency and
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improve overall system performance. Therefore, the
proposed cooling configuration not only stabilizes
the module's electrical output but also provides a
secondary thermal resource that can increase the
operational efficiency of HDH desalination systems.

3.3. Electrical performance

The electrical performance was evaluated by
combining the measured surface temperatures with
the manufacturer’s temperature coefficient of power
and measured solar irradiance, as no direct I-V
measurements were recorded. Figure 9 shows the
evolution of the instantaneous power output of both
modules over a 15-minute duty cycle. The adopted
15-minute protocol was intentionally selected to
capture the transient coupling between backside heat
extraction and PV electrical response, including
surface stabilization, hotspot suppression, and
auxiliary energy overhead, rather than to evaluate
full-day energy yield. As such, the integrated power

values should be interpreted as short-term
performance indicators under realistic outdoor
conditions.

Under nearly constant irradiance, the cooled panel
exhibited a higher power output throughout the
cycle. When the fans were switched on, the output of
the cooled module increased from 301.11 W att=0
min to 325.1 W at t = 5 min, whereas the reference
module remained below this level for the entire
period. After the fans were switched off, the power
of the cooled panel gradually decreased due to
thermal inertia but remained consistently above that
of the uncooled reference. This behavior is
consistent with the underlying semiconductor
physics: a reduction in surface temperature mitigates
junction-level recombination. It enhances carrier
mobility, resulting in a modest increase in output
power under steady irradiance.

Integration of the power-time curves over the 15-
minute interval is summarized in Table 5. The
reference module generated 82.1 Wh, while the
cooled module produced 84.4 Wh, corresponding to
a 2.8% gross electrical gain. The auxiliary power
consumption of the four fans during the 5-minute
cooling phase was 1.5 Wh, leading to a net energy of
82.9 Wh and an effective electrical improvement of
0.94%. The difference between gross and net gain
reflects the inherent overhead of the cooling system:
while active extraction increases instantaneous
electrical output, it also consumes energy during
operation.

The electrical efficiency enhancement reported in
this study was obtained using the manufacturer’s
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temperature coefficient (y), derived from the
measured reduction in PV surface temperature and
measured solar irradiance. Since direct I-V data
were unavailable during the experimental period due
to seasonal irradiance limitations, the results
represent an estimate of the expected electrical gain
rather than the actual electrical output, a widely
accepted practice in PV thermal studies when direct

electrical characterization is not feasible.
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Figure 9. Time variation of PV panel output power

with and without cooling during a 15-min interval

Table 5. Total energy during 15 min at the Cooled
and uncooled photovoltaic panels

Energy generation and consumption Energy
(Wh)

Total energy output of the uncooled 82.1

PV system

Total energy output of the fan-cooled | 84.4

PV system

Energy consumed by fans 15

Net energy with fan cooling 82.9

3.4. Comparative Analysis with Previous Cooling
Approaches

To better demonstrate the effectiveness of the
proposed cooling approach, the results were
compared with those reported in previous studies
that employed different cooling strategies, including
both fan-based active cooling and free convection
methods. Table 6 summarizes the maximum
reductions in surface temperature and improvements
in electrical efficiency achieved in these works,
along with those of the present study.

As a comparison, Hussien et al. [29] employed
eight rear-mounted fans operating in blowing mode
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with a total power consumption of 18.4 W, which is
higher than the auxiliary power required by the fans
used in the present study. Their configuration
achieved a surface temperature reduction of 9.9°C;
however, noticeable temperature gradients remained
across the photovoltaic panel surface. In contrast, the
present work employs four fans operating in suction
mode, combined with a distributed airflow design,
resulting in a maximum surface temperature
reduction of 15.5°C and an almost uniform
temperature distribution over the panel surface.
These results indicate the superiority of the suction-
based cooling architecture adopted in this study
compared to conventional blowing-based fan
cooling configurations.

According to Table 6, although the suction-based
configuration achieved the largest average
temperature reduction among the compared studies,
the resulting electrical improvement remained
modest. This is because distributed airflow
extraction produces a uniform thermal field across
the PV surface, suppressing hotspots and minimizing
local gradients without inducing sharp perturbations
in Imp or Vmp. Conversely, cooling technologies
based on jet impingement, fins, or heat pipes
generate localized low-temperature regions that
drive transient increases in MPP parameters, leading
to higher reported electrical gains despite lower
overall temperature reductions. In contrast, the
uniform cooling profile obtained in the present work
stabilizes the module's I-V characteristics, yielding
smoother power trajectories and eliminating sudden
spikes in output that typically arise from aggressive,
highly concentrated cooling.

By mitigating hotspot formation and reducing
differential thermal stresses between adjacent cells,
the suction system prevents microcrack initiation,
solder fatigue, and delamination of encapsulation
layers, factors that are well known to accelerate
performance degradation. Therefore, despite the
more moderate short-term electrical gain, the
proposed distributed cooling strategy promotes long-
term reliability, operational stability, and healthier
semiconductor  junction behavior, which are
essential for sustained PV performance under real
outdoor conditions.
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Table 6. Comparative analysis of the present study with previous works

References Cooling method

Maximum temperature
reduction (°C)

Electrical efficiency
improvement (%)

Shahsavar et.al PV/T air collector with 8 fans (forced <8 7

[30] convection)-52.8 W required power

Badi et.al [11] PCM 5-6 3

Krstic et.al [5] Heat sink 75 -

Praveenkumar Heat pipe 6.72 2.98

et.al [6]

Hussien et.al [29]  Forced air convection with 8 fans, 18.4 W 9.9 7
required power

Present study Forced air convection with 4 fans, 18 W 155 0.94
required power

4. Conclusion hybrid thermal management approaches. Future

This study experimentally evaluated a suction-
based fan cooling system for rear-side thermal
management of photovoltaic modules under real
outdoor conditions. In this configuration, low-power
axial fans extract air from a shallow plenum,
promoting distributed inflow across the rear surface.
The system achieved a maximum surface-
temperature reduction of 15.5 °C at peak irradiance.
Infrared thermography indicated a substantially
more uniform temperature field on the cooled
module, with no visible hot spots at the time of
observation, in contrast to the non-cooled panel.

The electrical analysis showed that, during a 15-
minute duty cycle, the cooled module delivered 84.4
Wh compared with 82.1 Wh for the reference
module, resulting in a 2.8% gross gain. After
accounting for auxiliary fan consumption of 1.5 Wh,
the net improvement in electrical output was
estimated at 0.94%. Although this net gain is
relatively small, the cooling configuration
concurrently reduced both the average surface
temperature and the spatial thermal gradients, which
may help limit temperature-induced stresses and
contribute to more stable operating conditions.

In this study, the I-V characteristics of the
photovoltaic module were not directly measured,
and the output power was estimated using
temperature-based performance correlations. This
limitation may affect the accuracy of the electrical
performance evaluation and should be addressed in
future  investigations  through  direct I-V
measurements. The suction-based configuration is
compact, requires low auxiliary power, and can be
integrated with other cooling strategies, such as
phase-change materials or PV/T systems, enabling
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work should extend the outdoor experiments over
longer operating periods, include direct I-V
characterization to quantify electrical performance,
and examine the influence of fan arrangement and
plenum geometry on thermal behavior and energy
yield.

Nomenclature

Ecooling Total energy generated for PV with
cooling (Wh)

Ereference Total energy generated in the noncooled
PV panel (Wh)

Gr Solar radiation (W/mz)

GT, ref Solar radiation at Standard Test

o 2

Conditions (1000 W/M )

| Current (A)

Imp Current at maximum power (A)

Isc Short-circuit current (A)

k Coverage factor

P Power (W)

Pmax/Pm Max power output (W)

Pmax, ref Maximum power at Standard Test
Conditions (W)

STC Standard test condition

T Temperature (°C)

Te PV cell temperature (°C)

Tin Air inlet temperature (°C)

Tout Air outlet temperature (°C)

AT Temperature difference (°C)
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up
ur

uc

Urep,panel

Utc,panel

Power Uncertainty (%)

Temperature Uncertainty Difference (%)
Irradiation Uncertainty Difference (%)
Repeatability Uncertainty (%)
Thermocouple Uncertainty (%)

Voltage (V)

Voltage at maximum power (V)

Open circuit voltage (V)

Energy efficiency (%)

Temperature coefficient (%/°C)
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