ISSN: 0974-5823 \/ol. 7 No. 1 January, 2022

International Journal of Mechanical Engineering

Evaluating the tracking effect on the performance of
a hybrid photovoltaic system operating in a closed
cooling cycle

Arkan Eltaief Khalaf '*, Muhammad Asmail Eleiwi', Tadahmun A. Yassen'

! Mech. Eng. Dept., College of Eng., Tikrit University, Tikrit, Irag_

arkan.a.khalaf43290@st.tu.edu.iq, muham76@tu.edu.iq, tadahmunahmed@tu.edu.ig

Abstract

In this paper, the electrical and thermal performance of a hybrid photovoltaic thermal system (PVT)
operating with active cooling for a closed water cycle has been evaluated. Experimental tests were
conducted on the hybrid photovoltaic thermal collector (PVT) to extract the heat from it for water
heating purposes and reference photovoltaic collector (PV) in Iraq - Samarra, situated at the latitude
(34.26° N) and the longitude (43.89° E). Several experimentations have been conducted through the
months of March and May 2021 at main mass flow rates (m ‘w) of (0.014 Kg/s), with different thermal
loads (m ) of (0.0031, 0.0046, and 0.0084 kg/s), and depending upon environmental circumstances.
The results manifested that the maximum daily electrical (n.;,,,), thermal (7 w), and the overall
efficiency of PVT system (7 soveran) With tracking was 9.7%, 34.4%, 44.1%, respectively at m ‘.
(0.0084 kgfs), and 9.28%, 27.8%, 37%, respectively without tracking at the same m ‘. The highest
improvement in the electrical power (E.P) of the PVT was 81.7% at m %, (0.0084 kg/s) with tracking.
Moreover, the present study evinced that the daily overall efficiency of the PVT collector (7 ¢ overan) and
1 s.overall Were higher than those obtained by previous studies.

Keywords: PVT, Tracking, Cooling, Water jet

1. Introduction

The photovoltaic systems are the solution to the problem of carbon emissions and non-fossil fuels used
to generate electricity. Solar cells that absorb sunlight and convert it into E.P can provide E.P supply in
various fields. The photovoltaic system has advantages that other sources do not have. It is a medium
power source and has a lengthy lifetime ranging within (20-30 years), also the operation of the system
does not require a continuous human monitoring and many labors, its maintenance is low, and its
components are easy to install [1] [2]. Shihabudheen and Arun, 2014 [3] presented an analytical study
of the PVT for water heating installed at Calicut-India (11° 15 N, 75°46 E). The system consists of a
mono PV panel with an area of 2.1 m2, an absorption plate and copper tubes for transporting the cooling
fluid, a tank with 100 L capacity, a water mass flow rate of 0.01 kg/s, and a glass cover placed over the
PV panel to increase the thermal performance. It was found that the n;,,,,,., and #q.. reached 10.5% and
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30%, respectively. Bahaidarah and Haitham, 2016 [4] introduced an experimental and numerical
study to evaluate the performance for two systems; the uncooled (PV) system, and the cooled (PV)
system by the water jet-impact cooling of the (PV) panels exposed to the climatic circumstances of the
Dhahran city in the Middle East. Results showed that the temperature measurements for the solar cell
were (69.7°C) and (47.6°C) for an uncooled system for June and December, correspondingly. After
implementing a jet cooling, the average cell temperature decreased to (36.6°C) for June and (31.1°C) for
December. The conversion efficiency and the power output were improved by (66.6%) and (51.6%) by
applying a jet cooling for June, correspondingly. In December, the results elucidated an improved
performance of (82.6%) in conversion efficiency and (49.6%) in power production. Mustafa et al., 2018
[5] presented an experimental project of design and application of a simple as well as low-priced solar
tracker system in Iraq - Baghdad with biaxial (azimuth angle and altitude angle) by utilizing Light
Dependent Resistor (LDR). This project consists of a solar panel, LDR sensor module, dual-motor
satellite dish, ball-joint, and an electronic circuit to obtain the maximum power from the solar panel. It
was concluded that the maximum extraction of the energy from the sun was achieved by making the
solar collector normal to the solar radiation, and the outcomes evinced that the solar tracker has more
output power than the fixed solar panel by 35%. Motahhir et al., 2018 [6] introduced an experimental
study that includes a designed and implemented dual-axis active solar tracker (DAST) that tracks the sun
using inexpensive components. A two-axis mechanism has been developed for controlling the (PV)
panel tilt towards the higher concentration of the sunlight that captured via the (LDR) sensors, which
being located at the (4) corners of (PV) panel. The model of the dual-axis active solar tracker has been
built virtually as well as examined employing Excel to determine its efficiency. This study was
conducted in Morocco, and the comparison based on the experimental results elucidated that the model
of the dual-axis active solar tracker produced (36.26%) further power than the fixed panel. Hasan et al.,
2018 [7] presented an experimental and theoretical study that included the design and implementation
of a PVT with a system of water jet collision. The indoor testing system was conducted by using the
solar simulator in the laboratory. The levels of solar radiation were varied from (500 W/m?) to (1000
W/m?) in the indoor test. At each solar radiation, the level of water (7 ) Was changed from (0.033
kg/s) to (0.16 kg/s). The experimental results showed when applying water jet cooling, the maximum
PV, thermal, and total PVT efficiencies were 11.35%, 72%, and 81%, respectively at the solar radiation
intensity level of 1000 W/m?. The mathematical results were close to the experimental results with an
accuracy of (95.8%) and (99.6%) for the (PV) and the thermal (PVT) efficacy, correspondingly. Kim et
al., 2019 [8] conducted an experimental and numerical work of the use of passive cooling technology for
photovoltaic panels using heat sinks. The experimental work was conducted in Korea, the meshes made
of aluminum and iron being used as one of the passive cooling techniques, and the indoor tests were
conducted using a solar simulator to analyze the performance of cooling. In the experimental work, it
was found that the temperature of aluminum and iron meshes reduced the temperature of the PV module
by 6.56°C and 4.35°C, correspondingly. The numerical results showed that the cooling performance is
better when using the fins compared to the metal meshes. Barone et al., 2019 [9] presented an inventive
water PVT prototype. The collector consisted of a poly-crystalline photovoltaic module and installed on
its back eleven plastic pipes inside an aluminum box for heating the water. Practically, the PVT was
connected to a thermosiphon storage tank. The tests were conducted experimentally at the Patras
University (in Greece). The prototype can provide both electricity and hot water for the domestic use.
An appropriate model of the dynamic simulation was evolved and confirmed versus the investigational
data. This system operates at (2) various rates of flow (0.013) kg/sec and (0.016) kg/sec and at a tilt
angle (30°and 50°). Experimental results showed that the maximum thermal and electrical efficiency of
the PVT system was 25% and 16%, respectively, and a very good agreement was between the
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experimental and the simulated values. Vladimir Ivanovich et al., 2010 [10] introduced an
experimental work that combines both the active and passive cooling techniques for improving the
electrical output of a (PV) module. An ultrasonic humidifier and the fins made up of aluminum as a heat
sink was used to cool the PV panel. The purpose of using an ultrasonic humidifier is to generate a humid
environment at the backside of the PV panel. The cooling system was capable to decrease the (PV)
average temperature via (14.61°C), and such decrease achieved a (6.8%) enhancement in the efficacy of
PV. The average power of the cooled panel reached (12.23 W) against (10.87 W) for the uncooled panel.
The total consumption of water reached approximately 1.5 L through the entire investigational
procedure owing to the evaporation.

All previous studies did not use a jet collision water technology at outdoor testing for cooling the (PV)
panel and for heating the water with the use of a solar tracking system under the Iraqi weather
conditions. The present study used jet collision water cooling with tracking by the outdoor testing under
the climatic Iragi conditions to better evaluate the tests of PVT and PV. The aim of the present work is
to conduct a practical study to know the effect of m ‘i, m ., and tracking on the performance of the
PVT and their role in heating the water to the best level for the domestic use. The work was performed
under the environmental conditions of Samarra city in Irag.

2. Methodology

Here, the assembly of system, the principle of operating, the setup of experiment, and the
instrumentations are explained. This system consists of two photovoltaic collectors, one PV and the
other a PVT collector for water heating, comprising a thermally insulated cold and hot water tank
(HWT), and a thermally insulated rear cooling basin. The PVT collector is equipped with a manual
mechanism that allows it to track the sun.

2.1. PVT System assembly

Monocrystalline solar cells having the dimensions (length 148 cm and width 68 cm) were used. The
cooling basin is attached to the PV rear surface and it is made of galvanized iron with a thickness of (0.1
cm) in a form of a rectangular basin with dimensions (length 148 cm * width 68 cm * height 15 cm).
Ten nozzles with (0.04 cm) diameter for each of them were installed on the basin back, distributed
uniformly in two rows and (30 cm) away from the outer edges and from each other at regular distances
in order to install the water jets that are connected to flexible tubes, as shown in the figure (1). This
distance ensures that the water is evenly distributed over the entire back area of the PV panel when the
water is pumped into the nozzles by the electric pump. To reduce the heat loss from the walls and pipes
of the basin to the outer surrounding, the basin is insulated with glass wool available in the local
markets, with a thickness of 5 cm and with thermal conductivity (0.045 W/m.°C). The PVT is equipped
with a manual mechanism to allow it to track the sun for making the solar radiation normal on panel
surface through the day for increasing the intensity of solar radiation falling on the panel through the
day, and this will lead to an increase in the electrical and thermal energy (Qg) at the same time. The
PVT and PV are equipped with a flexible bar to adjust the inclination angle of them from the horizon
with the change of time during the year for the city of Samarra to make the solar radiation normal on the
panels according[11] . The water tank is made of galvanized iron with a capacity of 20 L. The tank is
insulated from the outside to reduce the heat losses and it is equipped with a float to control the amount
of water entering it from the cold water tank (CWT) which feeds the HWT with cold water when there is
m ., as well as two valves installed at the bottom, one to control the amount of water flowing into the
pump and the other to adjust the amount of m ‘.. Further explanations about the construction
parameters are comprised in Table (1).
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Figure (1): (a) Profile of the PVT, and (b) Nozzles Connecting

Table (1): PVT specifications

Part Item Technical Specifications
Cell Type Monocrystalline
Maximum Power ( P max) 150 W
length 148 cm
PV Panel Width 68 cm
Thickness 4cm
Front cover Tempered glass
Absorbance 0.95
Type PWM
Charger Controller Rated Current 30A
Rated Voltage 12v/24v
Number 2
Battery Capacity 48 AH
Voltage 12V
Type Diaphragm Pump
Water Pump Power/voltage 30watt/24 VDC
Working flow 1.1LPM
Type 150 W DC-DC
St(e:p-up Boost Input Voltage 10v-30vDC
onverter
Output Voltage 12v — 35v DC
Material Galvanized steel sheet
length 148 cm
Rear cooling basin Width 68 cm
Height 15cm
Thickness 0.1cm
Insulation Material Glass wool
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Thickness 5¢cm
Thermal conductivity 0.045W/m."C
Material Metal
Nozzle Number 10
Jetting hole diameter 0.04 cm
Material Galvanized steel sheet
HWT Capacity 20L
Thickness 0.1cm

2.2. Experimental installation and instruments

Twelve k-type thermocouples were used to measure the temperature at specific locations of the PVT and
PV, can measure the temperature in the range (0-200°C), and are installed as follow:

Three thermocouples are on the PVT surface, three on the PV surface, one at the water inlet to the PVT,
one at the water outlet from the PVT, one inside the HWT, one at the drain of the HWT (for m %), one
from the CWT, and one to measure the ambient temperature. All these sensors are connected to a
manual selector switch (SS) to select the thermocouple whose temperature is to be measured. The SS is
connected in turn to a digital thermometer within the range (-50°C to 1300°C) to measure the
temperature with an accuracy of 0.3% and to read the temperature of each thermocouple selectable from
the SS. A solar meter (type Daystar.inc DS-05A) is used to measure the radiation intensity with an
accuracy of 3%. A digital relative humidity meter (type LT-2) is utilized with an accuracy of 5%. The
Avometer (type VC10C) with an accuracy of 0.8% is portable to measure the voltage of batteries. A volt
and current meter (type Mini Panel meter dual LED Display) is employed with an accuracy of 1%. An
electric diaphragm pump (type CSC-100) with a power of 30 watts is used to circulate water from the
tank and to the collector with a power of 30 watts at a maximum water flow rate of 1.1 LPM. A
flowmeter (type LZS-15 %") is utilized with an accuracy of 4% for measuring the rate of pump water
flow, such rate of flow can be governed by a valve, and the pump's E.P can be controlled through
regulator voltages. A glass beaker is utilized for measuring and adjusting the volumetric flow rate of
m ‘... Figure (2) depicts the investigational work's setup.

Strainerl Hot water
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Figure (2): The schematic diagram of the PVT system

2.3. Experimental Work

Experiments being conducted outdoor in the northern suburb of Samarra-Iraq (latitude 34.26°N and
longitude 43.89°E) for two cases (with and without tracking) and with the main m ‘yy Of (0.014 kg/s) in
each case. The m . was taken with the test start-up at 8:30 am until the end at 4:30 pm with three
values of m ‘. of (0.0031, 0.0046, 0.0084 kg/s). The electrical load is (100 Watt) in each case. The
experimental data were recorded from 8:30 am to 4:30 pm. The inclination angle of PVT and PV is
adjusted from the horizon with the change of time during the year at the latitude angle (34.26°) for the
city of Samarra to make the solar radiation normal on the panels. At the beginning of each experience,
the sunny climate is selected free of clouds, and the PVT and PV are cleaned thoroughly, tracking the
sun manually. The hot and cold water tanks are cleaned and filled with distilled water, fully pre-charged
the batteries, connect the charge controller to PVT and PV, connect the pump to the battery, and the
mass flow is adjusted through the flow meter. The measuring instruments are turned switched on. The
data are recorded at the end of each (30 minute). The assembly of the PV and PVT parts prepared for
testing is shown in figure (3). The study encompasses the following models:

1- PV without cooling and PVT using water as a cooling fluid without tracking.

2- PV without cooling and PVT using water as a cooling fluid with tracking.
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Figure (3): (a) Experimental PVT test rig, (b) Locations of the thermocouples on the PV panel, and (c)
Thermocouples locations inside the HWT
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2.4. Calculations
Table (2): Mathematical formulas calculations

The heat input to the PV and PVT is[12] [13]

t

Qin = fo Iy Apy dt M

The energy saved in the tank is [14]:
Qstor = Mytr CD v (wa = Tywi) (2)

The daily useful thermal energy from the PVT is [15]:

t1
Qu = mowtr Cp wtrf (Tcolle.out - colle.in) dt (3)
0

The total m °y, energy taken from the water tank is [16] [17]:

t1
QL =Mt CPths f (Ttni out — Tew in)dt 4)
0
The average daily thermal efficiency with m %, is [18]:
Qstore + QL
Natn = : og_ ()
mn

The average daily thermal efficiency of system is:

° t1
thr prtr (wa - Twi) +m th.L Cpth.L fo (Tth.L out — Tc.w in)dt
t
Apyr Jy Ir dt

(6)

Nan =

The E.P generated from the solar cell is:
E.Ppy=1%xV )

The daily electrical efficiency rate is [2] :

t1
_ o Vey * Ipy dt

Nelpy = (8a)
W Ay fyIr dt
t1
fo Vpyr * Ipyr dt
n elpyr = t (8b)
Apyr fo Iy dt
The overall efficiency is:
Novera = Npy + Nen ©)]

3. Experimental uncertainty analysis

The sources of errors are widely classified into (3) groups of error groups: Calibration, Data collection,
and Data reduction. There're numerous error sources of the element for each group. The producer
delivered the measuring devices or apparatuses and different information systems with a list of
specifications, like The independent parameters, like temperature drifts, linearity, deceleration,
repetition, accuracy, relative humidity, precision limit (P) solar radiation, and the bias error (B)
employing the technique of Collect-Root-Sum Squares (RSS)[19][20] , as in Table (3).
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Table (3): Mathematical formulas of uncertainty

The bias error (B) can calculate from:

B=+ \/(0.5 * Resolution)? + (Accuracy)? (10)
(X)) : The scale mean value or the measuring mean is:
n
_ 1
X) = —Z Xi (11)
n i=1
The standard deviations (c X) of the sample distribution is:
ax
oX=— 12
N (12)
The entire precision error limits are expressed as:
Px=t(N—1),95% *0 X (13)

For obtaining a 95% confidence of uncertainty (Uy):
Ux = £[B? + Px?]'/? (14)

The relative uncertainty (in percentage) is calculated as:

_Ux % == (_Ux) 100 15
= *

x 77 \Xx (15)

The uncertainty calculation for the mentioned parameters in the present paragraph is depicted in the
Table (4).
Table (4): The uncertainty of the measured parameters

_ U
B X oXx ox Px Ux YX %
I (W/m2) +0.5 ]990.49 45,24 22.6 71913 | 71914 | +7.26
D % +0.07 | 38 2.58 1.29 4,104 4,105 +10.8

Tamw (CC) | £0.05 | 2502 | 093 | 046 | 1463 |1.464 | 585
Tin (C) +0.05 | 3358 |1.12 | 056 |1.781 |1.782 |53

Tox CC) | £0.05 | 42.85 |126 | 0.63 | 2.004 |2.005 |+4.67
Tenk (C) | 20.05 | 36.02 | 1.26 | 0.63 | 2.004 |2.005 | £5.56
TLow('C) |20.05 | 3504 |1.26 |0.63 |2.004 |2005 |#5.72
T.im(CC) |£0.05 | 2727 099 |0.49 |1559 |1559 |#572
Tevr('C) | 20.05 | 47.65 |1.22 | 061 | 1041 |1941 | +4.07
Tev CC) | £0.05 |53.67 |153 |0.76 |2.418 |2418 |+45

| (Amp) +0.01 | 4.97 008 | 004 |0.127 |0.127 |+2.56
V (Volt) | +0.05 | 1677 | 026 |0.13 | 0413 |0.416 |+2.48

4. Results and Discussion

In this section, the experimental study of the overall system performance upon the ecological
circumstances (sunny day) of the Samarra city in Iraq has been introduced. Many experiments were
conducted through (March, May 2021). The PVT has been tested with and without tracking. For the PV
and PVT, one can compute the # ¢pv and # ¢pr from the equations (8a) and (8b), respectively. For the
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PVT, one can compute the # 4., from equation (6). The (#s.overan) Of PVT can be calculated from the
equation (9).

4.1. PVT with m . and without tracking

For studying the overall system performance of the PVT, the system was tested without tracking. The
test was conducted on (29/3/2021, 28/3/2021, and 26/3/2021) with m %, of (0.0031, 0.0046, and 0.0063
ka/s), correspondingly at the main cooling water flow rate of (0.014 kg/s). Figures (4a-4c) evince that
the solar radiation first starts to rise from the first hour of the test (8:30 am) and reaches its highest value
(1154.7, 1140, and 1047.1W/m?) at 12:30 pm on 29/3/2021, 28/3/2021, and 26/3/2021, respectively and
then begins to decrease gradually. It was noted in the same figures that the relative humidity changes
with the hours of the day, which is inversely proportional to the intensity of solar radiation.
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Figure (4): The change in the solar radiation intensity and humidity with the time on:
(a) 29/3/2021, (b)28/3/2021, and (c) 26/3/2021

Figures (5a-5¢) manifest the change of the temperature of the PVT and PV, tank water temperature, and
ambient temperature with the local time. The maximum value of the PVT and PV surface temperature
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was first (46, 53°C) on 29/3/2021 at 1:30 pm, (43, 46°C) on 28/3/2021 at 12:30 pm, and (48, 57°C) on
26/3/2021 at 1:00 pm with m %, of (0.0031, 0.0046, and 0.0063 kg/s), respectively and then decreased
with the decreasing of the solar radiation intensity. The maximum value of HWT was 38°C, 33.5 °C, and
39°C on 29/3/2021, 28/3/2021, and 26/3/2021, respectively. Figure (5c) shows the temperatures
difference between the PVT and PV surfaces . It was observed that this difference was the largest
compared to other figures due to the presence of the high m %, on the HWT.

B Tpv av. (°C) uncooled ¢ Tpv av. (°C) cooled ® Tpv av. (°C) uncooled ¢ Tpvav. (°C) cooled
# Ttank (°C) # Tamb(°C) # Ttank (°C) # Tamb(°C)
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Figures (5): The change of temperatures with time with m %, of (0.0031, 0.0046 and 0.0063 kg/s) on:
(a) 29/3/2021, (b) 28/3/2021, and (c) 26/3/2021, respectively

Figures (6a-6¢) reveal the change in E.P produced from the PVT and PV with the local time. From these
figures below, one can notice that the E.P produced began to rise since the early morning hours. The
maximum value of the PVT and the corresponding value for PV was (85, 75 W) on 29/3/2021 at 10:30
am, (99.6, 92.6 W) on 28/3/2021 at 11:30 am, and (86, 75 W) on 26/3/2021 at 11:00 am with m ’p of
(0.0031, 0.0046, and 0.0063 kg/s), respectively. It was observed that the electrical generation first
decreased due to the increase of PV and PVT temperature at 12:00 pm, 12:30 pm, and 12:00 pm for the
figures (6a to 6¢), respectively and then decreased gradually with decreasing the intensity of solar
radiation. For all these three figures, the PVT remained superior to the PV in electrical production from
8:30 am until the last reading at 4:30 pm due to the use of m .

At the 1% m %, (0.0031 Kg/s), the total electrical energy (Qe produced from the PVT and PV was (2.23,
2.01 MJ), respectively with an enhancement of 10.9%, at the 2" m thL (0.0046 Kg/s), it was (2.41, 2.25
MJ), respectively with an enhancement of 7.1%, and at the 3™ m ‘. (0.0063 Kg/s), it was (2.18, 1.9
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MJ), respectively with an enhancement of 14.7%. The highest percentage of enhancement in the
electrical performance of the PVT was 14.7% at the 3 m %, and the reason is that the greater the m ‘.
extracted from the HWT, the greater the heat extraction from the PVT, which leads to a decrease in its
temperagure and then an increase in its E.P. It was noted from these three cases that the best cooling was
at the 3" m % L.
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Figures (6): The change in the E.P produced from PVT with using m %, of (0.0031, 0.0046, and 0.0063
kg/s) and PV with time on: (a) 29/3/2021, (b) 28/3/2021, and (c) 26/3/2021, respectively

4.2. PVT with m %, and with tracking

For studying the overall performance of the photovoltaic system, the PVT system was tested with
tracking and PV without tracking. The test was conducted on (15/5/2021, 16/5/2021, and 17/5/2021)
with m %, of (0.0031, 0.0046, and 0.0084 kg/s), correspondingly at the main cooling water flow of
0.014 kg/s. Figures (7a-7c) depict the solar radiation change for PVT and PV, as well as the relative
humidity with the local time. The ultimate solar radiation determined through the PVT experiment with
the corresponding value of PV was (1066.6, 978.6 W/m?), respectively on 15/5/2021 at 11:00 am,
(1076.4, 998.2 W/m?), respectively on 16/5/2021 at 11:00 pm, and (1125.3, 1076.4 W/m?), respectively
on 17/5/2021 at 1:30 pm. The daily solar radiation for PVT and PV was (28, 23 MJ/ m?) for figure (7a),

Copyrights @Kalahari Journals Vol. 7 No. 1(January, 2022)

International Journal of Mechaanical Engineering
903



(28.5, 23.27 MJ/m?) for figure (7b), and (29.58, 24.63 MJ/m?) for figure (7c) with a percentage increase
of 21.7%, 22.4%, and 20%, respectively, due to the presence of the tracking, which increases the
intensity of the solar radiation falling on the PVT. It was noted in the same figures that the relative
humidity was stable at 10% during the daylight hours.
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Figures (7): The change of the solar radiation intensity and humidity with the time on: (a)15/5/2021,
(b)16/5/2021, and (c)17/5/2021, respectively

Figures (8a-8c) view the variation of the PVT and PV temperatures, maximum tank water temperature,
and ambient temperature with the local time. The maximum temperature value of the PVT with the
corresponding value of PV was first (65°C) for each on 15/5/2021 at 1:00 pm, (64, 70°C) on 16/5/2021
at 11:00 pm, and (62, 65.8) on 17/5/2021 at 1:30 pm with m % of (0.0031, 0.0046, and 0.0084 kg/s),
respectively, and then decreased with the decreasing of the solar radiation intensity. The maximum value
of HWT was 55°C, 50°C, and 47°C, on 15/5/2021, 16/5/2021, and 17/5/2021, respectively. Figure (8c)
shows that the PVT temperature was less than the PV temperature from 8:30 am until the end of the test
at 4:30 pm despite the presence of the tracking that causes an increase in the solar radiation intensity.
This is due to the presence of the biggest m ‘. (0.0084kg/s) on the HWT which led to the large
temperature difference between PVT and PV compared to the other cases.
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Figures (8): The change of temperature with the time in the presence of both tracking and m . of
(0.0031, 0.0046, and 0.0084 kg/s) on: (a) 15/5/2021, (b) 16/5/2021, and (c) 17/5/2021, respectively

Figures (9a-9c) portray the change in the E.P produced from the PVT (in the presence of m % with
tracking) and the PV with the local time. It was noticed that the E.P produced from the PVT and PV
began to rise since the beginning of the test at 8:30 am. The maximum power value for the PVT and the
corresponding value for PV was first (96, 58.5 W) on 15/5/2021 at 10:30 am, (100.6, 47.8W) on
16/5/2021 at 9:30 am, and (106.6, 60W) on 17/5/2021 at 1:30 pm with m %, of (0.0031, 0.0046, and
0.0063 Kkg/s), respectively and then decreased gradually with the decreasing of the intensity of solar
radiation with the large difference between PVT and PV as a result of tracking, and the PVT remained
the highest production of E.P from the 8:30 am until the end of the test at 4:30 pm.

The Qg produced from the PVT and PV was (2.52, 1.54 MJ), (2.61, 1.48 MJ), and (2.89, 1.59MJ) with
an enhancement of 63.6%, 76.3%, and 81.7% with m %, of (0.0031, 0.0046, and 0.0084 Kg/s),
respectively. It was observed that the highest enhancement rate was 81.7% due to the presence of the
tracking that increased the intensity of solar radiation with using the biggest m %, (0.0084 kg/s) drawn
from the HWT, which extracted the heat from PVT and led to a decrease in the PVT temperature,
therefore led to an increase in the E.P production.
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Figures (9): The change in E.P produced from PVT with using tracking and m %, . of (0.0031, 0.0046,
and 0.0084 kg/s) and PV with the time on: (a) 15/5/2021, (b) 16/5/2021, and (c) 17/5/2021, respectively

4.3. The overall electrical and thermal efficiency of the PVT

Figures (10a-10b) illustrate the variation of energy balance for the total input energy and the total energy
output (sum of electrical and thermal energy) for the PVT without and with tracking at three values of
m ‘., respectively. The energy quantity that received from the solar radiation (input energy) without
tracking will be less than the energy received with tracking, so the output energy with the tracking will
be higher than the output energy compared to without tracking. Figure (10a) shows that the maximum
total energy output was (8.73 MJ) without tracking, at the 3 m ‘., while it was seen from the figure
(10b) that the highest total energy output was (13.13 MJ) with tracking, at the 3" m ‘., which was
greater than the total energy output at the 1% and 2" m . with an enhancement of 37.2% and 18.2%,
respectively.

Figure (11) presents the variation of the #s.overann for two models (without tracking, with tracking) with
three values of m ‘%, respectively. It was observed that the #soverann increased significantly with the
increasing of the m %, because of the reduction in the PVT temperature, and it was also noted that the
Ns-overall With using tracking is bigger than the #s.overan Without using tracking, because the tracking
increased the intensity of solar radiation. The maximum #s overan Was 44.13% and 37%, with and without
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tracking, respectively. The highest #soveran Was reached 44.13% in the presence of tracking at the 3"
m L.
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Figure (10): The energy variation with the m % (kg/s)
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Figure (11): The #s.overan Variation with the m . (kg/s)

4.4. Comparison of current study with preceding studies

A comparison of the results of the current study with the results of previous studies on the experimental and
theoretical work is given in Table (8) indicating the as follows:

1- Compared to the previous work by Shihabudheen and Arun [3], who obtained the # ¢oweran reached 39.8%
without tracking at m °, (0.01 kg/s), the # ¢overan in the current study was 48% without tracking at m°,, (0.014 kg/s)
with m % (0.0084 kg/s), and the weather conditions were better than the weather conditions of the previous

studies. The # ¢ oeran Of the current study is superior to the # ¢ oeran Of the previous study despite using glass cover
and PV above an absorber plate made of copper which has a high thermal conductivity.

2- The 7 coveran in previous work by Barone et.al.[9] was 38.6% with tracking at m°, (0.016 kg/s), whereas in the
current work, it was 52% and 48% with and without tracking, respectively, at m °, (0.014 kg/s) with m | (0.0084
ka/s), and the weather conditions in the current study were similar to the weather conditions in the previous study
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in the case of no tracking, and were better in the case of with tracking. The # ¢oweran Of the current study was
superior to the 7 ¢ overan OF the previous study, despite using m “u higher than the current study.
This proves that the cooling system of PV by using water jet system gives higher efficiency than the cooling
system in the previous studies.

Table (8): Comparison of the results of current study with the results of proceeding published studies

Ref Search Operating Type PV Cooling m° Tank m’ Loy, Tav.amb o
' type time IArea system (kg/s) (L) (kgls) | (Wim?) | (cc) | Meoveral”®
[3] Absorber
Shihabud| Practical 9:00am Mono/ plate , 39.8
-heen & to 2 1m2 copper tubes 0.01 100 - 510 - Without
and Arun| theoretical 5:00 pm ' and glass tracking
2014 cover
. Plastic tubes
[6] Practical 10:40am Poly/ with 38:6
Barone et & to 17:00pm 1.62m? aluminum 0.016 60 i 810 26 With
al. 2019 | theoretical ' ' box tracking
. 8:30am 48
C\;‘Vrorfl?t F)Trﬁgmzy to 1'\882%2 waterjet | 0014 | 20 | 0.0063 | 789 24 | Without
4:30pm . tracking
. 8:30am 52
P\;\fgﬁﬂt ?ﬁgﬁﬁzy to 1'\’(')%2%2 waterjet | 0014 | 20 | 00084 | 1015 | 39 With
4:30pm . tracking

5. Conclusions
The electrical and thermal performance of the PVT is enhanced to the best level with the presence of
cooling system and tracking, and it can be concluded that:

1- The PVT is more efficient than the PV.

2- The 77 soveran and 77 ¢ overant INCrease with increasing m ...

3- Cooling the PVT leads to an increase in the all E.P produced from it, and Qy, is used to heat the water.

4- The Qg produced by the PVT increases directly with the increase of both solar radiation and m ..

5- The highest total energy produced was in the presence of tracking at 0.0084 kg/s, which is (13.13 MJ).

6- The 7 soveran With tracking is greater than the 7 soveran Without tracking at the same main flow rate and

m th.L.
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Nomenclature

2 _ Temperature of the working fluid

A Area of the PV module (m?) T colle.in inlet to collector (°C).

2 Temperature of the working fluid
Ac Area of collector (m?) T colle.out outlet to collector (°C).
CPwir  Heat capacity of the water (J/kg.”C) Tov av. ?\clgrage temperature of PV panel
Im Maximum current of PV (A) Twi (°C) Initial tank water temperature (°C)
Isc Short-circuit current of solar cell (A) Twi (°C) Final tank water temperature (°C)
Vi Maximum voltage of PV (V) Trank Tank water temperature (°C)
| Solar radiation (W/m?) T max l(\ilé))(lmum tank water temperature
o The total incoming solar radiation Tt Ambient temperature (°C)

energy(MJ)
Tevrey) The maximum temperature of PVT,
max ((C) PV panels (°C).

Temperature of the hot water drawn
from the HWT (°C).

Temperature of the cold water
QL Thermal energy of thermal load (MJ) T cwin supplied to the HWT (°C).

Qout Total energy output(MJ)

Qstor Thermal energy stored in the tank(MJ) T t.Lout

Qe Total electrical energy of PVT,PV (MJ) m° Water mass flow rate of collector

(kg/s)
Q Total thermal energy of PVT (MJ) m° .o ?{l(gfss) flow rate of thermal load
E.P E.P (w) M wtr Mass of water in the tank (kg)
t (s) gSﬁ ng;utrr?s d;); global - solar radiation Tamb Ambient temperature (°C)
Greek symbols
1 elpv Mean daily electrical efficiency of PV
1 elpvr Mean daily electrical efficiency of PVT
7 d-th Mean daily thermal efficiency of system
Toverall Overall efficiency
Nsoveral  Daily overall efficiency of system
necoveral  Daily overall efficiency of collector
¢ Relative humidity
Abbreviations
PVT Hybrid photovoltaic thermal collector
PV Reference photovoltaic collector
HWT Hot water tank
CWT Cold water tank
SS Selector switch
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