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The experimental study is aimed at analyzing photovoltaic module’s thermal and electrical performance (PV) with back surface
cooling under Malaysian tropical climate conditions. The performance of a passively cooled PV module integrated with
biomaterial (moist coconut fiber) was compared with a photovoltaic thermal (PVT) system with water circulation at the rate of
0.02kgs™ and a reference PV module. The study observed that the passively cooled PV module succeeded in reducing the
module surface temperature by more than 20%. However, the PVT system reduced the temperature only by less than 17%. The
electrical energy efficiency was improved remarkably in the passively cooled PV module by almost 11%, but the PVT system
managed to increase the electrical efficiency by 9%, approximately. It can be concluded that nature-inspired coconut fiber-

based cooling can be one of the potential alternatives to active cooling methods.

1. Introduction

For decades, fossil fuels have been used to meet humans’
energy demands, primarily through electricity production.
The role of crude oil and natural gases has become more
questionable for decades as they come with the price. Energy
production through fossil fuels has caused as much detri-
mental impact on the environment as harvesting them. As
mentioned by Alobaid et al. [1], heavy carbon emissions
and accelerated global warming have resulted from extensive
fossil fuel usage. Not only are they a nonrenewable energy
source, but also fossil fuels are unreliable and potentially
put our environment at stake. Solar energy is one of the
many forms of renewable energy mentioned by Owusu and

Asumadu-Sarkodie [2] which is being used as an alternative
to produce carbon-free energy and mitigate negative climate
change. As noted by Kirpichnikova et al. [3], solar energy is
a very sustainable and reliable source of energy as it is eter-
nally available at the same time, eco-friendly. Incorporating
solar energy by installing solar panels either in the house-
hold or to meet industrial needs has proven effective and
encouraging.

About 5 to 20% of sunlight is in contact with the PV
module, generating electrical energy. In contrast, the
remainder of the sunlight is either radiated back to the
atmosphere or absorbed into the panel through conduction
as heat [4]. Consequently, the heat will cause a dramatic
increase in the surface temperature of the PV module. As
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the temperature of the panel increases, it rises more from its
nominal operating cell temperature (NOCT), directly plum-
meting the efficiency of the PV module. The temperature
coefficients of power for mono and multicrystalline PV
modules are rated at -0.4% to -0.5% per degree Celsius.
The negative sign indicates that for every 1°C increase of
PV module temperature above its operating temperature
under standard test conditions (solar irradiance of 1kW/
m?, air mass of 1.5, and operating module temperature of
25°C) as mentioned in Sun et al. [5]. Active and passive cool-
ing techniques were both introduced in light of this problem
faced by the PV module systems. As mentioned by Zhang
et al. [6], the cooling techniques serve to lower the PV mod-
ule surface temperature to suitable levels that improve the
PV modules’ efficiencies. Active cooling methods promote
cooling the PV module at the expense of energy consump-
tion, either from the PV module itself or from external
energy sources, as mentioned by Olawole et al. [7]. Con-
versely, passive cooling techniques avoid the usage of
energy; instead, they rely on natural convection or con-
duction process to remove the heat away from the PV
module. To further utilize the energy from the PV module,
a photovoltaic-thermal (PVT) system is introduced which
functions as a cross-over between a PV module and a
thermal collector that carries heat through the fluid, as
mentioned by Kallio and Siroux [8]. The PVT system pro-
duces electricity from the PV module and valuable heat
that is obtained by the cooling fluid circulation. This out-
come is an increase in the system’s overall efficiency and
the PV module’s electrical efficiency.

Energy analysis is based on the first law of thermody-
namics, in general are applied for the performance evalua-
tion of solar module Tsai and Yang [9]. Exergy analysis, on
the other hand, is based on the second law of thermodynam-
ics that accounts for the quality of energy or the usefulness
of the energy as reported by Kallio and Siroux [8]. The
exergy analysis relies on the amount of exergy losses experi-
enced by a system. Exergy losses result from the difference
between the exergy input and output. Unlike energy, exergy
can be destroyed, and the value of exergy destruction deter-
mines the availability of work in a particular system.

1.1. Problem Statement and Novelty of the Study. Although
the primary goal of all the cooling techniques is to increase
the PV module’s efficiency, a significant difference exists in
the results achieved by the proposed cooling methods when
they are being analyzed in terms of thermal and electrical
performance. To overcome several challenges with the active
cooling system, affordable, energy-efficient, and sustainable
cooling solution is vital for future.

1.2. Objective of the Study. This research focuses on the
development and experimental testing of low-cost, sustain-
able cooling method for PV module. The primary purpose
of this study is to analyze the thermal and electrical perfor-
mance of an uncooled and nature-cooled PV module and
PVT system. Not only that, but this study is also aimed at
comparing the performance and identifying the best cooling
technique for Malaysian tropical climate conditions.
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2. Background of PV Cooling

Figure 1 briefly illustrates the various factors influencing the
module performance and cooling techniques.

2.1. Active and Passive Cooling Techniques. Popovici et al.
[10], highlighted the influence of the fins’ height and the
inclination angle on the cooling. Heat sink fins made of cop-
per were attached to the module’s rear surface to facilitate a
fixed air velocity of 1.5ms™. The height of the fins was chan-
ged from 0.01 m to 0.05m by 0.01 m increments, whereas the
angle of inclination was also changed from 45°, 90°, to 135°.
The fins’ height of 0.03 m and 45" gave the most significant
temperature drop. Peng et al. [11] studied the usage of ice
cubes to act as a heat sink at the rear surface of the PV mod-
ule as it faced a light source on the ground. Ice cubes were
evenly spread on the back surface, and the light intensity
representing the solar irradiation varied between 160 W/
m?, 300 W/m?, and 400 W/m? Qasim et al. [12] assessed
the effectiveness of a hybrid passive cooling system using fins
and phase change material (PCM). The study was carried
out in two phases in which the first phase tested the effec-
tiveness of the number of fins along with the PCM whereas
the second phase of the study was carried out by varying
the configuration of PCM used. From the study, it was seen
that 11 fins integration with PCM showed the best electricity
conversion from the first phase, whereas the second phase
showed that one PCM configuration is better than two
PCM configurations. Elbreki et al. [13] investigated the effect
of the number of lapping fins and the thickness that would
be ideal in facilitating the cooling effect of the PV module.
The different numbers of fins were used with respective
pitches to investigate the temperature reduction of the PV
module. The PV module’s temperature was reduced to
39.73°C from 64.3°C by attaching 18 lapping fins and
27.7 mm fin pitch to the back surface of the module. Abdol-
lahi and Rahimi [14] carried out experimental work on the
cooling of the PV module using a combination of phase
change material (PCM) and water circulation. Using a
unique PCM container designed for maximum heat trans-
fer, the water circulation was set such that cold water flows
into the duct behind the PV module from below, and the
hot water exits the duct from above and enters the PCM
container to release the sensible heat absorbed to become
cold water, and the circulation continues. From this, it
was found that nano-PCM showed better results than a
standard PCM in the proposed technique. Table 1 briefly
compares the results of a similar experimental study by var-
ious researchers.

3. Experimental Methodology

The complete experimental methodology is illustrated in
Figure 2.

3.1. Description of the Experimental Set-Up. In this experi-
ment, three identical solar modules were used, each with a
different configuration. The PV modules’ specifications are
listed in Table 2. The first module used was integrated with
a hybrid photovoltaic thermal (PVT) system at the module’s
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FIGURE 1: Factors influencing module performance and cooling techniques.

rear surface with an oscillatory flow design. In contrast, the
second module was combined with a moist coconut pith that
was compacted and encapsulated with a polyurethane sheet
at the back of the module’s surface. The last module was kept
as a reference module. Figure 3 provides the schematic
arrangement of the experimental setup.

3.2. Experimental Procedure. Before the experimental proce-
dure, a preliminary experiment was conducted to detect and
troubleshoot any problems and irregularities. During the ini-
tial testing, the experimental setup was inspected for prob-
lems, one of which was a leakage in the piping system of
the PVT-integrated PV module. This was rectified by apply-
ing silicon gum to seal and secure the leakages. Also, during
the trial run, the water flow rate was adjusted using the water
flow meter and Arduino software. Based on the literature
reviews, a flow rate of 0.02kgs’ was adjusted to flow
through the oscillatory flow design of the PVT system
throughout the experiment. The weather forecast was
checked for the upcoming days to be sunny, which was suit-
able for the investigation to be conducted. The actual exper-
iment was successfully conducted for two consecutive days,
from 9am to 5pm. All three PV modules were tested on
the frames with the same orientation, and the experiment
was conducted as per the preliminary. For the PVT system,
a water storage tank was constantly filled to ensure that the
water flow at the PVT system’s inlet was constant. The other
two panels were also tested on the frame unobstructed. For
this experiment, the data measurement and recordings were
conducted every 1 hour throughout the experiment period
from 9am to 5 pm. The electrical values, such as the current
and voltage, were measured across a load using the TENMA
Resistance Decade Box. Hence, the collected data for this
experiment primarily included the output voltage (V), out-

put current (A), PV module surface temperature (T,,),
ambient temperature (T,,;), solar irradiation (G), wind
speed (vy;nq)> and air humidity (RH). For the further analy-
sis of energy performance from the respective panels, addi-
tional data were collected such as the temperatures of the
water inlet (T, ;,) and water outlet (T, ) were recorded
with the K-type thermocouple for the PVT integrated PV
module. The temperature readings of the water inlet and
outlet were taken from the average of six (6) individual read-
ings from the respective boxes A and B. For the PV module
integrated with the coconut coir fiber, the PV module front
(Tfone) and back surface temperature (T}, ) was recorded
using the K-type thermocouple.

For the electrical components of the PV module, proper
apparatus arrangement and method are required to obtain
the most accurate and precise reading. For the voltage read-
ing, the multimeter/voltmeter can be placed parallel to the
load to measure the potential difference between the two ter-
minals. For the current, however, the circuit must be broken
and connected in series with an ammeter and load. By doing
this, the current will flow through the multimeter/ammeter
to the load, and the value of the current can be obtained.
In this study, a clamp meter was employed to take the cur-
rent reading by simply clamping it over the desired wire. It
is rather convenient and time savvy to use than an ammeter.
Therefore, the voltage and current output of all three PV
modules in this experiment were measured simultaneously
using the voltmeter and ammeter, respectively.

3.3. Thermal and Electrical Performance Parameters. The
performance indicators are the means used to examine the
performance of PV modules [21]. The system’s energy effi-
ciency will be used to analyze the data collected from the
experiment. The energy efficiency of a PV module is the
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FiGure 2: Flowchart highlighting the methodology of the study.
TABLE 2: Specification of the photovoltaic (PV) module. FF can be calculated by the following formula:
Description Characteristic/value Ve X Lypp
~oddl VE-30-36P Fill Factor(FF) = vV <1 (2)
oc sC
Technology Polycrystalline
Maximum power, P, (W) 30 or
Open circuit voltage, Vo (V) 21.97
Short circuit current, I (A) 1.75 Vawreplypp =FEX VX T . (3)
Maximum power point voltage, V,pp (V) 18.31
Maximum power point current, Iy;pp (A) 1.64 Therefore, the electrical energy efficiency (%) of the PV
Dimensions of the module (cm) 34.8 % 67.4 %3 module is the ratio of the PV module’s MPP output to the

ratio of the PV module’s electrical output to the total surface
area of the PV module and the solar irradiation incident on
it. The maximum power point (MPP) result can be calcu-
lated using the formula provided by Kumar et al. [22].

Pmax = VOC X ISC X FF’ (1)

where V. and Iy are the open-circuit voltage and short-
circuit current, respectively. The fill factor is the perfor-
mance used to determine the capacity of a PV cell, as
mentioned by Ballal et al. [23].

solar power it generates and it can be calculated by,

P

max _

Vip XImp Ve X I X FF
nel,energy = GxA - =

GxA GxA

(4

where A is the solar irradiation’s total exposed surface area
(m?) of the PV module and G is the solar irradiation inci-
dent on the module surface (W/m?).

For the case of a PVT system, the overall performance is
a combination of the system’s electrical and thermal energy
output as mentioned by Abdul-Ganiyu et al. [21]. Hence,
the thermal gain of the PVT can be calculated by

Q= tity, Gy (AT), (5)



International Journal of Photoenergy

Multimeter
Clamp meter

Infrared
Thermometer
Thermocouple
Visual thermal

imager camera

Solar power meter
Anemometer
Air humidity meter

Key in data
collected in
Microsoft
Excel

v | Spreadsheet

v
n

FIGURE 3: Schematic diagram of the experimental setup.

where 71, is the water mass flow rate (kgs™), ¢, is the spe-
cific heat capacity of water (J/kg/°C), and AT (°C) is the tem-
perature difference between the outlet and inlet water
temperature of the PVT system, expressed as

AT = Tout - Tin' (6)

Throughout the analysis of the study, the specific heat
capacity of water, c,, was assumed to be constant at
4.18Kk]J/kg/°C. The PVT system’s thermal energy efficiency
(percent) can be expressed as the ratio of the PVT system’s
thermal energy output to the solar irradiation incident on

the PV module’s total exposed surface area, given as

(7)

nth,energy = GTA’
2 (8)
GxA GxA

The overall efficiency (%) of the PVT system can be

expressed by combining equations (5) and (8), as given by

o ®

1, PVT =

1, PVT =

For the performance of the PV module, the following
assumptions were used in this experiment:

(i) The PV module back surface temperature, T,y equals>
the coconut coir fiber temperature

(ii) The heat transfer coefficient is constant for the front
and back surfaces of the PV module

(iii) The pump work was neglected in calculating output
power from the PVT system

4. Results and Discussion

In this section, the data collected from the three PV modules
were analyzed and discussed critically. Data collected from
the climatic condition will also be examined concerning
the performance of the PV modules.

4.1. Weather Parameter Analysis. The characteristics of a PV
module are primarily influenced by the environmental fac-
tors that affect it. These environmental parameters will phys-
ically influence the PV performance. In this experimental
study, two significant parameters controlling the PV module
performance are solar irradiation and ambient temperature,
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FIGURE 4: Variation of solar irradiation, ambient temperature, and PV module front surface temperature.

which go hand in hand. Figure 4 shows a parabolic trend of
the solar irradiation and ambient temperature for the PV
module temperatures On the day of the experiment, the
solar irradiation and ambient temperature were recorded
from 9.00 am until 5 pm, respectively. The peak solar irradi-
ation and ambient temperature obtained from the experi-
ment were 1036 W/m” and 35.2°C. As aforementioned,
these stated environmental parameters significantly affect
the PV module’s performance by increasing and decreasing
the PV module front surface temperature. It should be noted
that a PV module’s performance will be hampered as its
front surface temperature rises due to the heat energy
absorbed from solar irradiation during power production
[13]. As the surface temperature increases, the PV module
will operate at a temperature beyond its nominal operating
cell temperature (NOCT) of about 25°C, which consequently
causes inefliciency. From Figure 4, it can be inferred that all
three PV modules’ front surface temperatures have a linear
relationship with solar irradiation. However, the noticeable
difference is the variation in module surface temperature
between the three PV modules. This is accomplished by
using the two different cooling techniques described above
to improve the back surface of the PV modules. The highest
temperature recorded by the passively cooled PV module
integrated with damp coconut fiber, PVT system, and refer-
ence module is 44.6°C, 47.8°C, and 57.2°C, respectively, at
1.00 pm. From the readings, it is clear that the passive cooled
PV showed the lowest increment in module surface temper-
ature, followed by the PVT system and the reference mod-
ule. By integrating damp coconut, the temperature of the
PV module surface was decreased by 22.03% and 23.46%,
whereas the PVT system reduced the PV module surface
temperature by 16.43%.

4.2. Electrical Performance. The I-V curve depicts a PV mod-
ule’s power output in relation to the solar irradiation inci-
dent on it and the temperature of the PV module. The

voltage corresponds to the current, while the module tem-
perature corresponds to the solar irradiation [24]. Figure 5
shows the I-V characteristic curve of the PV modules during
the experimental testing. An increase in solar irradiation
throughout the day causes an increase in current output,
whereas an increase in PV module temperature results in a
voltage drop corresponding to the results obtained. The
short circuit current and open circuit voltage recorded for
the passively cooled PV module integrated with coconut
fiber, PVT system, and reference module are 1.7A and
17.34V, 1.68 A and 17.22V, and 1.64 A and 16.8 V, respec-
tively. These values are close to the PV module datasheet rat-
ing of 1.75 A and 21.97V for the I and V., respectively,
as stated in Table 2. Similar trends can be seen where the
passively cooled PV module shows the highest maximum
power output, followed by the PVT system and the reference
module. The maximum power output is observed when the
solar irradiation is at its peak. From both results, the maxi-
mum power point (MPP) for the passively cooled PV mod-
ule with coconut fiber, PVT system, and reference module is
24.21'W, 20.21 W, and 14.65 W, respectively. Since the coco-
nut fiber integrated PV module showed the lowest increase
in surface temperature, it is evident that the voltage was
not as affected as the PVT system. Therefore, a higher volt-
age from the passively cooled PV module and the steady cur-
rent output resulted in a greater power output relative to the
PVT system.

Power output is a product of the output voltage and cur-
rent of the PV module. Corresponding to the I-V curve, the
PV module will record the highest power output at the peak
solar irradiance of the day. Figure 6 shows the power output
of the PV modules with respect to the module’s front surface
temperatures calculated hourly on both days of the experi-
ment. From the figure, the peak power outputs of the pas-
sively cooled PV module integrated with coconut fiber,
PVT system, and reference panel are 2421 W, 20.21W,
and 14.65W, respectively. The passively cooled PV module
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integrated with coconut fiber increased the power output by
65.26% on an experimental day. The PVT system, however,
only managed to increase the power output by 37.95%. The
passively cooled PV module increases power output signifi-
cantly more than the PVT system. This can be explained
by the fact that as more sensible heat is removed from the
back of the PV module, the front surface temperature drops,
resulting in higher voltage output. To put it another way, the
convection that carries water molecules away from the back
of the PV module increases heat loss from the back surface
and, as a result, from the front cover of the passively cooled
PV module compared to the PVT system.

4.3. Efficiency Parameters. The efficiency is a characteristic of
how well a PV module responds to the solar irradiation
intake by producing current. It measures the percentage of
solar irradiation that is converted to electricity and wasted
as heat. As mentioned in the literature work, the two ener-
gies that are produced by a PV module include heat and
electrical energy, in which heat energy is dominating output
than the latter. The electrical efficiencies of the three PV
modules and the thermal and overall efficiencies of the
PVT system are depicted in Figure 7. During peak solar irra-
diation, the electrical efficiencies of the passively cooled PV
module integrated with coconut fiber are 9.96% higher than
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the PVT system, which has an electrical efficiency of 10.42
percent. The PV module’s efficiency was increased by 45.4
percent using moist coconut fiber passive cooling, whereas
the PVT system only increased the electrical efficiency by
21.46 percent. In a similar energy efficiency context, the
PVT system, however, can be categorized into two types of
efficiency reading, namely, electrical and thermal efficiency.
This is because, other than electric current, the PVT system
also provides heat energy. Water flowing in the thermal col-
lector at the PV module’s back surface is responsible for col-
lecting the heat energy produced by the PV module. From
the figures, the thermal efficiencies of the PVT system during
the peak solar irradiation are 58.77%. When combined with
the electrical efficiency, it is evident that the overall energy
efficiency of the PVT system surpassed the electrical effi-
ciency of the passively cooled PV module with a value of
67.06%. This is because, in the passively cooled PV module,
water molecules from the moist coconut fiber absorb the
sensible heat from the PV module and escape to the atmo-
sphere through the perforation in the polyethylene sheet
encapsulation. This indefinitely removes all the valuable heat
energy that can be utilized. In the case of the PVT system,
the fitting of the thermal collector, as its name suggests, col-
lects the available heat energy from the PV module instead
of wasting its potential. Moreover, as mentioned earlier, heat
energy is produced greater than electrical energy in a PV
module. Therefore, this statement can be validated by the
PVT system’s thermal efficiency, which is always a greater
value than the electrical efficiency in both figures.

4.4. Performance Comparison. The moist coconut fiber acts
as a heat sink on the PV module’s back surface, which is crit-

ical for removing sensible heat from the module. Water mol-
ecules are directly in contact with the PV modules” back
surface with the coconut fiber’s help due to the coconut
fiber’s high water-holding capacity, lowering the back sur-
face temperature of the module. This allows heat energy gen-
erated on the PV module to be rapidly transferred from the
front to the back surface through conduction. Following this,
the sensible heat will be absorbed by the water molecules
present in the coconut fiber. Finally, when the water mole-
cules have absorbed sufficient heat energy, they will act as
a heat removal agent by evaporating through the perfora-
tions present on the polyethylene sheet encapsulation. In
short, the water molecules will carry away the sensible heat
energy from the PV module to the atmosphere by convec-
tion. Furthermore, for the PVT system, the oscillatory flow
thermal collector system is responsible for the heat removal
from the PV module. As the water flows through the thermal
collector attached to the back surface of the PV module, heat
energy from the front surface is conducted to the back and
the collector by an aluminum plate attached between the
thermal collector and the PV module back surface. The
function of the aluminum plate is to provide a uniform heat
transfer from the front to the back surface, subsequently, to
the thermal collector. As the module temperature increases,
more sensible heat will be removed by the water flowing in
the thermal collector at a constant flow rate of 0.02kgs™.
Although both cooling techniques had some common char-
acteristics of the heat removal mechanism, the passively
cooled PV module managed to significantly lower the tem-
perature of the PV module compared to the PVT system.
Table 3 shows the performance of all the PV modules that
gave the best results.
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TaBLE 3: Summary of performance.

PV module Module temperature (°C) Electrical efficiency (1., %) Thermal efficiency (17,, %) Overall efficiency (16, %)
Reference 56.70 5.70 — 5.70
Cooled 41.70 10.47 — 10.47
PVT system 48.70 8.46 58.00 67.06
TaBLE 4: Comparison of results with the other studies.
Researchers Type of study Back surface attachment Efficiency improvement (%)
Grubisi¢-Cabo et al. [25] Experimental Perforated fins (random arrangement) 2
Hamdan et al. [26] Experimental Phase change material (PCM) 2.6
Arifin et al. [15] Experimental Heat sink with fins 2.4
Elbreki et al. [13] Experimental Lapping fins and planar reflector 1.39
Kiwan et al. [27] Modeling and Simulation Phase change material (PCM) 1-2
This study Experimental Biomaterial (moist coconut fiber) 3.11

To further validate the effectiveness of the passively
cooled PV module integrated with moist coconut fiber, a
series of comparisons can be made with other researchers
who have conducted passive cooling of the PV module by
enhancing the back surface of the PV module using similar
or different mediums. Table 4 shows the comparison
between different passive cooling techniques and their incre-
ment in efficiency to the current study.

The commonly found back surface attachment for a
passively cooled PV module uses fins or phase change
material (PCM). In this experiment, adding biomaterial
to the PV module significantly increased efliciency over
the others.

5. Conclusion

This investigation is aimed at comparing the performance of
uncooled, cooled PV modules and PVT systems with ther-
mal and electrical performance. The rule of thumb is that
the PV module’s performance can be enhanced by lowering
its front surface temperature. With that being said, the
results obtained from this experiment can be summed up
in the following way:

(i) The temperature reduction at the peak solar irradi-
ation for the passively cooled PV module surface
was 22.03%, while the temperature reduction for
the PVT was 16.43%. The passively cooled PV mod-
ule is more effective than PVT system in terms of
temperature reduction

(ii) The PV module that was passively cooled had an
electrical efficiency of 10.47%. The PVT system
had an electrical efficiency of 8.4%. The peak ther-
mal efficiency of the PVT system was 58.77%

(iii) The passively cooled PV module integrated with
moist coconut fiber displayed the lowest module
temperature (41.7°C), followed by the PVT system

(iv) The passively cooled PV module produces a more
significant temperature reduction and better energy
efficiency (10.47%) in this experimental study

(v) The PVT system, however, had the highest overall
efficiency (67%) as it also produced valuable ther-
mal energy in this study

With these performance analysis parameters, the coco-
nut fiber-based cooling system is more efficient than the
PVT and other related works. It can be concluded that
nature-inspired coconut fiber-based cooling can be one of
the potential alternatives to active cooling methods.

5.1. Limitations. During this experimental work, certain
restrictions have been detected, which caused a slight
drawback.

(i) The water element used in the PVT system was
solely dependent on a tap water source. This is to
be noted as the tap water source is also significantly
influenced by the ambient temperature. This may
have caused the temperature fluctuations in the
PVT systems’ water inlet

(ii) Next, another limitation seen was the air humidity.
Despite being sunny, the air humidity varied. This
means that the atmosphere’s water content was not
consistent on an experimental day. However, it is
essential to note that air humidity was a minor factor
influencing this experiment and, therefore, can be
deemed insignificant

5.2. Future Scope. Future work should consider analyzing the
studied system’s exergy efficiency and exergy loss.
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