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ABSTRACT ARTICLE HISTORY
Solar PV has a disadvantage over its many advantages that its electrical Received 29 August 2023
efficiency falls due to rise in surface/operating temperature of solar PV cells. Revised 8 January 2024
Therefore, it is necessary to find a way to mitigate the efficiency loss due torise ~ Accepted 10 January 2024
in temperature as well as to increase life span of solar photovoltaics by low- KEYWORDS

ering its cell temperature. In this research, the impact of mist cooling on output Efficiency gain; forced
of PV panel is observed through experimental setup installed at rooftop of circulation; mist nozzles;
Postgraduate Department, Mehran University of Engineering and Technology, natural circulation; PV
Jamshoro, Pakistan. The rear surface of PV module is cooled with designed mist cooling; performance
nozzle assembly. The performance of modified mist cooled PV module is than

compared with reference PV module. Experimental investigation is performed

several days in different weather conditions with natural circulation and with

forced circulations by using submerged pump. The maximum efficiency gains

of 7% and average gain of 3.72% is observed with natural circulation, and

maximum gain of 9.2% and average gain 1.72% are observed with forced

circulated mist. The overall impact of proposed mist cooled system is positive

on performance of PV panels.

Introduction

Energy is commodity which plays a vital role in development of any country. Energy can be categorized as
a necessity in this developing world. Major energy generation sources adopted by the world are affecting the
environment and conditions becoming worse as time passing. Renewable energy plays a vital role for saving
environment as well meeting the demand of energy up to some extent (Hamed and Alshare 2022). As clean
sources of energy, renewable technologies are thought to produce the least amount of secondary waste and
are sustainable in view of both immediate and long-term social, and economical needs (Panwar, Kaushik,
and Kothari 2011). Solar energy, which can either be transformed directly into electricity through
photovoltaic cells or into useful heat through a solar thermal collector, is one of the most promising
renewable energy sources (Azizi et al. 2023). Solar energy is already the least expensive source of electricity
accessible in several nations throughout the world (Shiradkar et al. 2022). As the second-largest generation
sector of all renewable technologies, just behind wind and ahead of hydropower, solar photovoltaics (PV)
power generation experienced rapid absolute generation growth in 2020 (approximately 23% to reach 821
TWh) (Shahjalal et al. 2021). Utilizing solar energy, which is affordable, clean, and sustainable, can promote
both social and economic growth (Tuncer et al. 2020). Solar energy is also infinite, comes from the natural
world, and does not cause any pollution. With the photovoltaic technique, solar cells can be used to harness
solar energy (Hardianto 2019). Renewable energy capacity will increase over the next five years far more
swiftly than was projected a year ago. Major projection states that between 2022 and 2027, renewable energy
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will grow by more than 2400 GW, which is comparable to China’s present installed power capacity. This
indicates a rise of 85% over the preceding five years, the greatest ever upward revision, and is around 30%
higher than the prediction in the study from the previous year. By 2027, cumulative PV capacity will have
nearly tripled to about 2350 GW, surpassing coal, natural gas, and hydropower to become the greatest
installed electricity capacity in the world, exceeding hydropower in 2024 and natural gas in 2026 and coal in
2027 (IEA 2022; Khatri et al. 2022).

The use of solar energy has increased recently due to its clean, renewable, and ecologically favorable
nature. But from the beginning of human civilization, humans have constantly using solar energy
(Tamuli, Nath, and Bhanja 2022). With an annual capacity of 2.556 kWh/m?, Asia is a region with
plenty of sunshine that needs to be managed and used (Prasetyo, Prabowo, and Arifin 2022). The need
for its scientific harvesting is greater than ever now, and it is anticipated to supply 48% of all global energy
consumption (Mahboobe Mahdavi, Tiari, and Pawar 2020). Solar systems are often separated into
thermal and photoelectric systems. A hybrid system composed of PV and PVT system is a new technique
that generates heat energy as well as electricity (Anjum et al. 2023). The majority of solar array materials
do not effectively use the terrestrial solar spectrum (43% IR, 48% VIS, 9% UV, and wavelength range
0.25-2.5m) (Joshi, Dhoble, and Jiwanapurkar 2016). During the functioning of the PV cell, however,
around 85% of solar energy is converted to heat and only about 15% is converted to electrical energy
(Teo, Lee, and Hawlader 2012). The fraction that is not used will be lost as heat energy on the solar array,
which will reduce the solar panel’s efficiency (Hasanuzzaman et al. 2016). In addition to solar radiation
and temperature, a PV array’s performance is also influenced by the array’s layout and the shading effects
(Bugaje et al. 2022). Photovoltaic (PV) technology is the most efficient technique to convert radiant
energy into electrical energy (Shuraiji, Jadallah, and Shuraiji 2022). Solar cells are photoelectric energy
conversion devices that employ the photoelectric effect to convert sunlight to electricity. Solar cells and
associated components make up a photovoltaic system. It directly converts sunlight directly into
electricity (Sainthiya, Beniwal, and Garg 2018). About 4-17% of the solar energy that enters a PV module
is converted into electricity. As a result, the temperature of the PV module increases and more than 50%
of the incoming solar energy is converted to heat (Chandrasekar et al. 2013). The efficiency of solar cells
decreases linearly as operational temperature rises (Bassam et al. 2023). Thus, it is necessary to make on-
going efforts to increase the cells’ efficiency by regulating their temperature (Schiro et al. 2017). Today,
however, a new field known as photo thermal conversion has arisen, combining both ways of energy
conversion. The conversion of solar energy into electricity and heat is accomplished by a single device
known as a hybrid photovoltaic thermal (PVT) collector (Grant et al. 2002). The PVT concept first
noticed in the mid-1970s (Chad Wheeley and Luck 2012). PVT collectors are solar panels that generate
electricity while simultaneously functioning as a heat absorbing device. This simultaneously generates
heat and electricity (Tyagi, Kaushik, and Tyagi 2012).

Surface temperature of PV bears inverse relation with electrical power and efficiency (Soliman 2023).
Intense solar radiation with a warm environment can cause a photovoltaic cell to operate at a higher
operating temperature, which is typically detrimental to the cell’s lifespan and power output (Dengfeng
Du, Darkwa, and Kokogiannakis 2013). As temperature of PV rises, internal carriers recombination rate
due to increased carrier concentrations resulting loss in electrical efficiency of PV module (Swapnil
Dubey 2013). The rise of temperature increases current but the voltage drop due to rise in temperature is
much, as it affects the electrical power so the efficiency. Cooling system either active or passive will be
beneficial for power gain (Agyekum et al. 2021). The efficiency of a PV panel falls by 0.4% for every
degree centigrade above 25°C that the operating temperature of the cells exceeds (Deokar, Bindu, and
Potdar 2021). A solar system’s performance is severely impacted by the rising temperature (Belyamin
etal. 2021). It decreases the efficiency as well as the operational life span of the PV panel (Said et al. 2023).
So, creating an effective cooling system that lessens the temperature stress on PV panels may enhance the
overall performance of PV systems (Shahsavar et al. 2022). By using cooling method, the surface
temperature is reduced as well the surface is kept clean (Firoozzadeh et al. 2023). For manufacturers
and consumers, it is a serious concern that solar photovoltaic module output would decrease as operating
temperatures rise (Alami and Management 2014). It can be concluded that the PV module’s electrical



ENERGY SOURCES, PART A: RECOVERY, UTILIZATION, AND ENVIRONMENTAL EFFECTS ‘ 2301

efficiency decreases because of the temperature increase caused by solar radiation (Selvaraj et al. 2023).
Heat is removed from the PV modules while maintaining a good electrical efficiency by properly
circulating a fluid with a low inlet temperature. The overall energy production of system can be increased
by using the thermal energy that was taken in a range of methods (Tripanagnostopoulos et al. 2002). The
continuous development of thermal management techniques by various nanomaterial, that is, nano
fluids and system designs has increased the overall performance of solar energy technology (Shahsavar
etal. 2021). The cooling of PV using water mist is an effective way to decrease operating temperatures of
PV. It will also reduce the thermal stresses developed due to high operating temperatures. The research
shows gain of 15% in electrical power by water mist cooling (Chia-Yi Mah et al. 2019). When the
temperature of the cooling liquid rises, the capacity to absorb heat rises as well, resulting in a drop in solar
cell temperature and an increase in PV solar cell performance and efficiency (Teymori-Omran et al.
2021). Solar cells are decent selective absorbers and good heat collectors and most solar cells also become
more efficient when heat is removed from the cell (Trond Bergene and Lovvik 1995). The availability,
qualities, and affordability of water-cooled technology make it a widely used technique. Water is better at
absorbing heat than air because it has a higher heat capacity. Hence, as compared to air, water is better
option cool the PV panel (Khodadad Mostakim and Hasanuzzaman 2022).

PV panel cooling also prolongs the panel’s life by slowing down the pace of degradation, which is
another reason why it is crucial. As stated by Royo et al. (2016). The rated output of a photovoltaic cell
reportedly decreased by 69% when its surface temperature reached 125°C in Brack City, southern
Libya (Nassar and Salem 2007). Thus, to reduce heat losses, improve the system’s lifespan, and boost
efficiency, a reliable cooling system is required. Different approaches, including both active and
passive ones, have been used by several researchers to cool solar PV panels. E. B. Agyekum et al.
(2021) used cotton wick mesh to cool the PV module’s back surface resulted in an 11.9% increase in
electrical efficiency due to capillary action and the absorption of water from a perforated pipe. Forced
air stream was employed by Maz6n-Herndndez et al. (2013) to improve the output performance of the
PV module. Their research indicates that a 15°C drop in temperature on the PV panel resulted in
a 15% improvement in electric energy yield. Mah et al. (2019) reported a 15% increase in power output
with front cooling. Similar to this, Rajvikram et al. (2019) increased the module efficiency by using PV-
PCM with an aluminum sheet mounted to the back side of panel. The upgraded module average
conversion efficiency was found to be 24.4%. A decrease in temperature of 10.35°C resulted in a 2%
increase in electrical efficiency. Investigations were conducted by (Wongwuttanasatian, Sarikarin, and
Suksri 2020) on the possibility of using palm wax to control the temperature of PV systems. They
controlled the PV module cooling using a PCM casing with fins which allowed to improve the
performance ratio and module efficiency by 4.8% and 5.3%, respectively.

It is evident from the literature that numerous studies have been conducted with the goal of
decreasing the PV panel temperature through various techniques. This work is also being carried out
to improve the thermal management of panel by implementing a novel cooling technique for the PV
system. Previous studies conducted for thermal management of solar PV panels in this perspective
have been found employing jet impingement techniques without mist formation in open atmosphere.
In this study, mist nozzle system for cooling of PV panel in open atmosphere, especially in hot weather
of Jamshoro, Pakistan is investigated. The novelty is the formation of mist from the orifice of nozzle
that lasts longer in the open atmosphere on the back side of the PV module. This mist absorbs the heat
and causes the cooling effect. The goal of this research is to examine the effect of operating
temperature on the electrical performance of PV panels with and without mist nozzle effect. The
conclusions are based on experimental research, which was conducted by designing a novel mist
cooling system with a reference PV panel mounted alongside the designed one.

The impact of operating temperature on effectiveness of solar photovoltaics

Temperature affects the electrical performance of PV cells due to increase in rate of recombi-
nation of electrical carriers. The operating temperature of PV play a crucial role in
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photovoltaic conversion (Swapnil Dubey, Sarvaiya, and Seshadri 2013). When operating tem-
perature of PV panel rise above 25°C, the band gap of semiconductor material reduces which
cause reduction in open circuit voltage (Muhammad Sufiyan Khan 2017). The Temperature of
PV Cell T,, depends on the weather variables such as solar radiation (I(t)), ambient tem-
perature Ta and local wind speed V, (Swapnil Dubey, Sarvaiya, and Seshadri 2013). The
maximum power of Solar PV can be calculated using Eq. 1).

Pm =1, X Vy, = FF x I X Voc (1)

As temperature rises, the electrical properties of semiconductor materials will overcome by
thermally excited electrons, which results in decline of both fill factor and open circuit
voltage. The short circuit current will rise but it has very negligible impact (Furkan,
Mehmet Emin, and R. energy 2010). The net effect of temperature on efficiency can be
calculated using Eq. 2.

n.= r]Tref |:1 - Bref(TPV - Tref) + legl()I(t):| (2)

y indicates the solar radiation co-efficient and p,.f is a temperature coefficient with approximately
values of 0.12 and 0.04 K", respectively, for crystalline silicon modules. Whether 1y is the electrical
efficiency of the module at reference temperature (T,f) and at solar radiation flux of 1000 W/m?
(Notton et al. 2005; Swapnil Dubey, Sarvaiya, and Seshadri 2013). Below given is Eq. 3), which depicts
a linear relationship for electrical efficiency of PV system.

Ne = Niyer {1 ~ B (Tor — Tref)} 3)

The values of B,.r and nr.r are usually given by manufacturer, but if not given these can be found from
flash test. At two different temperatures for a specific solar radiation flux, the module’s electrical
output is tested. In addition to the PV material, T, also affects how precisely the temperature
coefficient is calculated (Fahad Faraz Ahmad et al. 2021). It can be calculated using Eq. 4)

1

Pref = To — Tref’

(4)
where, T, is the highest temperature at which electrical efficiency drops to zero. This temperature is
270°C for crystalline silicon solar cells (Garg and Agarwal 1995). Under real condition the electrical
power can be calculated using Eq. 5)

P = Gty Aps 14 By (Tps = T ;

G denotes solar irradiance level in Equation 5 whereas conversion efficiency under standard testing
condition. While Ty, is the temperature of PV module and T, is temperature at STC and B is
temperature co-efficient (Swapnil Dubey, Sarvaiya, and Seshadri 2013). The Equation 5 can be
redefined as Equation 6 and Equation 7 based on the conversion efficiency of PV module.

G
P:PSTC.FTC.{I_‘_E,WI(TPV—Tref):| (6)
Pa
- - 7
L Apy x G’ @

whereas, P, =P, - P,
P, is the net power, Pm denotes power produced by PV, while P,, is the power consumed by pump.
Apv is area of panel and G is for Solar irradiance in W/m? (Ahmad, Said, and Hachicha 2022). For mist
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cooled system the power consumed by mist nozzle system is be deducted from power produced by PV
Panel to get efficiency of modified mist cooled system.

Method and materials

The objective of this research is to assess and evaluate the operational performance of Solar PVT panel
using mist cooling system in Mehran UET, Jamshoro, Sindh, Pakistan. The performance of mist
cooled PV module will be compared with reference PV module to calculate efficiency improvement in
electrical performance of PV by utilization of cooling effect.

Experimental setup

The experimental setup is installed on rooftop of Postgraduate Department, Mehran UET, Jamshoro as
shown in Figure 1 (a). The novel design is used for cooling solar PV panel. The mist nozzle assembly is
designed fabricated and installed with PV module which is called as modified PV module throughout
this work. A mist nozzle assembly is placed in a water collection tray to collect water dropped after
striking rear side of PV panel to save water. Along with modified PV module, the reference module is also
placed on frame to compare the performance of our modified PV module. The Specifications of PV
module are presented in Table 1. Six (06) thermistor-type thermocouples attached to the PV modules i.e.,
one for the front and one for rare of each module are shown in Figure 1 (b). Further two thermocouples
are placed at inlet and outlet of mist nozzle assembly to calculate inlet and outlet temperature of water
and one for ambient temperature. All thermocouples are attached to 8- channel data logger with
resolution of 15 seconds as shown in Figure 2. The irradiance and other weather data collected from
weather station for direct beam solar resource assessment. Two VOLTAM meter are installed with each
of PV panel to measure voltage and current as shown below in Figure 2. Furthermore, load of 12 V rating
is also added as a load with both modified and comparative PV panels.

‘Water
Storage

Mist Nozzle
Assembly

Reference PV panel -

(a)
Reference Comparison Panel Modified Mist Cooled Solar Panel

TS

I ——] Water
Tnlet
T6

—— > Water
outlet

I Front Side I I Rear Side I I Front Side I | Rear sige |

(b)

Figure 1. (a). Real time setup of experimental setup. (b). Orientation of thermocouples mounted on the PV panels.
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Table 1. Description of polycrystalline silicon PV panel.

Measurables Value Unit of measurement
Model Spp-M35V -
Type Polycrystalline -
No. of cells 90 Unit
Max Power (Pax) 35 W
Max Voltage (Viax) 10 v
Max Current (Imay) 35 A
Open Circuit Voltage (Vo) 12 v
Short Circuit Current (ls.) 3.85 A
Power Tolerance +3 %
Temperature Co-Efficient of Power -0.3 %//°C
Weight 6.5 kg
Dimension 635x350x25 mm?

e el
The mist nozzles assembly is attached with modified mist cooled PV. It consists of one 6 holes
brass nozzle of 27 mm placed in center, and four 12 mm adjustable brass mist nozzles of 4 mm
orifice are placed at both end in series 7 in apart horizontally and 16 in vertically from each
other as shown in Figure 3. This layout is designed to cover entire rear surface of PV module.
The PVC pipe is used to join the nozzles which will be used for mist cooling purposes. The
assembly is fitted inside aluminum sheet tray as shown in fig which is also used for water
collection which is then drained in water drain tank. Water at ambient temperature taken
from water reservoir (upper tank) and it will pass through nozzles and converted into mist.

Mist is used for cooling purpose after that water droplets falls back in water collection tray
after striking back surface of PV module and then transferred to drain tank.

Figure 2. Weather station, data logger and VOLTAM meter.

Mist nozzle assembly for modified PV module

Mathematical investigation

The experimental research was conducted in the real time weather conditions of Jamshoro, Sindh, Pakistan
to assess the effectiveness of the suggested modified mist cooled PV setup. Before running the water flow
through the mist nozzle assembly, both modules are initially exposed to the same ambient conditions.
Readings were taken after a while to get optimized results of cooling. The readings were taken on different
days from time varying from 10 am to 4 pm. After three days the results were taken by utilizing water pump
for mist production for remaining 6 days. The natural wind convection is not considered by assuming it
same for both simple and modified PV modules. The data logger is used to collect temperatures as
mentioned above and voltage and current from VOLTAM meters installed with both panels.
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Orifice brass mist

nozzle

6 Hole brass mist
nozzle

TEE at inlet

Figure 3. Mist nozzle Assembly.

The experimental investigation was conducted on various days with natural circulation and forced
circulation by using submerged pump. Two PV modules each of 35 W (modified mist cooled module
and simple PV module) exposed to environmental condition for collection of data. The maximum tilt
angles documented for places between 2.6° and 30° N latitude, or slightly above the equator, range from
5° to 28° overall (Yunus Khan et al. 2020). As Jamshoro is located at longitude of 26°, therefore the panel
are tilled at 25° angle to get maximum irradiation (Laghari, Shah, and Jatoi 2022). When the mist
producing system is turned on, a quick drop in temperature appears on the PV module’s front and back
surfaces. An electrical submerged pump is used to generate required pressure of mist for second case.

For calculation of reduction in temperature and gain in power, and efficiency due to mist cooling is
calcualted using Equation (8), equation (9) and (10) (Ahmad, Said, and Hachicha 2022).

Tmist — Tref
Tre Y 8
HTred Tref ®
Ppv — Pc
%Pgain = PT 9)
_hpr—nc
VoMgain = v (10)

While there is another advantage, we have is gain in temperature of water used as a mist for cooling
purpose. The warm water can be utilized in other domestic applications. The heat gain can be
calculated by using Equation 11 given below.

anin - mcpx(Twater,out - Twater‘in)a (11)

where Tyaterin and Tyater, our Tefer to the temperature of the working fluid entering and leaving the
mist-cooled collection tray, respectively (Skoplaki, Boudouvis, and Palyvos 2008).

Uncertainty analysis

The electrical and thermal parameters uncertainty analysis has been done in this section. The uncertainty
resulting from repetition error (8u,) and equipment error (du,) together make up the parameter’s total
uncertainty du as given in Equation 12 (Sardarabadi, Passandideh-Fard, and Heris 2014).

61 =\ (Btp) + (Otegp)” (12)

If the function U is constructed as a function of n independent linear parameters (u11u27u37..un) and the
parameters Uy Uy Uz ..Up, U1 - .. .Uy, are measured with uncertainties Suy Sus Sus .., Ouy,

Oty y1,, - - - Oy, where U is defined as: U = %, then the uncertainty of U will be defined as
Equation 13 (Benedict and Gould 1996).
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Table 2. Uncertainties
experimental setup.

associated with the measuring instruments of the

Instrument Range Maximum uncertainty
Data logger —270 to 1372°C +2%
VOLTAM meter DC 100V 10A +3%
Thermocouples —200 to 1000°C +0.5

ou  \* (ou _\* [oUu_ \? ou .\’

0U = —30 —4 —3 o —6 13

\/<8u1 u1> =+ <8u2 u2> + <au3 u3) + + (aun Mn) (13)

OU represents the function uncertainty U, du; is the uncertainty of ui and g—;fl is for the partial
derivative of U with respect to u; (Islam et al. 2021).

Given that uncertainties in u; U U3 ..Uy, Umy1 - . . .U, are independent of one another, fractional
uncertainty of U can be calculated using Equation 14 (Taylor and Thompson 1982).

dur\’ ou\* o\’ S\ ou 2 Suy\’
)+ (e () e () () () o
Uy U us Up Um+1 Uy
The maximum absolute uncertainty for all parameters is computed using the above-mentioned
approach and data from Table 2. It is discovered to be less than 5% in this experiment. The validity

of the measured data is established by uncertainty values inside of the defined range (Sardarabadi,
Passandideh-Fard, and Heris 2014).

o _
U _

Result and discussion

The experimental studies were conducted for several days and results are generated by using data
collected. The data sets are temperatures of front and rear surfaces measured between 10: 00 am and
24:00 pm measured by thermocouples connected to data logger, Voltage and current values are noted
from VOLTAM meter while irradiance data is from weather data provided by MDI Weather station.

With natural circulation

For first three days the comparative readings were taken without switching on the pump to test the
behavior of both mist cooled and simple comparative PV module. The maximum power gains of
6.95%, 4.38%, and 4.36% were observed during three days at peak irradiance of 703, 684, and 690 W/
m’, respectively, as mentioned in Table 3. Summary of maximum variation of temperature with
natural circualtion is given in Table 4. The maximum power gain of 6.95% is spotted on 1 February at
12:00 pm when irradiance of 684 W/m? is recorded. The average power and temperature variations for
each day are indicated in Figure 4.

Table 3. Summary of maximum power gain with natural circulation.

Des. Max. irradiance Pc Pov Power gain
Unit W/m? w w %

1 Feb 703 15.6 16.2 6.95

2 Feb 684 17.7 18.3 4.38

3 Feb 690 18.6 19.4 4.36
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Table 4. Summary of PV module temperature variation with natural circulation.

Des. Max. irradiance T_a Te, front (T1) Tov, front (T3) Difference Te, rear (T2) Tov, rear (T4) Difference
Unit W/m? °C °C oC % °C oC %

1 Feb 703 253 41 383 -6.5 38 28 -25.6
2 Feb 684 28.7 39.2 37.2 -5 36.2 26.8 =25

3 Feb 690 273 40.6 36.6 -9.9 36.6 333 -9
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Figure 4. Comparative power and temperature variations of modified and comparison PV modules on 1st, 2nd, and 3rd February.
With forced circulation

For second case as mentioned, submerged pump is used to generate water mist with max flow rate of 1000
L/H. The max power gain of 9.2% was observed on 2 March @ 12:30 pm. Overall on different times power
gain was low due to cloudy weather conditions or due to lowering of current because of temperature falls
rapidly by pressurized mist. The average power and temperature variation shown for various days with
forced circulation is given in Tables 5 & 6. The results of temperature variation at each point taken is
demonstrated through generated graphs for power variation and temperature with respect to irradiance at
that time is shown in Figure 5. The results shows gain in power and temperature difference between
modified and comparative panels are considerable but very little power gain observed at early morning
when temperature is low which indicates that cooling system should be effective when temperature is high
and wind speed is low because at high wind speeds, convective heat transfer will increase as well. At some
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Table 5. Summary of PV module temperature variation with forced circulation.

Des. Max. irradiance T_a Te, front (T1) Tov, front (T3) Difference Te, rear (T2) Tov, rear (T4) Difference
Unit W/m? °C °C oC % °C oC %

08 Feb 738 26.6 435 42.6 -1.7 39.5 36.6 -7

09 Feb 760 28 44.6 423 -5.1 40 37 -7.4
10 Feb 765 28.6 47 453 -35 423 38 -9.9
28 Feb 804 304 36.2 34 —6.1 324 29.6 —-8.6
01 Mar 790 31.2 374 34.8 -6.9 33.6 31.2 -7

02 Mar 799 326 38.6 36 —6.6 348 322 -7.4

Table 6. Summary of maximum power gain with forced circulation.

Des. Max. irradiance Pc Pov. Power gain
Unit W/m? w w %

08 Feb 738 12.8 12.8 3

09 Feb 760 12.6 12.8 1.02

10 Feb 765 13.2 13.9 54

28 Feb 804 14.7 15 2.1

01 Mar 790 15 153 2.06

02 Mar 799 15.2 16.6 9.2
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Table 7. Summary of average temperature and efficiency gain with natural circulation.

. . Twater, out
Des. Max. |rrad|ance Nc n pvc n gain (max) Twater, in (TS) (T6) DT(max)
Unit W/m? % % % °C °C °C
1 Feb 703 9.83 1.6 7 27 36 9
2 Feb 684 8.4 8.8 44 17 25 8
3 Feb 690 14.4 15p0 4.4 30 39 9
Table 8. Summary of average temperature and efficiency gain with forced circulation.
. N Twater, out
Des. Max. irradiance nec N pvc N gain (max) Twater, in (T5) (T6) DT (max)
Unit W/m? % % % °C °C °C
08 Feb 738 11.2 1.4 13 28 33 5
09 Feb 760 8.6 8.9 3 30 34 4
10 Feb 765 7.7 8.2 5 33 36 3
28 Feb 804 9.18 9.4 2.1 35 40 5
01 Mar 790 9.75 10 2.8 32 40 8
02 Mar 799 8.75 9.6 9.2 35 43 8
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point, loss in efficiency is also observed, which indicates that power input to pump is a source which is used
while running mist nozzle system with forced circulations, so there should be considerable power gain
which will overcome power input and generates surplus power as well.

Overall, the ummary of average temperature and efficiency gain with natural and forced circulation
is given in Table 7 and 8, respectively.

Efficiency optimization

The maximum efficiency gains of 7% at 12 pm, 4.4% at 1 pm, 4.36% at 11pm for 1, 2, and 3 Feb
respectively and maximum gain in temperature of water is observed on 1 February at 1:00 pm which is
9°C with natural circulation of mist due to head provided. The maximum efficiency gain with cooling
by utilizing pump are 1.3% at 12pm, 3% at 11pm, 5.45% at 12 pm, 2.13% at 1pm, 2.8% at 11pm, and
9.2% at 12pm on 8, 9, 10, and 28 February and 1 and 2 March, respectively, and the max gain of 8°C
were observed on 1 and 2 March at 1:00 pm and 2:00 pm, respectively. The visual data consist of
efficiency comparisons on each test day and temperature gained by water after striking rear surface of
PV panel is displayed in Figure 6 for natural circulation and Figure 7(a, b) for forced circulation.

Comparison with existing cooling systems for PV

Analysis and comparison of this work with previously reported PV cooling methods are performed are
mentioned in this study. NiZeti¢ et al. conducted research on the performance response of PV using
various water spray cooling techniques with the rear cooling case a power gain of 14.0% and an
efficiency gain of 15.59% were observed at a water temperature of 17°C and irradiance of 810-85 W/
m” (NiZeti¢ et al. 2016). F.F Ahmad et al. carried research on closed loop rear cooling technique and
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attain a max efficiency gain of 16.81% without insulated container and 20.45% with Insulated
container (Ahmad, Said, and Hachicha 2022). N.T.J] Wei et al. used PCM technique for cooling
solar PV and at average irradiance of 706 and maximum of 1100 W/m? the efficiency gain of 2.7%
is observed (Wei, Nan, and Guiping 2017). In the current study, by utilizing natural circulation of
water at average irradiance of 619 W/m? the peak efficiency gain of 7% is observed and gain of 9% at
average irradiance of 715 W/m? is attained. Table 9 presents the comparison of the proposed
technique with existing cooling technologies of PV.

Proposed mist cooling system utilized water at ambient temperature and not required any type of
additional cooling mechanism. It is concluded that the results are satisfactory as temperature of PV
panel is reduced by using this technique and significant power and efficiency gain is observed.

Conclusions

One of the most popular sustainable energy alternatives in use today is solar energy. Although it is
a clean way to generate energy, there are certain drawbacks that limit its output performance. The
efficiency of the PV panel is mostly dependent on variables like the module’s temperature and the
incidence of solar radiation. Thus, to control the PV module’s temperature, this study is a valuable
addition to the cooling techniques previously suggested. This research examines a mist cooling
technique by using mist nozzles for cooling PV modules. 04 mist nozzles of 0.4 mm orifice diameter
and one 6-hole brass mist nozzle are used to produce mist from water. A cloud of tiny water droplets
suspended in the air is the mist. The tiny drops of water hit the rear surface of PV module’s, absorb
heat, and instantly evaporate. Due to evaporation the temperature PV module drops down signifi-
cantly. The results collected for two cases one with natural circulation and one with forced circulation
by using submersible water pump. The following are the key observations.

With Natural Circulation

With average irradiance of 619.1 W/m” across 03 days the following are key results;

(a) The average efficiency gains of 3.72% observed across 3 days and the peak efficiency gain of 7%
observed at 12 pm on 3 February.

(b) The maximum power gain of 6.95% is observed on 1 February while average power gain of
3.72% is observed across 3 days.

(c) The maximum DT (water) of 9°C is observed on 1 February while the average DT of 6.85°C
observed during course of 3 days.

With Forced Circulation

With average irradiance of 715 W/m? across 6 days the following are key results;

(a) The average efficiency gains of 1.31% observed across 6 days and the peak efficiency gain of 9%
observed at 12:30 pm on 2 March.

(b) The maximum power gain of 9.2% is observed on 2 March while average power gain of 1.3% is
observed across 6 days.

(¢) The Maximum DT (water) of 8°C is observed on 1 March at 1pm and 2 March at 12 pm while
the average DT of 4.46°C observed during course of 6 days.

The above-mentioned results are satisfactory because considerable gain in efficiency and power is
recorded which can be optimized to add more value addition to proposed cooling method which results
in efficiency gain as well as temperature rise observed at outlet of mist nozzle assembly that is sensible
heat gain which is another advantage. Only gain observed here is electrical gain which is listed in
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efficiency section while heat gain as mentioned is other advantage if utilized then will reduce PBP of this
system as well. Up to 9°C gain in temperature observed at 650-700 W/m” irradiance and ambient
temperature between 25°C and 28°C, which shows that at higher temperatures which are normal in
Jamshoro it will be more effective.

The experimental process that was employed to control the PV panel’s temperature has really
shown to be successful, and it can be utilized to cool PV systems, particularly in regions of the world
that experience extreme temperatures. The outcomes of results are positive as both power and
efficiency gain are observed. However, performing that same experiment with nanofluids and with
phase change materials can be carried out in future for better heat transfer rates and more efficiency
gain. Also, it is observed that the mist system is only feasible when temperature is high and if the
temperature is too low it will reduce current hence power loss so this study can be investigated in
different approach for feasibility of low temperature ranges.

Nomenclature

P Electrical power (W)

FF Fill factor

o Electrical efficiency (%)

Vinpp Voltage at maximum power point (V)

Lnpp Current at maximum power point (A)

G Specific heat at constant pressure (J/kg °C)
T, Outlet Temperature (°C)

G Irradiation value on module plane (W/m?)
A, Cell Area of the PVT module (m?)

L, Short circuit current (A)

Voe Open circuit voltage (V)

h Thermal efficiency (%)

T; Inlet Temperature (°C)

t Time to reach the water temperature to T, value (Sec)
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