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Abstract

Photovoltaic(PV) cells are one of the most important resources of renewable energy. In this paper, anexperimental comparative
performance study between PV module and water-cooled photovoltaic/thermal (PV/T) solar system at different flowrates of (0.5, 1, 1.5,
2) L/min is presented andincluding their thermal and electrical performances. The experiments werecarried out under outdoor exposure
to the climate of Hilla, Iraq(32.46 °N, 44.42 °E). Solar irradiance, the temperatures on the front surfaces and back sheet of PV and PV/T
solar system, flowing water, ambient air and wind speed are measured. In addition, the electrical power of PV module and PV/T solar
system is measured.

The results show that the maximum enhancement ratio of electrical efficiency of the PV/T solar system compared with PV module is
18.86% in March at flowrate of 2 L/min. The minimum enhancement is 13.36 % in July at flowrate of 0.5 L/min. The maximum overall
efficiency improvement ratio of PV/T solar system compared to PV module is 81% in March at flowrate of 2 L/min while the minimum
improvement is 74.08% in July at a flowrate of 0.5 L/min. The maximum average of cooling water temperature rise is 11.28 °C at a

flowrate of 0.5 L/min in March, while the minimum is 2.69 °C at a flowrate of 2 L/min in July.

Keywords: Solar energy, PV/T solar system, PV module, experimental investigation, comparative study, performance, cooled water.

1. Introduction

Due to the growing environmental concerns and the depletion of
fossil fuel, the world is paying more regard to use of renewable
energy.Solar energy appears to be more promising and
Sustainableenergy resource(Tiwari et al., 2009).

Today, Photovoltaic (PV) cell is one of the fastest growing
renewable energy technologies. According to renewable global
status report 2016, the global energy production with PVVmodules
reached to 230 GW and installed capacity is projected to be
beyond 500 GW in 2020 (Sathe and Dhaoble, 2017).

Photovoltaic technology has been developing quickly and studies
showed that only less than 20% of solar energy could be converted
into electricity while the rest being wasted as heat. This heat raises
the temperature ofPV cells. Efficiency of PV cell decreases by
about (0.4-0.65)% at increment one degree °C of temperature rise
(Brahim and Jemni, 2017).

The concept of hybrid photovoltaic/thermal (PV/T)solar system
refers to usePV module as part of the thermal collector, where PV
module is cooled by circulating fluid to reduce its temperature
and improve its performance, and benefit from extracted heat to
increase the total efficiency of the system (Brahim and Jemni,
2017).

PVIT solar system produces heat and electricity simultaneously
where the PV module produces electrical power, but acts also as a
heat absorber surface to transfer the heat for various applications
like space heating, industrial process of heating and preheating,
crop drying and so on. A PV/T solar system can work with a

medium temperature of (60 - 80°C) and suitable electrical
efficiency (Ibrahim et al., 2011).

The PVIT systems are classified depends onthe typeof fluid used,
the shape of the system, the type of the collector used, integrated
into a building or not, existence of glazing on the system and a
PVIT solar system’s characteristics (Sathe and Dhoble, 2017).
The history of hybrid systems began with the work of Wolf Kern
and Russellin the middle of 1970s. Many experimental studies
done in recent years to develop and improve the efficiency of
PVIT solar systems.Conventionally, air and water are being used
as athermal fluid in PV/T solar systems.Al harbiet al.,reportedthat
the electrical power generation of PV module decreased more than
30% in summer compared to that power generation during winter
inSaudi Arabia.Sopian et al.,2000 developed and tested a double
pass photovoltaic thermal solar system suitable for solar drying
applications.Ocampo et al.,2007reported that the hybrid system
implemented with a bifacial module produces a large amount of
electrical energy than a conventional PV/T solarsystem by 40%
approximately. Fudholi et al., 2013 showed the spiral absorber
water PV/T solar system produced the best electrical efficiency
and a thermal efficiency of other absorbers.Othman et al., 2015
proposed a design of a solar system that is able to provide both hot
water and hot air to improve the annual thermal conversion ratio
of solar energy.

The water PV/T solar system consists of the same parts that used
in the water solar collector with the PV module is installed on top
of the collector (Hasan and Sumathy, 2010).

The water PV/T solar system more efficient compared to the air
PVIT solar system due to the better thermo-physical properties
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compared to air, but the air based most practical due to the
minimum operational cost. (Chow, 2010).

The objective of the present work is to compare the performance
of water PV/T solar system with PV module under Iraq climatic
conditions.The performance of water PV/T solar system
includesthe electrical  efficiency (ne)and the thermal
efficiency(ne). The electrical efficiency (ne) of the PV module is
the ratio of the maximum electrical power (P,,) produced by the
module to solar irradiance. The thermal efficiency of water PV/T
solar system is the ratio of the maximum useful heat energy
generated by the module to solar irradiance. The efficiencies are
calculated by equations below(Zondag et al., 2002):

Ne = Pm/(SR Ace) o))

ﬂth = n.1(:f('I‘fo_Tfi)/(SRAce) (2)

Where: SR is solar irradiance,A, is area of solar cell, m is mass
flowrate,csis heat capacity of coolingwater,Tg, is temperature of
outlet cooling water and Tgis temperature of inlet cooling
water.The overall efficiency (n,)is combined of thermal

efficiency and electrical efficiency as below:

Ny =Me + Ny (3

2. Experimental Work

A special experimental rig is constructed to study the
performances of water PV/T system and PV module. It comprises
from the following parts:

1. Two PV module type ISP100 used in this study as shown in
Figure (1a).

2. One of PV modulesis modified to be a PV/T system by
attaching a cooling pocket to the whole area of its backside. The
pocket is made of Acrylic (glass plastic) with thickness (6 mm)
with a depth of (7 mm). The cooling water enters at the bottom
and leaves at the top. The cooling water is in direct contact with
the back sheet of the PV module that used in the PV/T system as
shown in Figure (1b).

3. A thermal insulator from polystyrene board (foam) with
thickness (50 mm) to minimize the back and side losses is used.
4. Frame and sections of aluminium are manufactured to support
the water pocket and contains the insulation layer and
thermocouples used for temperature measurement, as shown in
Figure (1 b and c).

The cooling water is directly contact with the back sheet of PV
module that used in PV/T solar system. 3. A thermal insulator
from polystyrene board with thickness (50 mm) to minimize the
back losses.

4. Frame and sections of aluminium are manufactured to base
Water channel and contained the insulation layer and
thermocouples, which placed on the back sheet of PV module as
shown in Figure (1c).

5. Two steel structures are designed to support the PV module
and PV/T solar system at the chosen tilt angle (35° in March and
11.5° in July) and stationary south facing.

6. Two insulated plastic tanks of 500 litter with insulated plastic
pipes to supply the cooling water at constant head to PV/T system
to get the required volume flowrate.

Figure (2) shows the schematic diagram of PV/T solar system,
while Figure (3) shows the different parts of the rig. The technical
specification of materials of rigandtechnical data of PV module
used in this work are given in Tables (1) and (2) respectively.
Figure (4) shows locations of thermocouple node. The tests have
been taken at a different volume flowrate (0.5, 1, 1.5 and 2)
litre/min, each day one flowrate.

a:PV module b:Channel of Cooling Water c:Back Side of PV/T System
Fig. 1: PV Module and Parts of PV/T Solar System
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Fig. 2: Schematic Diagram of PV/T Solar System
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Fig. 4: Schematic Diagram of Locations of Thermocouples
Table 1: Technical Specification of Materials of Rig at (20°C)
Material Thermal conductivity W/(m .°K) Heat capacity kJ/ (kg. °K) Density kg/m®
Water 0.591 4.184 997.04
Polystyrene board(foam) 0.03 1.3-1.5 32-35
Acrylic(glass plastic) 0.19 1.46 1180
Aluminium 237 0.902 2700
Table 2: Electrical and Technical Data of PV Module at Standard Testing Condition

Model of Module 1s100p Mono Open circuit voltage 22 Volts
Peak power 100 Watts Voltage at max. power 17.8Volts
No. cell 36 Nominal temperature 45+(2) °C
Dimension of cell 125*125 mm Temperature cell range -40to +85°C
Nominal Voltage 12 Volts Dimensions of Module 1200*540*40 mm
Current at max. power 5.62 Ampere Weight 9.3kg
Short Circuit Current 6.15 Ampere Power tolerance + 3%

3. Measurement Instruments

They following instrumentations are usedin this work:

1. Thermometer, type Lutron BTM-4208SD, a digital and12
channel with SD card is used to record the temperature of the inlet
and outlet water andthebackside of the PV cells.

2. Twelve calibrated thermocouple, type k, Nickel Chrome/Nickel
Aluminiumare used to measure the temperatures. Ten of them are
distributedon the backside surface of the panels and two are fixed
on the inlet and outlet of cooling.

3. Hot wire Anemometer, type Lutron YK-2005AM is used to
record the ambient temperature and wind speed.

4. Thermal camera, type FLIR i5 is used to measure the
temperature of the front surface of PV module and PV/T system.
5. Solar Module Analyzer, type PROVA 200A is used to record
the characteristic voltage, current and power of the PV module
and PV/T system.

6. Solar meter, type TES 132 is used to measure solar irradiance.

7. A Flow meter, type SHLLJ is used to measure the flowrate of
cooling water range (1-8) litter /min.

The range, resolution and accuracy of the instrumentations are
shown in Table (3).

Table 3: Range, Resolution and Accuracy of Instrumentations

Instrument Measureme | Rang | Resolutio Accuracy
S nt e n
Thermomete | Temperature | -50.0 0.1°C +(04%+1)°C
r Type to
Lutron 999.9
BTM- °C
4208SD
(type k)
Hot  Wire | Air speed 0.2 to | 0.1m/s +(5%+0.1)m/s
Anemomete 20.0
r Type m/s
Lutron YK- | Air -50.0 0.1°C +08°C
2005AM(ty | Temperature | to
pe k) 1300.
0°C
Solar Voltage 10- 0.01V +1%+
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Module 60V (1%V,+0.09)V temperature measurements, electrical measurements and
Analyzer Current 0-1A | 0.001A +1%+(1%I15+0.00 | performance measurements as below:

Type 9)A

PROVA

200A. 4.1Temperature Measurement Results

Solar Meter | Solar 0 to | 0.1W/m? | +5%0.38W/m?/°

Type TES | radiation 2000 C from 25 °C Figure(5) shows the variation of ambient air temperature and solar
132 w/m? irradiance with timeduring the test days withclear sky conditions.
Thermal EMEAT | O 10 )| EH +2%°C ofreading | The ambient air temperature follows the incident solar radiation
_clfanlelr:aLlR 250°C | pixels from sunrise to solar noon, after which a considerable deviation in
i5yp its behavior is indicated. It is noted thaton 12 March, the ambient

4. Results and Discussion

The experiments were carried out under outdoor exposure
conditions under the climate of middle Iraq (Hilla city) within the
University of Babylon Campus, located at 32.46 °N, 44.42°E.
The effect of cooling on electrical and thermal performanceof PV
Module has been studied. The experimental results include

air temperature is about 30°C, while on 2 July the maximum
ambient air temperature is upper 45 °C.

Figure (6) shows the variation of ambient air temperature and
wind speed with time for selected clear days during the test
period. The ambient air temperature decreases with increasing
wind speed and then effect of wind speeddecreases when ambient
air temperature continuous by raising result of accumulating the
heat energy in the ground.
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Fig. 5: Ambient air Temperature and Solar Irradiance with Time for Selected Day from 2018
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Fig. 6: Ambient Air Temperature and Air speed with Time for Selected Days from July 2018

Figure(7) shows that the average temperature of the back sheet of
PV module follows thetrend of solar irradiance. The figure also
shows the back sheet temperature of the PV/T system. It is shown
the maximumback sheet average temperature of PV module rises
to about 59.47°C for 12 March2018 and 68.26°C for 2 July 2018,

while for the PV/T system, it drops to 32.35°C and49.7°Cat inlet
cooling water temperature of 20.05°C and 35.8°C respectively
andflowrate of 1.5 L/min. It is clear that cooling has significant
effect on back sheet temperature.
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Fig. 7: Temperatures Average of Back Sheet of PV Module and PV/T System, Ambient Air Temperature and Solar Irradiance with Time for Selected Day

from 2018

Figure (8)shows that the daily average temperature of the back
sheet of a PV module is higher than that of the PV/T system for all
tests and the temperatures in July are higher than in March. The
maximum daily average temperature of PV module is 66.86°C on
4 July, while the minimum temperature is 55.93°C on 12 March.
The maximum daily average temperature of PV/T solar system is
48.89°C on 4 July at a flowrate of 0.5m L/min, while the
minimum temperature is 30.52 °C on 13 March at a flowrate of 2
L/min. Figure (9)illustrates the temperatures of the middle region

of the front surface of PV module and PV/T solar system. The
results show a clear difference in temperature due to cooling. It is
noticed that there is a gradient of temperature in the directions of
cooling water flow and current flow along with the module. It is
also noticed that the temperature of front surface is not uniform
where there are low temperature regions due to the packing effect.
In addition, the temperatures of front surface of PV module is
lower than temperatures of back sheet.
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Fig. 8: Daily Average Temperatures of Back Sheet of PV Module and PV/T System for Selected Daysfrom 2018
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Fig. 9: Front surface Temperature for 2 July 2018

Figure (10) shows that the time variation of temperaturerise of
cooling water during the day for 12 March and 2July 2018. It is
seen that the temperature difference increases slightly with
timeand then decreases. The maximum temperature difference of
flowing water is at noon and it is less in July asresult of
increasing the heat losses dueto increasethe temperature ofthe
back sheet of PV cells above ambient temperature and high inlet

Figure (11) illustrates the average temperaturerise of cooling
water on it flows along the back sheet of the panel during selected
days from March and July 2018. Temperature riseof flowing water
in March is higher in July for same flowrate due to the lower inlet
temperature compared to March.The maximum average
temperature rise of cooling water is 11.28 °Cin March at flowrate
0.5 L/min,while the minimum is 3°Cat flowrate of 2 L/min.The

watertemperature.The  dailytemperature average of inlet  maximum average temperature rise of cooling water is 10.62 °Cin
waterabout 20.05°C on12 March and 35.8°C on 2 July. July at flowrate 0.5 L/min while the minimum is 2.69°Cat
flowrate of 2 L/min.
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Fig. 10: Temperatures of Ambient Air, Back Sheet of PV/T System and FlowingRise of Flowing Waterwith Time for Selected Days from 2018
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4.2 Electrical Measurement Results

Figure (12) shows a compression of PV/T solar system and PV
module generated voltage at maximum power point (V,,) during
the day. The Figure shows that the V,, drops as time elapses due to
increase the temperature.In all cases of tests, the V,, of PV/T solar
system is higher than PV module and this difference increases
with increasing the flowrate of cooling water because of
decreasing the temperature of PV cells.

Figure (13) shows the average V,, of PV module and PV/T solar
system in March more than July result of increasing the
temperatures of PV cells and ambient. The maximum daily
average of Vpis 16.63 Volt on 13 Marchwhile the minimum
is15.36V on 4 July with cooling. The daily average ofVis 14.85
Volt on 13 Marchthe minimum is 13.88 Volt on 4 July without
cooling.
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Fig. 12: Voltage of PV Module andPV/T System at Maximum Power Point and Solar Irradiance with Time for Selected Days from 2018
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Fig. 13: Daily Voltages Average of PV module and PV/T Solar System at Maximum Power Point for Selected Days from 2018

Figure (14) shows that the current at maximum power point(l.,)of
PV follows the solar irradiance and increases with it. The I,of
PVIT solar system is more than I, of PV module for all tests. I, of

PV module and PV/T solar system increase withtemperature of
PV cells, where for most semiconductors,the bandgap energy
decreaseswithincreasing of temperature (Singh and Ravindra,
2012).
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Fig. 14: The Current of PV Module and PV/T Solar System at Maximum Power Point and Solar Irradiance with Timefor Selected Days from 2018

Figure (15) shows average I, of PV/T solar system affect solar
irradiance and water flowrate. The maximum daily average oflis

4Ampere on 13 March with cooling, while the minimum is
3.59Ampere on 4 July without cooling.
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Figures (16) and (17) show the relationship between voltage and
current, in addition with power for PV module and PV/T solar
system respectively. The increase of current leads to decrease the

voltage and the maximum electrical power after maximum power
point. The maximum electrical power, voltage and current of
PV/T solar system are more than PV module for all cases of study.
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Fig. 15: Daily Current Average of PV Module and PV/T Solar System at Maximum Power Pointfor Selected Days from 2018

Date Time : 2018-07-01 11:58:30

Date Time : 2018-03-11 12:00:2 Vopen: [ 1878 [V Vopen: [ 897 [V
= it [short:| 4651 | A e W short:| 4675 | A
Pmax:| 6063 | W Pmax:| 5620 |[W
v Vmaxp:| 1481 |V — Vmaxp:| 1357 [V
Imaxp:| 4003 [ A Imaxp:| 4.145 | A
EFF:[ — [ % EFF:[ — [ %
FF:| 0.658 FF:| 0634
v:[s [V vi[ 35T [ v
I:/ 4003 | A Lo o 45 [A]
S o P:[ 6063 W oo M5 4gian P:[ 5620 [W

Fig. 16: The Characteristic Curves (I,V) and (1,P) of PV Module for Selected Days from 2018
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Fig. 17: The Characteristic Curves (I,V) and (1,P) of PV/T Solar System for Selected Day from 2018

Figure (18) shows that instantaneous maximum power (P ) of
PVIT solar system is more thanpower of PV module for all tests,
in addition, the P , of PV module and PV/T solar system is
higherin March than July due to higher cells temperature in July.
The instantaneousmaximum power follows solar irradiance trends.
Figure (19) shows thatthe daily average electrical power of PV
module and PV/T solar systemin winter is better than summer
because of increasing the temperature of PV cells that leads to

reduceband gap energy(Tobnaghi et al., 2013). Thedaily
averageP,, maximumof PV/T solar system is 66.53Wattand the
minimum is 63.25Wattin March, whilethe maximum is 62.21Watt
and the minimum is 56.29Watt inJuly.TheP,, maximum daily
average of PV module is 56.63Wattand the minimum is 55.17
Watton March, whilethe maximum is 53.67Watt and the minimum
is 49.61Watt inJuly.
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Fig. 18: Maximum Electrical Power of PV Module and PV/T Solar System and Solar Irradiance with Timefor Selected Days from 2018
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Fig. 19: Daily Average of Maximum Electrical Powerof PV module and PV/T Solar Systemfor Selected Days from 2018

4.3 Performance Measurement Results

Figure (20) shows that the electrical efficiencyof PV/T solar
system is more than electrical efficiency of PV module for all
cases and this difference increases with increasing the flowrate of
following water vice versa. The instantaneous electrical efficiency
decreases with increase of solar irradiance result of increase the
temperature of PV cells with solar irradiance that leads to reduce

the production of electrical power in proportion to amount of solar
irradiance.

Figure(21) shows that the enhancement ratio of electrical
efficiency in the winter is more than summer because of the high
temperature of PV cells and cooling inlet water.The maximum
enhancement ratio of electrical efficiency is 18.86% on 13 March
at flowrate of 2L/min, while the minimum is 13.36 % on 4 July at
flowrate of 0.5L/min.

Where: efficiency enhancementretio = (maximum efficiency —
mininum efficiency)/(mininum efficiency)
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Fig. 20: Electrical Efficiency of PV Moduleand PV/T System and Solar Irradiance with Timefor Selected Days from 2018
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The instantaneous overall efficiency of PV/T solar system
throughout the day is shown in fig (22) together with the
instantaneous efficiency of PV module. It is shown that the overall
efficiency of PV/T solar system is more than of PV module for all
cases. This is due to the heat gained by cooling water. However, the
instantaneous overall efficiency increase with increase of solar
irradiance.
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Fig. 22: Overall Efficiency of PV Module and PV/T Solar System and Solar Irradiance with Time for Select Days from 2018

Figure (23) shows that a dailyaverageof overall efficiency
increasein the winter is better than in summer. This may attributed
to high electrical efficiency in winter and low inlet water
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temperature. The maximum increase of overall efficiency is 81%
on 13 March at flowrate of 2 L/min, while the minimum is
74.08% on 4 July at flowrate of 0.5 L/min.
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Fig. 23: Daily Increase of Overall Efficiency ofPV ModuleCompared toPV/T Solar System for Selected Days from 2018

5. Conclusions

The conclusions of this work is summarized below:

e  The generated electrical power drops with the increase of PV
module temperature, which is affected by solar irradiance,
ambient temperature and wind speed.

e The maximum temperature average of back sheet with
andwithout cooling occurs in July and the minimum occurs in

March. The maximumdaily average of temperaturedifference
between them is 28.7 °C on 13 March at a flowrate of 2 L/min.

e  The temperature of front surface ofPV moduleis higher than
temperature of front surface ofPV/T solar system and it is lower
than temperature of back sheet of PV module.

e  The maximum average temperature rise of cooling water is
11.28 °Cat flowrate 0.5 L/min in March, while the minimum is
2.69 °Cat flowrate of 2 L/min in July.
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e  The maximum enhancement ratio of electrical efficiency of
PVI/T solar system compared with PV module is 18.86% in March
at flowrate of 2 L/min. The minimum enhancement ratio is 13.36
% in July at flowrate of 0.5 L/min.

e The maximum overall efficiency increase of PV/T solar
system is 81% compared to PV module March at flowrate of 2
L/min. The minimum increase is 74.08% in July at flowrate of 0.5
L/min.
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