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The importance of utilizing the solar energy as a very suitable source among multi-source approaches to
replace the conventional energy is on the rise in the last four decades. The invention of the photovoltaic
module (PV) could be the corner stone in this process. However, the limited amount of energy obtained
from PV was and still the main challenge of full utilization of the solar energy. In this paper, the use of the
compound parabolic concentrator (CPC) along with the thermal photovoltaic module (PVT) where the
cooling process of the CPC is conducted using a novel technique of water jet impingement has applied
experimentally and physically tested. The test includes the effect of water jet impingement on the total
power, electrical efficiency, thermal efficiency, and total efficiency on CPC-PVT system. The cooling pro-
cess at the maximum irradiation by water jet impingement resulted in improving the electrical efficiency
by 7%, total output power by 31% and the thermal efficiency by 81%. These results outperform the recent
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highest results recorded by the most recent work.

© 2018 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
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Introduction

Solar energy is one of the main providers of clean and green
energy throughout the continual attempts to replace the tradi-
tional energy source. There are three main research lines for devel-
oping and utilizing the solar energy: experimental, theoretical, and
simulation. The experimental work focuses on developing the con-
centrating photovoltaic (CPC) as the main device towards estab-
lishing a larger scale of solar energy production. The work of CPC
requires either collecting the highest possible solar energy to uti-
lize it directly or converting it to electric power using photovoltaic
(PV) cells. The main work on CPC includes designing new products
and/or modifying the latest CPCs to optimize the solar power col-
lection. The majority of the current installations focus on the
CPC-huge size of parabolic concentrators, parabolic-trough con-
centrators, and Fresnel concentrators [1]. It was recorded that
the use of the solar power has increased by 100 fold during the per-
iod from 2000 to 2013 to reach a capacity of 139 GW [2]. Despite
this promising increase, the need for renewable technologies in
general and solar PV, in particular, is a very important factor to
curb the climate changes.
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The promising developments of utilizing the PV solar energy are
hindered by the high cost of the PV cells and low conversion effi-
ciency (6-15%) [3]. To achieve a good solution to this dilemma,
researchers are working to drop the cost of PV cells by using suit-
able materials and concurrently to designing new solar concentra-
tors (CPCs) [4]. In this regard, CPCs are getting bigger in size, less in
cost, and more efficient in solar energy collection [5,6]. The new
designs are also fortified by using very efficient cooling techniques
which are, in part, the theme of this paper.

Since the 1960s, researchers have involved in designing vari-
eties of CPCs for building integrating systems. It was found that
low concentrator PV systems are suitable due to their wide half-
acceptance angle which eliminates the need for tracking of the
sun [7,8] and the cooling requirements [9]. In another attempt,
the maximum power output of PV module was increased by 2%
by developing a flat-plate static concentrator (FPSC) [10]. It was
also found that the annual power production of the non-
concentrating PV was increased by 72% when CPC was involved
in the design [11]. The V-trough CPC was used and the maximum
power gain was up to 1.5 compared to the non-CPC system [12].
The 3-D CPC was introduced in the design and results have shown
that an optical gain of 2.3-fold was achieved [13]. In another devel-
opment, the dielectric material was extruded in CPC and the elec-
trical output was doubled by 5 times [14,15]. The dielectric CPC
was further improved by introducing the rotational concept and
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Nomenclature

Ac frontal area solar collector (m?)

b collector width (m)

Cp specific heat of working fluid (J/kg °C)
d diameter of nozzle (m)

Dy hydraulic diameter (m)

F collector efficiency factor

Fr heat removal efficiency factor

G, solar radiation at NOCT (W/m?)

hg heat transfer coefficient of fluid (W/m? °C)
k thermal conductivity (W/m °C)

L tube length (m)

1 thickness (m)

-m mass flow rate (kg/s)

N number of glass cover

p collector perimeter (m)

Qu actual useful heat gain (W)

G solar radiation (W/m?)

T temperature (°C)

UL overall heat transfer coefficient (W/m? °C)
U, top loss coefficient (W/m? °C)

\% wind velocity (m/s)

absorptance
collector tilt
emittance
transmittance
efficiency

Stefan’s Boltzmann constant (W/m? °C)
ambient

absorber thickness
cell

inlet fluid

glass

inlet

jet

outlet

plate

mean plate

PV photovoltaic

PVT photovoltaic thermal
th thermal
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the bare PV module has shown improvement of fold [16,17]. The
asymmetric CPC was also examined and compared to normal
CPC, the power concentration ratio was improved by 2.1 [18]. A
new CPC construction called cross CPC was designed and found
that the generated maximum power was increased by 3 times [19].

The efficiency of PV module is also influenced by the tempera-
ture. In 1978, the concept of PV-thermal (PVT) was introduced [20].
Since then, a number of experimental and simulation studies were
reported [21-23]. The efficiency of the PVT with a flat collector sur-
face was experimentally performed and verified by simulation
technique [21] while the PVT with a glazed surface was tested
using brine as a coolant [22]. The PVT was tested with the heat pipe
and the results were very encouraging for expanding the PVT tech-
nology [23]. It was also reported that non-tracking CPC troughs are
the best for normal buildings [24]. The performance of a double-
pass PVT solar air CPC collector was examined with the existence
of fins and the results showed that the heat dissipation from the
absorber was good enough to cool down the CPC using air as cool-
ant [25].

The debate about using a flat panel device has ended with
choosing the CPC for reasons such as better efficiency, less used
space, and environment. The new system was studied by several
researchers aiming at evaluating the optical, thermal, and electrical
efficiencies [26-28]. The results of these studies can be seen in the
work of Antonini et al. [29] when PVT the maximum power
attained was between 3.9 and 4.8 kW. Consequently, many sys-
tems can be designed and equipped to remove extra heat from
the PV cells as a manner of cooling, which helps to enhance its effi-
ciency due to its lowered resistance [30]. Most PVT collectors uti-
lize water or air to cool solar cells or transfer heat to the working
fluid. Huang et al. [31] proposed improvements that would result
in an increased PV efficiency of 9%, thermal efficiency of 44.5%,
and a total efficiency of 53.5% for the PVT collector. He et al. [32]
realized a PV efficiency of 5.42%, a thermal efficiency of 51.94%,
and a total efficiency of 57.38%. The experimental results show that
the thermal energy for unglazed PVT system exceeds that of the
glazed PVT collector. It was also seen that the efficiency of the
PV cell in the case of the unglazed PVT system exceeds that of
the glazed PVT collector [33]. Li et al. [34] experimentally analyzed

the performance based on the trough concentrating photovoltaic/
thermal (TCPVT) system of solar cell arrays at multiple irradi-
ance intensities. Dupeyrat et al. [35] analyzed a single glazed flat
plate PVT water collector. He reported that the standard PV
panel resulted in increasing thermal efficiency and decreasing
electrical efficiency, which is attributed to glazing. Abu-Bakar
et al. [4] analyzed the influence of asymmetrical compound
parabolic concentrator on both the thermal and electrical
performance, and he reported that coupling the PVT system with
a concentrating PV system results in the increase of electrical
output of the system. Tchinda [36] stipulated that the outlet
temperature of the air is inversely related to the mass flow rate
of air. It should also be pointed out that the fully covered
PVT-CPC water collector system is capable of meeting the elec-
trical and thermal demands. The electrical efficiency of partially
covered PVT-CPC water collector system is inversely correlated
with the solar cell temperature.

In this report, a PVT was designed as shown in Fig. 1 along with
the descriptions as depicted in Table 1. The principal characters of
the designed system are the use of the water jet impingent to cool
down the CPC and to increase the total efficiency of the system.

Fig. 1. Photograph of PVT-CPC collector.
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Table 1 Table 2
Specification sheet of PV module. PVT solar collector characteristics.
Characteristic Value Description Symbol Value Unit
Cell type Polycrystalline silicon Ambient temperature T, 33 °C
Number of cells 36 cells Collector area Ac 1 m?
Maximum power (Pyqx) 135W Number of glass cover N 1 -
Open circuit voltage (V,.) 21.80V Emittance of glass &g 0.88 -
Short circuit current (Is.) 797 A Emittance of plate &p 0.95 -
Maximum power voltage (V) 18.12V Collector tilt 0 0 °
Maximum power current (Ip,;,) 7.45 Fluid thermal conductivity ke 0.613 W/m °C
Cell open circuit voltage 0.6V Specific heat of working fluid Cp 4180 J/kg °C
Module efficiency (at STC) 15% Back insulation conductivity ky 0.045 W/m °C
Cell size 156 x 156 mm Back insulation thickness Iy 0.05 m
Insulation conductivity ke 0.045 W/m °C
Edge insulation thickness Ie 0.025 m
Absorber conductivity Kabs 51 W/m °C
Materials and methods Absorber thickness Labs 0.002 m
Transmittance T 0.88 -
Absorbance o 0.95 -

The water-based PVT solar collector system installed with a jet
impingement and CPC. The jet impingement cooling system was
made of a stainless steel tube with a diameter of 6 mm. The tubes
are connected using different connectors. Fig. 2, the PVT shows the
solar collector system of dimensions 1490 x 975 x 50 mm. The
PVT solar collector system has, at a minimum, one inlet and outlet
to allow medium (water) to enter and exit from the PVT solar col-
lector system, respectively. The jet impingement cooling system
was designed and a total of 36 nozzles in order to direct jet water
to the back of the PV module. The hot water is collected in a storage
tank. In the current experiment, the PV module was tested. As
shown in Fig. 2, the jet impingement cooling system was placed
on the back of the PV module. A K-type thermocouple was used
to measure the ambient and other temperatures. The thermocou-
ple is located in multiple places and connected directly to a data
logger. The mass flow rate of jet impingement can be regulated
between 0.167 and 0.333 kg/s. These data will be used later to
determine the performance of the system.

Experimental setup

The PVT water collector was tested at the Solar Energy Research
Institute (SERI), Universiti Kebangsaan Malaysia. The control
parameters (indoor test) include the PV mean, input, output and
ambient temperatures, wind velocity at the collector surface, the
useful current and voltage, and water jet to the PV module. The
construction the PV module and CPC are displayed in Fig. 1. In this
study, the PV module was constructed from 36 pieces of thin
wafers of polycrystalline silicon squared array of 156 mm by 156
mm and thickness of 200 pm. Table 2 tabulates the electrical char-
acteristic of polycrystalline silicon PV module. The jet impinge-
ment targets the back of the PV module, as shown in Fig. 2. A

CPC

Solar cells

nozzles
Hot water out

Fig. 2. The image of the PVT-CPC collector.

total of 36 nozzles were used for jetting water to cool the back of
the PV module. PVT water collectors were installed with the jet
impingement system and tested in a laboratory at multiple mass
flow rates of water jet impingement. The experimental setup and
complete measuring system for the PVT collector are shown in
Figs. 3 and 4, respectively. The experimental testing was conducted
under steady-state conditions to determine the performance of the
PVT system. The thermal performance of the PVT collectors can be
tested by obtaining the instantaneous efficiencies of different com-
binations of incident solar radiation, inlet fluid temperature, outlet
fluid temperature, and ambient temperature. The PVT collector
with the jet impingement system was tested outdoors from 9:00
am till 4 pm. The effect of mass flow rates of 0.167, 0.25, and
0.333 kg/s were duly tested. The thermocouple was used to deter-
mine the temperatures at several points in the PVT collectors. A
total of 18 thermocouples were uniformly distributed on the back
of the PV module to measure the mean PV temperature. Other
thermocouples were fixed on top of the PV module, water tank,
inlet and outlet fluid, and at the base of the PVT collector. A
data-acquisition system with 32 channels was connected to the
computer system to record the data from the PVT collector, and
stored every minute. The data can be used to calculate the electri-
cal, thermal, and PVT efficiencies of the PVT collector for changing
mass flow rate and solar irradiance levels. A water pump was used
to activate the jet water to cool the PV module, while hot water
was collected in the thermal collector and connected to the heat
exchanger, and then channeled to the storage tank to form the
closed-loop system.

Energy analysis

The thermal efficiency (7,,) and electrical efficiency (#,,) for the
system were duly determined, due to the fact that both are repre-
sentative of the system’s performance. The analytical parameters
of the PVT collector are tabulated in Table 3.

The performance of the system is represented by Eq. (1) [37]:

eyt = Mele + Men (1)

In the current study, the PVT system was analyzed using multi-
ple mass flow rates. The PVT collector has assumed a flat-plate col-
lector with a single glazing sheet. This assumption allows us to
utilize the Hottel-Whillier equations to study the thermal perfor-
mance of the PVT collector [37]. The thermal efficiency of a con-
ventional flat-plate solar collector is the ratio of the useful
thermal energy (Q,) to the solar Irradiance (I), expressed by:

Moy = Qu/1 (2)
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Fig. 4. Photograph of the experimental set-up.

Table 3
The design parameters of the PVT collector.
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Fig. 3. The schematic diagram of the PVT-CPC collector.

The useful gain heat collected by the flat-plate solar collector
can represent the combination of the average mass flow rate rm,
the heat capacity of flowing medium (C,), and temperature differ-
ence at the collector inlet (T;), and outlet (T,):

Q, =mCy(T, - Ty) (3)

The Hottel-Whillier equation defines the difference between
the absorbed solar radiation and thermal heat losses [37]:

Qu = AcFr[Gr(t2)py — Un(Ti = To)] (4)

where (A.), is the collector area, (T,), is the ambient temperature,
(T;), is the inlet temperature, (U;), is the overall collector heat loss,
(Mpy), is the PV thermal efficiency, (Gr), is the solar radiation at
NOCT (radiation level 800 W/m?, wind velocity 1 m/s, and ambient
temperature 26 °C), and (Fg), is the heat removal efficiency factor
introduced [37]. This factor is expressed as follows:

e (e
p

where F' is the collector efficiency factor whose values can be found
in standard tables.

The overall loss coefficient (U;), of the collector, is the sum of
the edge (U,), and top (U,), loss coefficients, and can be expressed

— mCP
- Acu[_

Fr (5)

Parameters

The length of PV module (L)

The width of PV module (W)

The wind velocity (v)

The mass flow rate of water (ri1)

The heat conductivity of glass cover (kg)
The absorptivity of glass cover, ag

The number of nozzles

The diameter of nozzle (d)

The thickness of solar cell (d.)

The heat conductivity of solar cell (k.)
The spacing between nozzles to solar cell (H)

[37] as:

U =U.+ U, (6)
Value U, = kepl (7)

LA,

2m
0.6 m 1
2
0.;“7li<g/s U = N 1 n 0(Tom +Ta)(T§m +T2)
0.7 W/m K Tomn—Ta] € Ry ] ~1 | 2N4f-14+0.133ep
0.7 Wim = [ m ] (€+0.00591Nhy,) " + 2033 N
36 pcs
0.001 m (8)
0.0003 m where
148 W/m K
10 mm C =520(1 - 0.000051p%) 9)
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f = (1+0.089h,, — 0.1166hy,&,)(1 + 0.07866N) (10)
e:0.43<1—@> (11)
Tpm
Ag
Tom =Ti + ATH (1-Fg) (12)
Tom :@ (13)

Tym: Mean temperature of PV module
Ty Up plate temperature

(T] +T1+T3+T4+Ts+Tg +T7+...+T18)
18

where, Tp,: temperature mean back PV module where N is the
number of glass covers, ¢ is the Stefan-Boltzmann constant, &p is
the plate emittance, &, is the glass emittance, $ is the collector tilt,
Tpm is the mean plate temperature, and h,, is the wind heat-transfer
coefficient. The heat transfer coefficients, such as the forced convec-
tion (h,) can be calculated using Eq. (13), while the natural heat
transfer coefficient (hn,) can be calculated using Eq. (14) [37], as
follows:

hy =2.8+3.0v (15)

Tom = (14)

hnat = 1-78(Tpm - Ta) (16)

A combination of the natural and forced convection heat trans-
fer coefficients (Egs. (13) and (15)) determines the overall convec-
tion heat transfer (h.) and possibly the overall top loss heat-
transfer coefficient for the collector [37].

he = /b3 + 12, (17)

Egs. (3-15) can be used to determine the useful heat gain emit-
ted by the PVT collector. The reorientation of Eq. (3) can be used to
determine the thermal efficiency of the collector [37]:

T, -T,
Ny, = Fr(T0l) — FRUL< C > (18)
T
The electrical efficiency of the PV module (7, ), which is a func-
tion of module temperature, is given by [38]:

Ny = N:(1=7(Tc = T1)) (19)

where #, is the reference efficiency of the PV module (5, = 0.12), y
is a temperature coefficient (y = 0.0045 °C), T, is the cell tempera-
ture, and T, is the reference temperature.

Results
Solar irradiation and ambient temperature variations

The hourly variations of the ambient temperature and solar
intensity in Universiti Kebangsaan Malaysia (UKM), Bangi. The nat-
ure of this report is experimental while all relevant parameters
under investigation are calculated using suitable formulas as it will
be explained later. The collection of the data was carried out
between 10:00 am and 4:30 pm. The solar irradiation varies with
multiple parameters such as the ambient temperature, humidity,
wind speed, haze, and the condition of the sky whether it is sunny
or cloudy. Fig. 5(a and b) shows the solar irradiation measured in
W/m? for the sunny and cloudy day where the area under the curve
is reduced by 35% based on Excel calculation of the area.

The measurements were restricted to the following solar irradi-
ation: 500, 600, 700, 800, 900, and 1000 W/m? which appear

during the day in the location of this experiment. The maximum
irradiation curve taken during the time of measurements is shown
in Fig. 6. The solar irradiation curve is fitted using Excel-quadratic
equation and the fitting curve is shown in the inset of Fig. 6. Based
on the equation of fitting the distribution of the solar energy is
symmetrical about the time of 1:00 pm where the azimuthal direc-
tion appears in Kuala Lumpur, Malaysia at about this time.

The other important parameter besides the variation of the
solar irradiation is the variation of the ambient temperature since
it influences the calculation of the efficiencies. The average tem-
perature taken at the location of the experiment during the month
of March 2016 is shown in Fig. 7. The variation of the temperature
from about 29 °C in the mid-morning to about 32.5 °C around the
peak. The solar irradiations and the relevant temperatures are then
used precisely in the calculation using the quadratic fitting curves
shown in Figs. 6 and 7 in order to have a reliable calculation. In pre-
viously reported papers where the efficiencies are calculated, there
was no mentioning to consider the variation of the ambient tem-
perature and, more likely, it was considered constant throughout
the day.

The PV temperature is recorded during the time of collecting
data along with the corresponding temperature due to cooling
using the water impingement technique. The data show that in
Fig. 8 the reduction in the temperature was 16 °C, 18 °C, and
24 °C, at 10 am, 1 pm, and 4 pm, respectively. This reduction of
CPC temperatures is caused by the new cooling technique of water
impingement.

Water impingement technique

The temperature of the PV-CPC system has to be reduced in
order to increase the overall efficiency. To achieve this purpose, a
novel approach was designed with jet impingement system.
Regarding the water flow rate, the nozzle diameter was chosen
at 1 mm, the flow rate was set at 0.167, 0.25 and 0.333 kg/s, and
the nozzle height to the PVT-CPC module was set at 10, 20, 30
and 40 mm. The temperature was monitored by 18 thermocouples
mounted at several points in the PVT collectors. Other two thermo-
couples were fixed at the top of PV module, water tank, and inlet
and outlet fluid and at the base of PVT collector. A data-
acquisition system with 32 channels was connected to the com-
puter system to record data from PVT collector and stored every
minute. This data can be used to calculate the electrical, thermal
and PVT efficiencies of the PVT collector with changing mass flow
rate and solar irradiance levels.

Variation of electrical, thermal, and overall efficiency of PVT

The hourly variations of electrical efficiency and cell tempera-
ture of the PVT solar collector are shown in Fig. 9. The PV cell tem-
perature increases from 32.5 °C at 10 am, to 66.5 °C at 13:00 pm,
and then decreased to 40 °C at 4:00 pm. As the temperature of
the solar cell increases, the electrical efficiency decreases reaching
its minimum value at the highest temperature attained of the solar
cell between 12:30 and 1:30 pm. It is clearly seen that the electri-
cal efficiency decreased from 14.5% at 10 am, to 12.25% at 1:30 pm,
then increased to 14% at 4:00 pm.

Fig. 10 shows the hourly variation of electrical, thermal, and
overall (PVT) efficiency for the solar collector with CPC. It can be
seen that the electrical efficiency decreased from 14.5% at 10 am
to 12.25% at 1:30 pm, then increased to 14% at 4:00 pm. The elec-
trical efficiency decreases due to the PV cell temperature increase
from 32.5°C at 10 am to 66.5 °C at 13:00 pm. It can also be seen
that the thermal efficiency decreases from 84% at 10 am to 81.5%
at 1 pm, then to 80% at 4:00 pm. The overall efficiency is decreased
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Fig. 5. Irradiation during (a) sunny day and (b) cloudy day.

from 96% at 10 am, to 93% at 13:00 pm, then to 94% at 4:00 pm. The
current results are in agreement with the work [32].

Effect of mass flow rate on the output power

The purpose of the water impingement is to cool down the sub-
strate of the CPC which results in increasing the overall efficiency
of the system. To achieve this purpose, the water impingement is
controlled by two parameters: the mass flow rate and the height
at which the nozzles are mounted beneath the CPC. Fig. 11 shows
the effect of increasing the mass flow rate from 0.17 to 0.33 kg/s at
a height of 10 mm. The maximum power attained at about 1 pm
increased from 146 to 160 W. The increase reflects the effect of
cooling the CPC. The results agree with the findings of Huang
et al. [31] and Zondag et al. [39].

As a typical example, the electrical efficiency is rated at a differ-
ent mass flow rate as shown in Fig. 12. The electrical efficiency of
the CPC increases linearly with the increasing mass flow rate.

The performance evaluation of present PVT with jet impinge-
ment and CPC was investigated experimentally regarding the elec-
trical and thermal efficiency of the system. Table 4 and relevant
Figs. 13 and 14 show a comparative summary of PVT collector
between the present study designs and other absorber collector
designs. Garg and Agarwal [40] studied experimentally forced cir-
culation flat plate solar water heater with solar cells. The experi-
mental results of a PVT collector showed that the maximum
electrical and thermal efficiencies were 8%, 49%. Huang et al. [31]
suggested that further improvements achieve the electrical effi-
ciency of 9%, a thermal efficiency of 44.5%. He et al. [32] managed
to achieve the electrical efficiency of 5.42%, the thermal efficiency
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Fig. 11. The variation of the output power of PVT at three mass flow rates.
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Fig. 12. The variation of electrical efficiency with mass flow rate of water for PVT-CPC collector.
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Table 4
Comparison the current work with other studies in literature.
PVT collector design Nele Neh Reference
PV module with tubes, PVT 8% 49% [40]
PV module with tubes, PVT 9% 445% [31]
PV module with tubes, PVT 5.42% 51% [32]
Sheet and tube PVT, no cover 9.7% 53% [39]
BPVT collector 11.3% 55% [41]
PVT collector with jet impingement and 13.75% 81% (Present
CPC Study)

of 51.94%. Zondag et al. [39] studied the electrical and thermal per-
formance of sheet and tube for PV-thermal collectors. The electrical
efficiency of 9.7%, a thermal efficiency of 63% for PVT collector with
channel below transparent PV. Ibrahim et al. [41] studied experi-
mentally the performance of BPVT. It was clearly seen that the val-
ues of the electrical efficiency and thermal efficiency are 11.3% and
51% respectively. The results of the present study of PVT collector
with jet impingement with CPC shows that the maximum an elec-
trical efficiency, thermal efficiency, and output power are 25.5%,
81%, and 9.5%, respectively.

Conclusion

In this study, an experimental investigation on PVT water col-
lector system with jet impingement cooling and CPC was pre-
sented. The electrical performance of the PVT system with CPC
was compared to a PV module. A polycrystalline silicon solar mod-
ule with a jet impingent cooling system, combined with a stainless.
A polycrystalline silicon solar module with the water jet impingent
cooling system, combined with a stainless mirror CPC was
designed, assembled, and analyzed. The experimental results
showed that the integration of CPC in photovoltaic thermal collec-
tors is superior in terms of electrical and thermal performance
compared to a conventional flat plate PVT collector. Experiments
were carried out to analyze the influence of jet impingement of
water in PVT-CPC on both the thermal and electrical performance
in addition to the output performance. The experimental results
showed that the integration of CPC in PVT collectors is superior
in terms of electrical and thermal performance compared to a con-
ventional flat-PVT collector. The electrical and thermal efficiency of
PVT-CPC system increased using jet impingement cooling system
due to the high transfer between the back of the PV cell and cooling
fluid by water jet impingement. The cooling process at the maxi-
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Fig. 13. Comparison electrical efficiency for PVT solar collector with jet impingement and CPC with other pervious PVT design system.
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Fig. 14. Comparison thermal efficiency for PVT solar collector with jet impingement and CPC with other pervious PVT design system.

mum irradiation by water jet impingement resulted in improving
the electrical efficiency by 7%, total output power by 31% and the
thermal efficiency by 81%. These results outperform the recent
highest results recorded by the most recent work.
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