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ABSTRACT

The performance of a PV (photovoltaic) module relies heavily on the operating temperature. The aim of the current
study was to improve PV performance by passive cooling with nano-coated aluminum fins attached to the backside
of the photovoltaic panels. Four identical PV panels were installed side by side for simultaneous measurements.
The first one (B) is a basic PV that was used for comparison purposes, the second one (N) PV, which is coated
with water-based Al,O, nano-fluid, the third is finned PV (F), with fins being attached to its backside and the AL,O,
nano-fluid coated fins are attached to the backside of the fourth PV (FN). The hourly electrical generated power by
each PV, I-V, and I V curves for each PV were recorded and stored using I-V Checker. In addition, the backside
temperature of each PV and the ambient temperature were measured on an hourly basis using K-type thermo-
couples; the measured temperature values were stored in a data logger. It was found that the (FN) PV gave the best
performance compared to the base unit, with an increase in the generated power by 5.77%, followed by the nano-
coated (N) PV with an increase of 2.14% and finally the finned (F) PV with an increase of 0.74%. Furthermore, the
PV with the nano-coated fins exhibits the lower temperature 31°C, followed by the nano-coated PV, and finally the
fined PV, with the backside average temperature of the basic unit being 39°C

Keywords: PV cooling, nanotechnology, PV performance, fined PV.

INTRODUCTION Oconv=has(Ts — Ta) (D

Where the area and temperature of the heat
transfer surface area are denoted by As and Ts;
Ta represents the ambient temperature and h rep-
resents the coefficient of convection heat trans-
fer. As can be seen from Equation (1), it is clear
that the heat transfer rate increases with the area
of the heat transfer surface As (passive cooling).
For this reason, the aluminum fins were used in
this study to enhance the heat transfer rate. Heat

Solar energy is turned into electricity using
photovoltaic cells (PV), which have a maximum
efficiency of roughly 15-20%, depending on the
type of solar cell. Almost all of the solar radiation
that reaches the (PV) is reflected or converted to
thermal energy. This causes the cell temperature
to increase and consequently the photovoltaic ef-
ficiency to drop. The overall efficiency of photo-
voltaic cells has been shown to drop substantially

with temperature growth (Grubisié-Cabo et al.,
2016). The rate of decrease ranges from 0.25%
to 0.5% per degree Celsius, depending on the cell
material used. Heat may be dissipated from the
backside of the PV by both convection and radia-
tion (conduction may be neglected). The rate of
convective transfer to the backside of the unfinned
PV is governed by Newton’s law of cooling, as
indicated in Equation (1) (Khan et al., 2020).
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may be transferred from the backside of finned
PV by a complex process: convection and radia-
tion between the surfaces of louver fins and the
outside, and conduction through the fins. The
heat dissipated from the fins mainly depends on
fin height, material and geometry, the distance
between the fins, and the fin thickness. Equation
(2) governs the total heat transfer from fins; this
includes the transfer of heat from both the finned
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and un-finned surface areas, which needs cooling
(Khan et al., 2020).

Qtaw, fin =n. Qurgﬁn + nr]ﬁn. Qﬁn' (2)
or,

Qmm/, fin nhmﬁnAmzﬁn (T; unfin Ta) + nhﬁnAﬁn M T; fin 7;) (3 )

where: n is the number of fins attached to the back
of the panel,
T, 1s the surface temperatures for the
finned area,
T, i is the surface temperatures for the
unfinned area,
h - 1s the coefficient of the convection heat
transfer for the finned area,
hwﬁn 1s the coefficient of the convection
heat transfer for the unfinned area,
A4, Jin is the area of one of the fin,

A i is the area of the un-finned portion of

the surface area.

The efficiency of the fin (q ﬁn) is defined as the
ratio of the actual rate of heat transfer from the fin
to the rate of heat transfer from the fin, ideally, if
the whole fin was to be at the back surface tem-
perature of the module. In addition to the heat loss
by convection from the PV, radiation may play a
significant role, which is given the equation (as-
suming ambient is the black body).

0.~¢AF

s s-a

(T7-17) (4)

View factor (configuration factor between the
PV and ambient is denoted by F_, the emissivity
of the PV is € whereas the surface and ambient
temperatures are T and T , respectively. The rate
of radiative heat loss from the surface increases
with surface area, which increased by using fins
and with the emissivity of the surface, which is
enhanced by the nano-fluid used in this work
(Wazwaz et al., 2010). As a result, in order to im-
prove the efficiency of the cells, a reliable heat
dissipation system is required to properly cool the
cells. Tan et al. (2017) conducted experimental
work to investigate the thermal and electrical per-
formance of photovoltaic (PV) systems by com-
paring the latent heat-cooled PV panel with the
naturally-cooled equivalent. They used organic-
based paraffin wax as a phase change material,
in which metallic fins were incorporated. They
concluded that a drop in the temperature of the
PV was 15°C, compared to the naturally-cooled
PV panel. The maximum electrical conversion

efficiency improvement of 5.39% was achieved
by the proposed passive cooling approach. Ba-
haidarah et al. (2013) built a numerical model
(electrical and thermal). Various electrical and
thermal characteristics impacting its perfor-
mance were predicted by the model. The module
was also examined experimentally by placing a
heat exchanger (cooling panel) on its back sur-
face. The results of the numerical model were
found to be in good agreement with the experi-
mental one. The climatic data were taken in
Dhahran, Saudi Arabia. The temperature of the
modules was reduced by around 20% with active
water cooling, resulting in a 9 percent gain in PV
panel efficiency.

Hamdan and Kardasi (2017) explored the
effect of cooling on the performance of four
identical photovoltaic (PV) panels set side by
side. One was used as a baseline, the second
was cooled using pure water, and the third was
cooled using nano-fluids. To produce the nano-
fluid, aluminum oxide (ALQO,) and copper oxide
(CuO) nanoparticles were introduced to pure wa-
ter at varying concentrations, in order to find the
most suitable concentration of ALO, and CuO.
They discovered that mixing 0.4 percent AlO,
by weight with clean water increased the panel
efficiency by 2%. When 0.6 percent CuO was
added, the efficiency increased by 2.34%.

An experiment on the performance of PV
panels was conducted by using finned aluminum
plates and natural convection cooling was carried
out by EI Mays et al. (2017). The adoption of an
aluminum finned plate enhanced the efficiency of
solar to electricity conversion by 1.75% and the
output power by 1.86 Watt. Hamdan et al. (2018)
conducted a study to see if using phase change
materials to cool photovoltaic panels (PV) could
increase their performance (PCM). For compari-
son, they used two identical PV panels, one with
PCM on the backside and the other with a stan-
dard PV panel. The generated currents and volt-
ages, ambient and PV panel temperatures and
incident solar irradiance were all recorded and
stored using a data collection system. The stored
data were examined, and it was discovered that
the PCM-cooled PV panel was the most efficient
and performed 2.6 percent better than the base
panel. To minimize the temperature of solar pan-
els, Firoozezadeh et al. (2019) placed a number of
aluminum fins on the back surface of the panels
under two distinct irradiations. This experiment
was carried out at 85°C, which is the maximum

277



Journal of Ecological Engineering 2022, 23(3), 276-286

operating temperature of solar modules. The
number of aluminum fins on the backside surface
of solar panels was used to compute the t coef-
ficient under two different irradiations. Tempera-
tures were reduced by up to 7.4°C, resulting in
a 2.72 percent increase in efficiency. Finally, an
economic assessment of the offered examples
was carried out based on the generated power of
PV panels, which revealed a suitable economic
justification. Wongwuttanasatian et al. (2020),
proposed passive cooling with a finned container
filled with a phase change material (PCM) con-
tainer heat sink to enhance the cooling process for
a PV. They found out that it is possible to reduce
the module temperature from 57.9°C to 51.8°C
(a 6.1°C temperature drop). Thus, the module ef-
ficiency was enhanced from 9.33% to 9.82%, cor-
responding to a 5.3% improvement.

Four different cooling systems, working on
the photovoltaic (PV) panel back surface, were
proposed and investigated by Bevilacqua et al.,
(2021). Hourly electrical output power and effi-
ciency were measured. They demonstrated that
a simple spray cooling technique can provide an
absolute increment of electrical efficiency of up
to 1.6% and an average percentage increment of
daily energy of up to 8% in hot months. As indi-
cated above, most of the previous work was con-
ducted under active conditions. In this work, the
thermal and electrical performance enhancement
of PV panels was subjected to experiments un-
der natural convection conditions and to enhance
the cooling process, fins in the form of an auto-
motive radiator (fins) were attached firmly to the
backside. Furthermore, and to further enhance the
cooling process, the backside of the finned and

unfinned PV were coated by water-based alumi-
num oxide nanoparticles. Four identical PV pan-
els were installed side by side to conduct the work
instantaneously. The first Panel was the basic one
and used for comparison purposes (B), the back-
side of the second one was coated with water-
based aluminum oxide nano-fluid (BN), on the
backside of the third one fins (automotive radia-
tor) will be firmly attached (F). The radiator (fins)
coated by AL,O, water-based nano-fluid (FN)
were attached to the backside of the fourth PV.

MATERIALS AND PROCEDURE

Materials

The experimental setup was designed and
installed to investigate the effect of aluminum
fins and AlLO, water-based nano-fluid on the
performance of the photovoltaic panel, the main
components of this experimental setup are four
identical PV panels, [-V checker, Datalogger, and
PC. The experiment setup is shown in figure (1).
Four identical PVs (polycrystalline type) were
used in this work. Their specifications are shown
in table (1). Each PV of the four identical is PS-
P72 Poly-Crystalline Module with a maximum
power of 345 Wp. The Al O, nanoparticles (alpha
type) of 30 nm diameter were used in this work.
These particles are water dispersion (suspensions
of nanoparticles in water), which can be used as-
is or diluted with suitable (compatible) solvents.
They were manufactured by US Research Nano-
materials, Inc. (Houston. USA)

Figure 1. Experiment setup
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A radiator is made up of tubes, fins, and head-
ers (all made of aluminum). Tubes and fins con-
stitute the radiator matrix. The radiator block is
made up with the addition of headers and side
supports. The side supports serve to secure the
radiator inside the sleeves on the backside of the
PV and have an additional strengthening func-
tion. K-type thermocouples were also used for
PV backside temperature measurement. These
thermocouples were installed on three locations
on the PV backside at the center and the average
value was taken as that of the PV backside. Due
to the very small thickness and very high thermal
conductivity of the louvered fins in the radiator, it
is reasonable to assume that they are isothermal
ones. The temperature readings were recorded on
an hourly basis and stored using a datalogger.

The GL220 data logger, which has a 2 GB in-
ternal flash memory for immediate data capture,
and its USB interface may be connected to a PC
for data upload in real-time or from memory. In
addition it enables remote configuration and data
gathering in real-time. An MP-170 I-V Checker,
which allows the operator to do on-site accurate
[-V performance measurements and inspection
of PV modules or arrays, was used to record and
store the produced power from each PV. On the
basis of the parameters (Vmax, Imax, Pmax,
Voc, Isc, FF, Tmod, neff), it can measure the -V
curves of each PV module type. In addition, the
I-V checker is equipped with control software
such that the stored data may be converted into
CSV file format and then the I-V curve measure-
ment data are automatically converted into Stan-
dard Test Conditions (STC) values.

METHOD

The four panels were installed side by side
for simultaneous testing, as shown in figure 1.
The first one was used as a basis for comparison
purposes, the second one was coated by AL,O,
water-based nano-fluid. In order to further cool
down the third and fourth PV panels in a passive
manner, a radiator, which acts as a heat sink made
up of aluminum fins, was used. It was firmly at-
tached to the backside of each PV by aluminum
clamps located at each corner, such that was in di-
rect contact with the PV. This was to avoid the air
film between the radiator and the PV, and hence
the contact resistance may be neglected. In addi-
tion to the attached fin, the backside of the fourth

Table 1. Electrical specification of PV

Electrical characteristics (STC) 345 W
Module System Voltage (V) 1000/1500
Open Circuit Voltage - V__ (V) 46.62
Short Circuit Current - 1_ (A) 9.37
Maximum Power Voltage - Vmpp V) 38.32
Maximum Power Current - Impp (A) 9.01
Maximum Power - P__ (W) 345
Module Efficiency (u%) 17.7

PV was sprayed by water-based Al,O, nano-fluid.
Three k-type thermocouples were attached at the
rear side of each panel to take temperature read-
ings from three spots in order to find the aver-
age temperature of the panel. The hourly mea-
sured temperature values are saved and stored in
the GL220 data logger for further analysis. The
produced power from each PV was recorded and
stored and each I-V curve were measured and
converted into CSV file format and then convert-
ed into STC values and displayed on the monitor
used. It is to be noted that the ambient tempera-
ture and solar radiation values were measured us-
ing the GRWS100 weather station located on the
site. The experiments were conducted from 9.00
am to 5.00 pm and the data was registered every
20 min for without and with heat sink, concur-
rently. The experiment was repeated more than
one time on different dates to confirm the results.
All devices have been previously calibrated.

RESULTS AND DISCUSSIONS

Figure 2 shows the hourly average backside
temperature of the four panels. As shown in the
figure, the surface temperature of the (CN) PV
panel is 31°C, which is the lowest among the
other three panels, followed by the (N), (F), and
(B) PV panels, respectively, as a result a drop in
the average temperature of the backside of the PV
equal to 8°C was obtained. In addition, as indi-
cated, all PVs have a temperature above the am-
bient temperature. This means that the finned and
coated PV’s cooling mechanism is more efficient
than the finned and base PV’s. This is because the
fins promote heat loss from the backside of the
PV by both convection and radiation when pass-
ing air flows across the fins, and the emissivity
of Aluminum is higher than that of the back side.
Furthermore, the presence of Al,O, nanoparticles
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Figure 2. Hourly average temperatures of panels

boosts the emissivity of the coated fins, which im-
proves the cooling process and results in a great-
er reduction in the backside temperature of the
finned and coated PV. Moreover, from this figure
it may be noted that the cooling process of (N)
PV is more efficient than that of the (F) PV cool-
ing process; this is due to the fact that the ALO,
nanoparticles enhance the heat dissipation from
the backside of the PV this is caused by the rela-
tively high emissivity of Al,O, nanoparticles. Fi-
nally, the figure indicated that the aluminum fins
increase the heat loss from the backside of the (F)
PV compared with the (B) PV. It is expected that
this is caused by the increase in the surface area

Table 2. Comparison with other published works

from which heat is being lost to the surroundings
once fins are attached. The temperature reduction
reported in this study is compared to other previ-
ously published studies that used various types of
heat sinks to cool PV modules. The findings in
Table 2 clearly demonstrate that the mechanism
outlined in this study is a successful one.

Figure 3 represents the I-V curves of the four
PV as obtained directly from the I-V checker, for
each point on the I-V curve, the product of the
current and voltage represent the output power
for that operating condition. The MPP produced
by the cell is reached at a point on the character-
istic curve where the product [-V is maximum. It

Reference No Cooling method Tempera.ture without Tempelfature with Temperature reduction
cooling (C°) cooling (C°) (C°)
Present study Al,O, nano coated 39 31 8
automotive radiator
Tan et al.,(2017) latent heat-cooled PV 40 55 15
panel
Conjunction fins and
Chandrasekar et al. (2016) : 49.2 43.3 5.90
cotton wicks
El Mays et al. (2017) Finned aluminum plate 56 49.9 6.1
Selimefendigi et al. (2018) Aluminum fin 49 48 1
Chandrasekar et al. (2015) Aluminum spreader 49.2 43.3 5.9
Micheli et al. (2015) Silicon micro-finned 78.8 70.4 8.4
heat sinks
Hernandez-Perez et al Discontinuous finned
' heat sink (numerical 49 38 5-7
(2021) .
and experimental)
Gomaa et al. (2020) U shaped fins cooling 57 55 2
Gyekum et al. (2021) Aluminum fins + 50.35 35.74 14.6
ultrasonic humidifier
Bahaidarah et al. (2013) Water cooling 30.5 37.8 7.3
Wongwuttanasatian et al. finned container filled
(2020) with (PCM) 518 579 6.1
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Figure 3. Current-voltage curves of all panels

may be noticed from the figure that the power pro-
duced by (FN) exceeds those of other PV, followed
by that produced by (N) that exceeds the power
produced by (F), while (B) PV produces the least
amount of power. This agrees with the findings
presented in figure 2, since the power produced by
the PV decreases with the PV temperature.

Figure 4 illustrates the average hourly output
power of the panels, as it can be seen, and com-
pared to the power produced by the basic panel,
the coated and finned PV panel performed the best,
followed by the nano-coated PV and the finned
one produced the least power. This is due to the
fact that the power output of PVs reduces when the
backside temperature rises. As it can be seen in this
graph, the finned and coated PVs produced 5.77%
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more power than the basic one and the nano-coated
PV produces 2.14%. Finally, the finned PV pro-
duced 0.74% more power than the basic PV.

CONCLUSIONS

In this study, the performance of the photovol-
taic panel was investigated by the enhancement
of natural cooling. This was achieved by using
the AL,O, water-based nano-fluid, together with
aluminum fins on the backside of three identical
panels. An additional panel was used as a basic
panel for comparison purposes. The first one (B)
was a basic PV that was used for comparison pur-
poses, the second (N) PV, was coated with water

7:00 AM 8:00 AM 9:00 AM 10:00 AM 11:00 AM 12:00 PM 1:00 PM 2:00 PM 3:00 PM 4:00 PM 5:00 PM

Time
e—=Fins «==Fins- Nano -

-Nano Base

Figure 4. Average hourly produced power by all panels
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base Al,O, nanofluid, the third was finned PV (F),
with fins being attached to its backside and the
fourth PV (FN), had Al,O, nano-fluid coated fins
attached to its backside. It may be concluded that
the cooling mechanism of the panel has been en-
hanced the most when the finned back side of the
panel was coated by Al,O, water-based nanofluid,
followed by the case when the backside is back-
side only coated by Al,O, water-based nanofluid
and the least enhancement was when fins were
attached to its backside. Consequently, and com-
pared to the basic panel, it may be concluded that
the performance of the finned and nano-coated
PV panel was the highest, followed by the nano-
coated one, while the finned one exhibited the
least enhancement in its performance.
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