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a b s t r a c t

This work experimentally investigates the performance of a PV module cooling effect using a compound
enhancement technique. This is by employing water and/or Al2O3/PCM mixture with different nano-
particles mass concentrations (4) from 0 to 1% and mass fluxes of the cooling water from 0 to 5.31 kg/
s.m2 through straight aluminium channels beneath the PV panel. The effect of the occupation ratio of the
Al2O3/PCM (lPCM) in the channels from 0 (100% water) to 100% (0% water) is also examined. The results
illustrate that the Al2O3 nanoparticles of 4 ¼ 1% makes the compound technique (Al2O3/PCM
mixture þwater) better than the cooling with 100% water. Compared with all studied cooling techniques
parameters, it is observed that the compound technique; Al2O3(4 ¼ 1%)/PCMmixture (lPCM ¼ 25%) þ 75%
water (5.31 kg/s.m2) achieves the highest PV performance. However, although the Al2O3/PCM mixture of
lPCM ¼ 100% does not provide the highest PV electrical output power, it may be a superior solution for
the PV cooling as it solves the problems of using the cooling water. Finally, experimental correlations are
presented to predict the electrical, thermal, and overall exergy efficiencies of the PV cell.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Improving the performance of electrical power production
systems is an important challenge facing many economies. PV
modules are one of the most promising power generation systems,
nevertheless, the high cost of PV power generation besides its
lower efficiency restrict the progress of the PV cells industry. The PV
conversion efficiency of light into electrical power depends on
numerous constraints including its temperature; the output power
decreases by 0.2e0.5% per 1 K increase in the PV panel temperature
[1]. Therefore, most researchers concentrated their interest in
augmenting the PV modules cooling to boost the electrical effi-
ciency. Two main methods were introduced to do the desired heat
transfer rate; passive and active techniques. Moreover, any at least
two of these techniques (passive and/or active) might be utilized
simultaneously to get enhancement in the heat exchange that is
more remarkable than that resulted by just a single technique itself.
This synchronous use is named compound technique [2e4].

In the passive approaches, many studies investigated the effect
of integrating a heat pipe to the PV-rear surface [5e7]. Tonui and
mohamed.abdelhamid@feng.
Tripanagnostopoulos [8] numerically simulated the cooling of a
module by a natural air flow besides conducting fins. Another field
of the PV passive cooling is utilizing PCMs. Huang et al. [9e11] used
a paraffinwax in a rectangular vessel appended to the back surface
of the module, which reduced the PV temperature by more than
3 �C. Huang [12] experimentally and numerically investigated the
thermal regulation of a PV-PCM system in triangular shaped cells
under static state and realistic conditions. Ho et al. [13] carried out
numerical simulations for the performance of a PV module inte-
grated with a microencapsulated PCM layer. The results indicated
that the PCM revealed a good cooling response. Hasan et al. [14]
experimentally recorded that using the PCM enhanced the elec-
trical efficiency by about 10% and 10.7% in Ireland and Pakistan,
respectively. Machniewicz [15] simulated numerically the PV panel
cooling using PCM. The results showed an enhancement in the
electrical efficiency by 10%. Hachem et al. [16] presented an
experimental investigation on the effect of using pure and com-
bined PCM/copper/graphite on the performance of a PV panel. A
maximum enhancement in the PV electrical efficiency of 5.8% was
achieved using the combined PCM. Tan et al. [17] indicated that the
surface temperature was reduced by 15 �C while the electrical ef-
ficiency was improved by 5.39% for finned-PCM panels. Hasan et al.
[18] indicated an enhancement of 5.9% in the electrical efficiency
using PCM-cooling. Nada et al. [19] investigated the effect of
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Fig. 1. Schematic representation of the experimental facility.
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integrating Al2O3/PCM (51e57 �C melting temperature) to the back
surface of PV panel. It was shown that the maximum reduction in
the cells temperature of 10.6 �C was resulted, which augmented
their electrical efficiency by 13.2%. Khanna et al. [20] introduced a
mathematical model to examine the performance characteristics of
a finned-PV/PCM system. Khanna et al. [21] experimentally found
that PV temperature was decreased by 19 �C using PCM and the
electrical efficiency was augmented by 11.1%. Yang et al. [22]
experimentally tested the performance characteristics of a PVT/
PCM system. They authors assured that the addition of the PCM
layer to the PVT cell augmented the thermal and power
performances.

In addition, numerous researchers devoted their attention to the
active cooling approaches using a hybrid photovoltaic/thermal
(PVT) solar system to yield both electric and heat energies from one
united module. Joshi and Tiwari [23] presented an exergy analysis
of a PVT/air collector. The exergy and thermal efficiencies were
12e15% and 55e65%, respectively. Abdolzadeh and Ameri [24]
examined the performance attributes due to spraying water over
the top surface of the module. They recorded an enhancement in
the electrical efficiency by 3.26%. Teo et al. [25] indicated that the
electrical efficiency was augmented by 14% with passing air in
parallel conduits behind the panel. Elmir et al. [26] numerically
indicated that using Al2O3/water nanofluid behind the cell
enhanced its cooling. Bahaidarah et al. [27] practically demon-
strated that the PV electrical efficiency was enhanced by 9% using
water at PV-back surface, while Ozgoren et al. [28] found that it was
increased from 8% to 13.6%. Ceylan et al. [29] observed an increase
in the electrical efficiency from 10% to 13% by conducting a simple
copper pipe behind the PV module. Karami and Rahimi [30] esti-
mated the heat transfer attributes in a cell using Boehmite nano-
fluid in straight and helical channels. Compared with pure water,
the uppermost electrical efficiency was enhanced by 37.7% for the
helical channel. Aldihani et al. [31] examined the performance of a
PV-panel under Kuwait environment. The estimations demon-
strated that the dust dropped the output power by 16%. Nizetic
et al. [32] observed an augmentation of 16.3% in the electrical ef-
ficiency by applying water spray on the PV surface. Salem et al. [33]
examined the PV-cooling using water flow through straight/helical
channels. The experiments revealed that maximum increments in
the electrical and thermal efficiencies of 38.4% and 57.9%, respec-
tively, were achieved using the helical configuration. Preet et al.
[34] investigated the effect of applying water-based PVT and water-
based PVT/PCM systems. In the later cooling system, the water
flows in circular tubes behind the cell. It was demonstrated that the
peak temperature decrease was 53% for water-based PVT/PCM.

From this literature survey, it is illustrated that there are
numerous cooling techniques that were proposed to enhance the
PV performance. One of these techniques is using the PCM, which
achieved an acceptable enhancement compared with water active
cooling in numerous countries. Therefore, this work is firstly
devoted to experimentally compare the PV performance under
cooling with water (active technique) or PCM (passive technique),
with an uncooled one, in the climatic conditions during summer
months in Cairo, which is considered one of the most energy-
consuming areas in Egypt where a promising solar intensity is
found. Secondly, the proposed research aims to test the effect of
water/PCM occupation ratio in channels conducted at the PV-rear
surface, in addition to the influence of adding Al2O3 nanoparticles
to the PCM on the PV performance characteristics. Finally, this work
aims to propose experimental relations to predict the module
electrical (he), thermal (hth) and overall exergy (ho; ex) efficiencies as
functions in the investigated parameters.
2. Experimental apparatus

The apparatus (Figs. 1 and 2) used in the present investigation
comprises two identical poly-crystalline type 50-Watt PV modules,
adjusted stand, the cooling system, and the measuring devices.
Table 1 presents the PV module specifications. The cold water
(supplied to the channels beneath the cell) circuit consists of a
cooling unit, DC pump, valves, water flow meter, and the con-
necting pipes. To synchronize with the latitude of Cairo where the
experiments are conducted, the panels are south adjusted and
oriented 30� with the horizontal surface.

Aluminium channels are fabricated and used either for passing
the cooling water or are filled with the Al2O3/PCMmixture. Twenty
individual straight channels of the same length of the cell (670mm)
are constructed with an aspect ratio (depth/width) of 1 with di-
mensions shown in Fig. 3.

The channels are arranged side by side as illustrated in Fig. 4 and
are situated directly under the panel. To reduce the thermal contact
resistance, silicon oil is chosen as a thermally conducting liquid,
and is applied on the top surface of the channels and on the rear
surface of the module before they are pressed against each other.
Forty ball valves are employed at the channels inlets and exits to
adjust the water flow rate, in addition, to keep the PCM in each
channel. The rear surface of the channels is thermally insulated
using a 1-inch fibre glass.

An organic solution PCM type (Calcium chloride hexahydrate;
CaCl2H12O6) is utilized in the current investigation with technical
specifications illustrated in Table 2. Before charging the channels,
the PCM is liquefied through a heating process in a water path until
reaching its melting point. Then, the selected channels are fully
charged with the liquid PCM. Preparing of a homogeneous mixture
of nanoparticles in the PCM liquid is the first step in applying the
Al2O3/PCMmixture as a heat transfer tool. The particles used in the
experiments are gamma-alumina (g�Al2O3) nanopowders; 99.99%



Fig. 2. A photograph of the experimental setup.

Table 1
PV module specifications.

Cell type Poly-crystalline
Peak power (Pe, max) 50W
Dimensions 670*550*35 (±1 mm)
Maximumpower voltage (Vmp) 18 V
Maximumpower current (Imp) 2.78 A
Open circuit voltage (Voc) 21 V
Short circuit current (Isc) 3.06 A
Maximum system voltage 1000 V
Ordinary operating PV temperature 45 �C

M.R. Salem et al. / Renewable Energy 138 (2019) 876e890878
purity, 40 nm average particle size with a surface area >200m2/g.
The thermophysical properties of g�Al2O3 nanoparticles are
revealed in Table 3. The dispersion of particles in the PCM liquid is
done using an agitator bath with four different mass
concentrations.

The cooling unit includes a 20 L stainless steel tank. The heat is
removed from the water in the cooling tank by a cooling unit. The
operation of the cooler is based on a pre-adjusted digital thermo-
stat. The external surface of the tank is thermally insulated. A DC-
pump of maximum power consumption of 4.2W is connected to
the cooling tank outlet to feed the channels with the desired flow
rate of the water. Through the experimental runs, the PV-current
Fig. 3. The straig
and voltage, the temperatures of panels' upper and back surfaces,
water inlet and outlet temperatures, solar irradiation, ambient air-
dry bulb temperature and wind speed are recorded. Eighteen
calibrated K-type thermocouples are utilized; sixteen are attached
at both surfaces of the two cells, while two thermocouples are
employed to estimate the inlet and outlet temperature of the
cooling water. All thermocouples are connected to a data logger to
record the temperatures. A variable area flowmeter, 0.002e2 L/min
flow rate range, is used to estimate the water flow rate.
3. Experimental procedures

The first step to record the data from the system is to fill the
cooling tank with water from the domestic water supply, then the
cooling unit and the pump are turned on. The temperature of the
water entering the channels (25± 0.5 �C) is adjusted by regulating
the temperature in the cooling tank through its thermostat. In each
experiment, the water from the cooling tank is directed to the
channels beneath the module at different flow rates as revealed in
Table 4. The flow rate is controlled using the flow meter and the
installed valves. The selected channels that pass the water in each
experiment are adjusted through their valves, while the other
channels are filled with liquid PCM or Al2O3/PCMmixture as shown
in Fig. 5. In this figure, lPCM is the fraction of the channels occupied
ht channels.



Fig. 4. Schematic representation of the channels cycle.

Table 2
Characteristic specifications of the used PCM.

Type Calcium chloride
hexahydrate; CaCl2H12O6

Melting point (�C) 31
Heat of fusion (kJ/kg) 191
Thermal conductivity (W/m$�C) Solid: 1.08

Liquid: 0.56
Density (kg/m3) Solid: 1710

Liquid: 1560
Specific heat capacity (kJ/kg$�C) Solid: 1.4

Liquid: 1.08
Kinematic viscosity (m2/s) Liquid: 0.00184
Thermal expansion coefficient (K�1) Liquid: 0.0005

Table 3
Properties of g�Al2O3 nanoparticles.

Thermal conductivity (W=m:�C) Densi

36 3600

Table 4
Range of operating conditions.

Parameters

Cooling water flow rate, L/min
Cooling water inlet temperature, �C
Ratio of the channels occupied by PCM (lPCM), %
Mass concentration of Al2O3 nanoparticles in PCM (4), %
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by PCM with respect to the total channels, defined as follow;

lPCM ¼ NPCM

Nch
¼ NPCM

20
(1)

Moreover, the PV surface is cleaned using a dry cloth and the
thermocouples are attached to their locations in the system. The
two-electric circuit necessary for measuring the two PV charac-
teristics; voltage and current, are assembled as illustrated in Fig. 6.
In this figure, the first multimeter (DC-Ammeter) is connected in
series with the variable load (Ohm-box), and both are connected in
parallel with the second multimeter (DC-Voltmeter). Then, all of
them are connected in parallel with the module. After that, the
ty (kg=m3) Specific heat (J=kg:�C)

773

Range or value

0�1 (0 � Mw � 5:31kg=s:m2)
25
0e100
0e1



Fig. 5. PCM and water occupation in the channels.

Fig. 6. Measurement circuit for cells characteristics.
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variable resistance is set to its greatest value to obtain the open
circuit voltage (Voc), then the slider is moved gradually to reduce the
resistance with recording the variation in the corresponding
voltage and current at each point up to reaching the zero-output
voltage; short circuit current (Isc).

Using the measured PV current and voltage, the I-V character-
istic curve is determined, and the electrical power is calculated.
Thereby, the maximum power point from the obtained curves is
obtained as revealed in Fig. 7. These procedures are started daily at
Fig. 7. Characteristic curves for
7 a.m., to let the system to run enough time before collecting the
first reading at 8 a.m. At this time, the incident radiation, the
modules-surfaces temperatures, cooling water inlet and outlet
temperatures, PCM temperature, the ambient dry bulb tempera-
ture, and the wind speed are recorded. These measurements are
repeated every 30min till sunset.

4. Al2O3/PCM mixture melting point

The temperature at which the Al2O3/PCM mixture is melted is
measured in the laboratory for different nanoparticles concentra-
tions. A solid piece of the Al2O3/PCM mixture is liquefied through a
heating process in a water path until reaching its melting point.
During the phase change process, the temperature of the mixture is
recorded until it is completely liquefied. The melting point is taken
as the average of the recorded temperatures. These procedures are
repeated three times, from which the mean melting point of the
Al2O3/PCM mixture is considered. Fig. 8a illustrates the obtained
results.

It is evident that the melting point of the pure PCM is 31.2 �C,
which is nearly the same as the recorded value by themanufacturer
(Table 2). It is clear also that the melting point of the Al2O3/PCM
mixture is reduced with increasing the nanoparticles concentration
to be 25.9 �C at 4 ¼ 1%. This may be due to increasing the thermal
conductivity of the mixture as a result of adding the alumina
nanoparticles. Furthermore, the stability of the Al2O3/PCM mixture
the cell; (a) I-V, (b) PPV-V.



Fig. 8. Average Al2O3/PCM mixture melting point; (a) At different nanoparticles concentrations, (b) Over 60 experimental days at 4 ¼ 1%.
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properties is examined to check the effect of multiple melting and
re-solidification of the PCM as well as the tilt angle of the cooling
system, which may cause a change in the nanoparticles concen-
tration in the PCM from one region to another along the channels.
Therefore, the stability of the mixture is verified through the
thermal cycling stability testing of the PCM [36,37], by taking a
sample of Al2O3/PCMmixture from both ends of the tilted channels
andmeasuring its melting temperature within twomonths with an
interval of 5 days. Compared to the melting temperature measured
before filling the channels with wax, which preceded the experi-
ments (day 0), tinny deviations in the melting temperature are
resulted during this period as shown in Fig. 8b.
5. Data reduction

After knowing the optimum values of the PV-voltage and cur-
rent, the following relations are utilized to examine its character-
istics. The incident solar radiation on the cell is calculated from;

Pin ¼ GS � APV (2)

The maximum module output power is obtained from;

PPVmax
¼ Vopt � Iopt (3)

The panel electric efficiency is calculated as follows;

he ¼
PPVmax

Pin
(4)

The percentage change in the electrical output power of the cell
is calculated as follows [33];

DPe ð%Þ ¼
"
PPV ; c � PPV ; ref �WP

PPV ; ref

#
x100 (5)

where Wp is the consumed power by the pump, calculated as
follows;

WP ¼ VP � IP (6)

The rate of the heat energy gained to the water in the channels
beneath the PV is obtained from;

Qth ¼ _mwCpw
�
Tw; o � Tw; i

�
(7)

The cooled PV thermal efficiency is calculated as follows;

hth ¼ Qth

Pin
(8)

The average cell temperature is calculated as follows;
TPV ¼ TPVf
þ TPVb

2
(9)

where TPVf
and TPVb

are the average temperatures of the PV panel
top and rear surfaces. Furthermore, Exergy is well-defined as the
available energy obtained by subtracting unavailable energy from
the total energy. Therefore, the estimation of the exergy efficiency
provides a qualitative assessment of the overall performance of the
PVT by comparing the electrical and thermal energy based on the
same standard [33].

ho; ex ¼ he þ hth

�
1� Ta

Tw; o

�
(10)

Ta is the reference ambient temperature in Kelvin. The mass con-
centration of the nanoparticles in the PCM is estimated as follows;

4 ¼ mnp

mtotal
¼ mnp

mnp þmPCM
(11)

The cooling water mass flux in each channel (kg/s.m2) is ob-
tained as follows;

Mw ¼ _mW

Ach
¼ rW

_VW

ð1� lPCMÞNch*ðHch*WchÞ
(12)

6. Verification of the modules output similarity

Because the cooled and un-cooled panels are tested in parallel,
their electrical efficiencies are compared under the same operating
conditions for the non-cooling case to test their similarity. The re-
sults of the comparison are demonstrated in Fig. 9.

It is seen that there are tiny differences between their electrical
efficiencies, which assure that they are identical and can be
compared at different cooling conditions.

7. Results and discussions

This work is accomplished through 69 days during which the
weather conditions are as follow: average wind speed range is
3.89e4.03m/s, the average ambient temperature range is
35.4e37.2 �C and average solar radiation intensity range is
632.5e650.8W/m2.

7.1. Panel temperature

Fig. 10 illustrates a sample of the recorded panel instantaneous
and average temperatures at different occupation ratios of the
(Al2O3/PCM)/water in the channels from lPCM¼ 0% (100% water) to



Fig. 9. Comparison between the two panels under the same conditions.

Fig. 10. Panel temperature at different PCM occupation ratios; (a) Instantaneous temperature, (b) Average temperature at 4 ¼ 0%, (c) Average temperature at 4 ¼ 1%.
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lPCM¼ 100% (0% water).
From Fig. 10a, it can be seen that the temperature of the panels

exhibits the same trend of the solar radiation intensity, which
firstly increases until reaching its maximum value at about 1 p.m.,
and then it drops as the time moves towards the sunset. It is also
illustrated that applying the cooling system whether using water
and/or Al2O3/PCM mixture provides a noticeable drop in cell tem-
perature compared with the uncooled one. In addition, it is noticed
that employing lPCM¼ 0% results in the lowest module temperature
at all times of the day, and its temperature increases gradually with
increasing the PCM occupation ratio. Moreover, Fig. 10b and c
shows that the average temperature of the modules decreases with
increasing the water flow rate; at lPCM¼ 0%, average drops in the
panel temperature of 14.5 �C and 12.3 �C are recorded at _VW ¼ 1:0
and 0.25 L/min, respectively. This temperature drop is decreased to
be 7.4 �C for lPCM¼ 100%. This is because increasing the water flow
rate enhances the rate of heat transfer from the PV and from the
PCM to the water, which slows down the phase change process of
the PCM, and consequently augments the chance of transferring
more heat energy from the cell to the PCM. Fig. 11 illustrates a
sample of the recorded cell instantaneous and average tempera-
tures at different nanoparticles mass concentrations in the PCM.

From Fig. 11, it is noticed that the PV temperature decreases
gradually with increasing the Al2O3 nanoparticles loading in the
PCM. This is owing to decreasing the PCM melting point as noticed
in Fig. 8, and to increasing the PCM latent heat of fusion with



Fig. 11. Panel temperature at different nanoparticles concentrations; (a) Instantaneous temperature, (b) Average temperature at lPCM¼ 25%, (c) Average temperature at lPCM¼ 100%.
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increasing nanoparticles loading [35]. Furthermore, it is observed
that employing lPCM¼ 0% provides lower module temperatures at
all times of the day when compared with the compound technique;
Al2O3(4 ¼ 0.25% or 0.5%)/PCM mixture þ water. It is also shown at
4 ¼ 0.75% that the compound technique; lPCM¼ 25%, provides a
cell temperature lower than that at lPCM¼ 0% at the same water
flow rate. While increasing the nanoparticles concentration to 4

¼ 1%, makes the compound technique (Al2O3/PCM
mixture þ water) better than employing 100% water at the condi-
tions. It is clear that lPCM¼ 25% (4 ¼ 1%) þ 75% water (1 L/min)
achieves the lowest panel temperature. It is clear also that at
lPCM¼ 100% (4 ¼ 0.25%), an average drop of 9.2 �C in the panel
temperature is reported, while this drop increased to be 12 �C at 4
¼ 1%. It is evident also that an average drop of 14.5 �C in the panel
temperature is recorded at lPCM¼ 25% (4 ¼ 1%) þ 75% water
(0.25 L/min) and this increased to be 16.6 �C at lPCM¼ 25%
(4 ¼ 1%) þ 75% water (1 L/min).
7.2. Panel electrical efficiency

Fig.12 demonstrates a sample of the reported instantaneous and
average electrical efficiencies of the cooled and uncooled panels at
different Al2O3/PCM occupation ratios in the channels beneath the
module.

It is revealed from Fig. 12 that the cooled cell supplies a higher
electrical efficiency than that of the uncooled one. It starts high at 8
a.m. and then decreases to reach its minimumvalue at nearly 1 p.m.
due to the increase in the panel temperature with increasing the
incident solar radiation. As the solar radiation intensity is going
down later, the electrical efficiency is going up gradually. In addi-
tion, it is noticed from Fig. 12a that employing lPCM¼ 0% results in
the highest electrical efficiency at all times of the day, and this ef-
ficiency decreases gradually with increasing the PCM occupation
ratio. Furthermore, Fig. 12b and c indicate that the electrical effi-
ciency increases with increasing the water flow rates. At lPCM¼ 0%,
the average electrical efficiency increases from 11.9% to 13% when
the water flow rate increases from 0.25 to 1.0 L/min, respectively.
Compared with the reference cell (he¼ 8.9%), the average per-
centage increase in the electrical efficiency is 33.4% and 45.5%,
respectively. Additionally, when all the channels are 100%
employed with pure PCM, the average electrical efficiency is 10.3%,
which corresponds to an average percentage increase of 15.7%.
Furthermore, Fig. 12 demonstrates that the electrical efficiency
decreases gradually with increasing the PCM occupation ratio.
Compared with the reference cell, the average percentage increase
in the electrical efficiency is 40.5% and 28.8%, at lPCM¼ 25% and
lPCM¼ 75%, respectively. In addition, when all the channels are
100% employed with Al2O3/PCM mixture, the average electrical
efficiency of the panel is 10.9%, which corresponds to a percentage
increase of 22.7%.

Fig. 13 shows a sample of the recorded instantaneous and
average electrical efficiencies of the panels at different Al2O3
nanoparticles concentrations.

It is revealed in Fig. 13 that increasing the nanoparticles con-
centration in the PCM augments the electrical efficiency of the
panels. Compared with the reference cell, the average electrical
efficiency increases by 32% and 37.1% at 4 ¼ 0.25% and 4 ¼ 1%,
respectively. This due to decreasing the module temperature with
increasing the particles concentrations. Compared with lPCM¼ 0%,
the compound technique is better only at lPCM¼ 25%, with nano-
particles concentrations of 1% and 0.75%, respectively. Fig. 14 pre-
sents a comparison for the percentage increase in the module
electrical efficiency in the present study, for lPCM¼ 100% at 4 ¼ 0%
and 1%, with that recorded by other researchers at approximate
operating conditions. It should be noted that these works used PCM
in a cabinet (not channels) behind the panel. It is clearly shown that
the present cooling system (lPCM¼ 100%) gives remarkable
enhancement in the electrical efficiency compared with other
works. This enhancement can be attributed to the channels walls,
which act as fins in addition to the enhanced thermophysical
properties of the PCM as a result of adding the nanoparticles.

It is obvious also in Figs.12 and 13 that the electrical efficiency of
the panels, which are cooled with water is higher than that of the
cooled panel using lPCM¼ 100%. While the percentage increase in



Fig. 13. PV electrical efficiency at different nanoparticles concentrations; (a) Instantaneous values, (b) Average values at lPCM¼ 100%, (c) Average values at lPCM¼ 25%.

Fig. 12. PV electrical efficiency at different PCM occupation ratios; (a) Instantaneous values at _Vw ¼ 0.25 L/min, 4¼1%, (b) Average values at 4 ¼ 0%, (c) Average values at 4 ¼ 1%.
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the electrical output power of the water-cooled panels is not the
same of the percentage increase in their electrical efficiencies as
they consume a part of their output in the pumping power required
to circulate the water in the system. Fig. 15 demonstrates the per-
centage change in the electrical output power of the cooled panels
when compared with that of the reference cell at different PCM
occupation ratios.

From Fig. 15a, it is presented that the 100% water-cooled panels
provide the highest percentage increase in the electrical output
power compared with using pure PCM/water cooling method.
Additionally, from Fig. 15bee, it is noticed that the compound
cooling technique; 25% (Al2O3/PCM) þ 75% water, provides the
highest percentage increase in the electrical output power when
compared with other techniques at the same conditions. This per-
centage decreases with increasing the PCM occupation ratio and
increases with increasing the water flow rate. Compared with the
reference cell, at 25% Al2O3/PCM (75% water), the average per-
centage increase in the electrical output power is augmented from
25% to 29.7%, while at 75% Al2O3/PCM (25% water), this percentage
is augmented from 20.9% to 25%when thewater flow rate increases



Fig. 15. Average percentage change in the electrical output power of the cooled panels at different Al2O3/PCM occupation ratios; (a) 4¼ 0%, (b) 4¼ 0.25%, (c) 4¼ 0.5%, (d) 4¼ 0.75%
and (e) 4¼ 1%.

Fig. 14. Comparison of the increase in present PV electrical efficiency with other researchers ((lPCM¼ 100%).
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Fig. 16. PV thermal efficiency at different Al2O3/PCM occupation ratios; (a) Instantaneous values, (b) Average values.
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from 0.25 to 1.0 L/min, respectively. While the percentage increase
in the electrical output power is 21.1% for the 100% (Al2O3/PCM)-
cooled panel.

It is evident also in Fig. 15 that the electrical output power of the
100% water-cooled panels is higher than that of the cooled panel
using a PCM or Al2O3/PCM mixture only. Nevertheless, the usage of
the water as an active enhancement technique has many con-
straints such as;

� The availability of thewater in the places at which the panels are
installed.

� The pumping power needed to flow the water through the
channels.

� The maintenance that may be required for the pump.
� The lower temperature of the cooling water where it may not be
available at all times of the day, and even it is available, from the
domestic water supply, geothermal water, river or sea, etc., its
temperature may not be constant throughout all times of the
day.

� The water-cooling system is relatively complex.

Therefore, although the usage of the PCM as a cooling technique
for the PV panel does not provide the highest electrical efficiency or
the electrical output power, it may be a superior solution for the cell
cooling as it solves these problems. The PCM does not need any
additional power or costs during modules operation, and it can be
used in numerous applications in which the water cannot be used.

7.3. Panel thermal efficiency

One of the benefits of using the water as a cooling medium for
the PV panels is that it provides a hybrid PVT system. In this case,
the solar cell is considered as a preheater for the water and saves a
part of the thermal energy required in any heating process. Fig. 16
presents a sample of the obtained instantaneous and average
thermal efficiencies of the cell at different Al2O3/PCM occupation
ratios, while Fig. 17 shows a sample of the reported thermal effi-
ciency at different Al2O3 nanoparticles concentrations.
Fig. 17. PV thermal efficiency at different Al2O3 nanoparticles co
It is clearly obvious in Figs. 16a and 17a that the cell thermal
efficiency exhibits also the same trend as the solar radiation in-
tensity. In addition, it is evident from Fig. 16 that the thermal effi-
ciency decreases with increasing the PCM occupation. This is
because of the increase in the heat energy transferred to the PCM
from the panel, which minimizes the heat energy transferred to the
water. It is shown also that the thermal efficiency increases with
increasing the water flow rate. At lPCM¼ 0%, the average thermal
efficiency increases from 44.2% to 68.4%, while at lPCM¼ 75%, it is
augmented from 27.2% to 48.6% when the water flow rate increases
from 0.25 to 1.0 L/min, respectively. Additionally, Fig. 17 displays
that the thermal efficiency decreases with increasing the Al2O3
nanoparticles loading especially before 1 p.m. This may be due to
increasing PCM latent heat of fusion, which allows the more heat
storage in the Al2O3/PCM mixture. While the effect of the nano-
particles loading is a slight after 1 p.m., at which the solar intensity
decreases and the PCM with higher nanoparticles concentration
has more storage heat energy but at a smaller melting point.

7.4. Panel overall exergy efficiency

Figs. 18 and 19 display a sample of the reported instantaneous
and average exergy efficiencies of the cells, respectively, at different
Al2O3/PCM occupation ratios.

It is clear from Fig. 18 that the cooled panels provide a higher
overall exergy efficiency than the uncooled cell. In addition, it is
seen that employing lPCM¼ 0% always gives the highest overall
exergy efficiency. Additionally, it is shown in Fig. 19 that the exergy
efficiency increases with increasing the water flow rates. At
lPCM¼ 0%, the exergy efficiency increases from 12.9% to 13.6% when
the water flow rate increases from 0.25 to 1.0 L/min, respectively.
Compared with the reference cell (ho, ex¼ 8.9%), the average per-
centage increase in the exergy efficiency is 44.2% and 52.3%,
respectively. Furthermore, it is seen from Figs. 18 and 19 that the
exergy efficiency decreases gradually with increasing the PCM
occupation ratio. Compared with the reference cell, the average
percentage increase in the exergy efficiency is 45.8% and 32.6%, at
lPCM¼ 25% and 75%, respectively. In addition, when all the channels
ncentrations; (a) Instantaneous values, (b) Average values.



Fig. 19. Average PV exergy efficiency at different PCM occupation ratios; (a) 4¼ 0% and (b) 4¼ 1%.

Fig. 20. PV exergy efficiency at different nanoparticles concentrations; (a) Instantaneous values, (b) Average values.

Fig. 18. Instantaneous PV exergy efficiency at different PCM occupation ratios; (a) 4¼ 0% and (b) 4¼ 1%.
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are 100% employed with Al2O3/PCM mixture, the average exergy
efficiency is 10.9%, which corresponds to a percentage increase of
22.7% with comparison with that of the reference panel. Fig. 20
shows a sample of the recorded instantaneous and average
exergy efficiencies of the modules at different Al2O3 nanoparticles
concentrations.

From Fig. 20, it is clearly shown that the cell exergy efficiency
slightly increases with increasing the nanoparticles concentration
in the PCM. Compared with the reference cell, the average per-
centage increase in the exergy efficiency is 37.6% and 41.3% at 4

¼ 0.25% and 1%, respectively.
8. Experimental correlations

Using the present data, experimental correlations are presented
to predict he, hth, and ho; ex of the PV module. They are correlated as
a function of the cooling water mass flux (M), the PCM occupation
ratio (lPCM), and the Al2O3 nanoparticles mass concentration (4) as
follows;

he ¼ 0:123 ð1þMÞ0:043ð1þ lPCMÞ�0:279 ð1þ 4Þ0:096 (13)
hth ¼ 0:435 ð1þMÞ0:584ð1þ lPCMÞ�1:526 ð1þ 4Þ0:14 (14)

ho; ex ¼ 0:128 ð1þMÞ0:076ð1þ lPCMÞ�0:364 ð1þ 4Þ0:064 (15)

Eqs. (13)e(15) are valid for 0 � M � 5:31kg=s:m2,
0 � lPCM � 100%, and 0 � 4 � 1%. Comparisons of the experi-
mental he, hth, and ho; ex with those predicted by the developed
correlations are demonstrated in Fig. 21.

It is obvious that the presented correlations are in good agree-
ments with the present data; the data falls of the proposed equa-
tions within maximum deviations of ±4:3%, ±7:3% and ±4:5% for he,
hth, and ho; ex, respectively.

9. Conclusions

This work provides an experimental investigation on the per-
formance characteristics of a PV module cooling effect using a
compound technique; water and/or Al2O3/PCMmixture with several
nanoparticles loadings and cooling water flow rates through straight
aluminium channels beneath the cell. The ranges of the investigated
parameters are 0 � M � 5:31kg=s:m2, 0 � lPCM � 100%, and
0 � 4 � 1%. The following conclusions can be expressed;



Fig. 21. Comparison of experimental values with that correlated by Eqs. (13)e(15); (a) he , (b) hth , (c) ho; ex .
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1. The PV characteristics are directly influenced by the solar radi-
ation intensity.

2. Applying the cooling system whether using water and/or Al2O3/
PCMmixture provides a noticeable drop in the cells temperature.

3. Compared with employing pure PCM, employing 100% water in
the channels provides the smallest module temperature and the
highest he, hth, and ho; ex and the highest percentage increase in
the electrical output power.

4. Increasing the Al2O3 nanoparticles loading in the PCM and the
cooling water flow rate and decreasing the Al2O3/PCM mixture
occupation in the channels reduce the panel temperature, while
they augment he, hth, and ho; ex.

5. The Al2O3 nanoparticles concentration of 4 ¼ 1% makes the
compound technique (Al2O3/PCM þ water) better than the
cooling with 100% water at the same operating conditions.

6. Applying lPCM¼ 25% (4 ¼ 1%) þ 75% water (1 L/min) achieves
the lowest cell temperature and the highest he, hth, and ho; ex.

7. Although the Al2O3/PCM of lPCM ¼ 100% does not provide the
highest electrical efficiency or the electrical output power, it
may be a superior solution for PV cooling as it solves the
problems that face the usage of the cooling water.

8. Experimental correlations are presented to estimate the elec-
trical, thermal and overall exergy efficiencies of the PV module.

Appendix

In the current investigation, the root-sum-square combination
of the influences the individual variables as developed by Kline and
McClintock [38] are utilized to calculate the uncertainty in all pa-
rameters. The maximum uncertainties are as follows;
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Nomenclatures

A: Area, m2

Cp: Specific heat, J=kg:�C
G: Solar heat flux, W=m2

H: Channel height, m
I: Electrical current, A
M: Mass flux, kg=s:m2

_m: Mass flow rate, kg=s
m: Mass, kg
N: Number
P: Power, W
Q: Heat transfer rate, W
T: Temperature, �C or K
t: Time, s
V: Voltage drop, V
Vl: Volume, m3

_V: Volume flow rate, m3=s
W: DC pumping power, W
w: Channel width, m

Greek Letters

h: Efficiency
4: Nanoparticles mass concentration
D: Differential
g: Gamma; the type of the used alumina nanoparticles
l: The occupation ratio of the Al2O3/PCM in the channels
r: Density, kg=m3

u: Uncertainty

Scripts

a: Ambient
ave: Average
b: Back
bm: Base medium
c: Cooled
ch: Channel
e: Electrical
ex: Exergy
f: Front
H: Channel height
i: Inlet
In: Incident
m: Mass
max: Maximum
mp: Maximum power
np: Nanoparticles
o: Outlet
oc: Open circuit
o, ex: Overall exergy
opt: Optimum
P: Pump
PCM: Phase change material
PV: Photovoltaic
ref: Reference
S: Solar/sun
s: Surface
sc: Short circuit
th: Thermal
V: Volume
W: Channel width
w: Water

Acronyms and Abbreviations

Al2O3: Aluminum oxide
DC: Direct Current
PCM: Phase change material
PV: Photovoltaic
PVT: Photovoltaic/Thermal
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