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Applying solar radiation as a renewable energy source using photovoltaic panels has
problems, such as work efficiency decreasing when the photovoltaic cell temperature is
above the working temperature, thus requiring a cooling method. This research examines
the cooling effect of photovoltaic panels using water spray with various types and
diameters to reduce the temperature and performance of photovoltaic panels, which was
carried out experimentally with solar radiation at 08:00-15:00 local time. The research
results show that the water spray cooling system can reduce the temperature of the
photovoltaic panel from 61.96 to 36.51°C and increase efficiency from 10.98 to 14.47%
with variations in the full cone nozzle with a hole diameter of 2 mm. Full cone nozzles can
provide the best cooling performance compared to hollow cone nozzles and flat fan nozzles
due to the more even distribution of water spray on the surface of the photovoltaic panel.
Using different nozzle diameters also influences cooling. Based on the research results, the
water spray cooling system effectively increases the work efficiency of photovoltaic panels

with a 2 mm total cone nozzle variation, producing the highest efficiency.

1. INTRODUCTION

The sun can produce electrical and thermal energy through
radiation [1]. This solar radiation can be utilized either directly
or indirectly. In various places worldwide, concerted efforts
are underway to harness solar energy to reduce reliance on
fossil fuels for electricity generation [2]. Countries with high
solar radiation potential have additional advantages in utilizing
solar energy sources as a source of electrical energy. Solar
energy as a source of electrical energy can be utilized through
photovoltaic (PV) solar cells [3].

Various photovoltaic (PV) solar cells can convert solar
radiation into electrical energy, including monocrystalline,
polycrystalline, and thin-film technologies [4, 5]. Typically,
PV solar cells exhibit an electrical conversion efficiency rate
ranging from 9% to 12%, with over 80% of the incident solar
energy being absorbed as heat. This absorbed heat can increase
the temperature of the PV solar cells [6]. The ideal working
temperature of PV solar cells is 25°C, but under natural
conditions, the ambient temperature may vary and exceed the
ideal working temperature [7-9]. Increasing temperature
above the ideal temperature can decrease the output power and
working efficiency of PV solar cells [10-12]. This decrease is
a significant challenge in using photovoltaic panels, so a
cooling system is needed to reduce and control the temperature
of solar cells.

Several researchers have tried to seek solutions for reducing
and regulating the temperature of solar PV cells to achieve
peak power output and efficiency [13-15]. In general, cooling

methods for photovoltaic panels can be classified as active and
passive cooling [14, 16, 17]. Passive cooling, such as using
PCM material and adding a heatsink, does not require
additional energy sources in the cooling process but has poor
cooling performance compared to active cooling. Research
conducted by Arifin et al. [18], cooling photovoltaic panels
using PCM material reduced the temperature by 8.2°C, and
research by Razali et al. [19] photovoltaic cooling using
heatsinks reduces temperature by 12°C. One active cooling
that can be used on photovoltaic panels is the water spray
cooling system [20-22]. The water spray cooling system was
chosen because it has good cooling performance, no thermal
contact resistance, and is easy to apply [23]. Another benefit
of the water spray system is its capability to cleanse PV panels
of dust, which often accumulates due to installing PV panels
in outdoor environments [24]. In this context, dust within PV
panels can also reduce the performance of the PV panels [25-
27].

Based on research that has been done, the water spray
cooling system has proven effective in lowering the
temperature of photovoltaic panels and can increase
efficiency. Chen et al. [28] showed that cooling photovoltaic
panels using water spray can increase work efficiency by 25%.
Bevilacqua et al. [29] found that cooling photovoltaic panels
using water spray can reduce temperature by 28.2% and
increase efficiency by 7.8%. Research by Zhao et al. [30],
cooling with water spray can reduce temperature by 10°C and
increase power output by 7.3%. Research on cooling
photovoltaic panels with water spray by Javidan and
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Moghadam [31] can reduce the temperature from 63.95°C to
33.95°C and increase power output by 47.67%. Research on
cooling photovoltaic panels using water spray by Laseinde and
Ramere [32] showed that it can increase efficiency by 16.65%.
Hadipour et al. [33] found that adding a water spray cooling
system to photovoltaic panels can increase efficiency by
33.3% and reduce the temperature from 63.95°C to 33.68°C.
Yang et al. [34] by adding a water spray cooling system to
photovoltaic panels can increase efficiency by 14.3% and
reduce temperature from 45°C to 35°C.

The water spray cooling system has many parameters that
must be adjusted, including selection of nozzle type
specifications, number of nozzles, water speed, water pressure,
spraying time, and nozzle placement position [35, 36]. The
choice of nozzles in the water spray cooling system is a crucial
factor influencing the cooling performance outcomes. [37].
The choice of nozzle specifications plays a role in defining the
water spray distribution, its characteristics, and the width of
the water spray angle. Meanwhile, the water spray distribution
significantly affects and determines the cooling performance
of the water spray cooling system [38]. Considering these
challenges, it is essential to carefully select appropriate nozzle
specifications when designing a spray cooling method. Each
type of nozzle exhibits a unique spray profile shape. The
selection of the nozzle diameter is also important because it
influences the magnitude of the spray angle and the water
droplet size in each type of nozzle, thus affecting the size of
the area that can be covered. The selection of the right type
and diameter of the nozzle impacts even cooling on all sides
of the photovoltaic panel. Evenly cooled on each side of the
panel will reduce the hot spot area to maximize cooling
performance. Optimal cooling performance by water spray can
also optimize power output and efficiency on photovoltaic
panels.

Given the challenges, employing water spray as a cooling
method for photovoltaic panels holds promise and warrants
further exploration and investigation. Further research is
needed regarding the influence of nozzle hole geometry on
water spray cooling systems to improve photovoltaic
performance. This research aims to determine the effect of
cooling photovoltaic panels using water spray on temperature,
power output, and work efficiency of photovoltaic panels. This
research also aims to determine the effect of using different
types and diameters of nozzles in water spray cooling systems
on cooling performance, power output, and work efficiency of
photovoltaic panels. So, we can find the most optimal
combination of nozzle type and diameter for cooling
photovoltaic panels.

2. METHOD
2.1 Investigation of experimental settings

This study uses different nozzle types and diameters to
determine the most optimal combination of cooling
performance to improve photovoltaic panel performance. The
types of nozzles used are full cone nozzle, hollow cone nozzle,
and flat fan nozzle. The flat fan nozzle is made of ABS plastic,
with a spray angle 65° and a 6.35 mm-inch thread connection.
The SS304 type full cone nozzle used has a spray angle of 40°
—120° and a 6.35 mm thread connection with a size of 23x15
mm. The hollow cone nozzle is made of brass with a 6.35 mm
thread connection. The nozzle hole diameters used in this
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study were 2 mm and 3 mm. Figure 1 shows the nozzle used
in water spray research on cooling photovoltaic panels. The
study was conducted experimentally using direct solar
radiation from 08:00 — 17:00 in July 2023, with the test
location on the rooftop of UNS Inn (Sebelas Maret University),
Surakarta city, Central Java Province, Indonesia—the water
spray cooling system sprays on the top surface of the PV
panels. The photovoltaic panels were tilted by 12°, facing
north, based on the optimal angle of the Global Solar Atlas at
the test site in Surakarta.

(©

Figure 1. Nozzle used in research (a) Flat fan nozzle, (b)
Hollow cone nozzle, (¢) Full cone nozzle

In this research, the water spray cooling system was active
for 1 minute in one spray. Spraying is carried out once every
hour from 08:00 — 17:00 local time. The water flow is the same
in all variations, namely 1.5 Lpm using a 12 Volt DC pump.
The collected data from the experiments include temperature
measurements, power output, solar intensity, and water
discharge. Temperature and power output data collection from
the PV panel is carried out after the water spray cooling system
has finished spraying. The temperature data is collected using
a thermocouple sensor placed at the panel's base, resulting in
9 data points. The temperature measurement results are the
average of the 9-point thermocouple data collection. Solar
radiation intensity measurements are done hourly at 08:00 -
17:00 local time. Solar radiation intensity was assessed with
the Lutron SPM-1116SD Solar Power Meter, consistently
positioned at the top of the photovoltaic panel for all variations.
The power output was measured using the Heles UX838-TR
multimeter with rheostat, and water discharge was measured
using a flow meter. Specification data and accuracy of
measuring instruments are shown in Table 1. The photovoltaic
panel utilized in this research is a 50 Wp (Watt peak)
polycrystalline panel manufactured by Sunwatt Aust. Pty. Ltd.,
with specifications detailed in Table 2.

The framework designed in this study is shown in Figure 2
below. The frame is designed with a photovoltaic panel tilt
angle of 12° facing north. The framework has dimensions of
700x600x1000 mm. Installation of a photovoltaic panel, water
spray cooling system, and sensors at predetermined places and
locations, as shown in Figure 3.



Figure 2. Design of the test equipment framework
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Figure 3. (a) Research design of photovoltaic panels with
water spray cooling, (b) Placement of thermocouple sensors
at the bottom of the photovoltaic panel

Table 1. Specification data and accuracy of measuring

instruments
Measuring Characteristics Accuracy
Instruments
K-type Measure PV panel temperature +0.4%
thermocouple and water temperature with a
measurement range
—270 to 1260°C
Tasi TA612 Thermocouple reader +0.2%
Lutron SPM-  Measuring the intensity of solar +5%
1116SD solar  radiation with a range of 0 — 2000
power meter W/m?
Heles UX838-TR  Measuring the power output +3% for DC
multimeter results of PV panels current and
+0.5% for DC
voltage
Flow meter Measure water discharge with a +5%

measurement range of 1 - 5 Lpm
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Table 2. Photovoltaic panel specification

Specification Information
Solar cell type Polycrystalline Silicon
Open-Circuit Voltage (Voc) 21.24V
Short-Circuit Current (Isc) 311 A
Maximum Power (Pmpp) 50 Wp
Current at Pmax (Impp) 277 A
Voltage at Pmax (Vmpp) 18.0V
Efficiency 17.6%
Dimension 670 mmx530 mmx30 mm

2.2 Work analysis parameters

Data analysis in this research was carried out by comparing
the temperature and performance of photovoltaic panels
without cooling, using water spray cooling with nozzle type
and diameter variations. Among the performance parameters
of photovoltaic panels are short-circuit current (Isc), open-
circuit voltage (Voc), fill factor (FF), maximum power (Pyrp),
and efficiency (7).

The open circuit voltage (Voc) represents the maximum
achievable voltage capacity when no current flows within the
circuit. Short circuit current (Isc) is the maximum electricity
when there is no resistance in the circuit. The connection
between current (/) and output voltage (V) in PV panels can be
described by the subsequent equation:

(M

In this equation, it is evident that Isc represents the short-
circuit current in amperes (A), V' denotes the photovoltaic
panel's output voltage in volts (V), and Voc stands for the
open-circuit voltage in volts (V), V7 is a thermal voltage (V),
and m is the diode ideality factor. The calculation of the
maximum power point (Pypp) produced by photovoltaic
panels is formulated by the equation [39]:

Pypp = Vupp X Iypp (2)
G I8
Iypp = o X Iypp (3)
Isc—I
VMPP =m. VT.ll’l (%) (4)

where it is known that G represents solar radiation at the
location (W/m?), G” is solar radiation at standard test condition
(STC) (W/m?), I'ypp is the maximum current at STC (A), m is
the diode ideality factor, V7 is thermal voltage (V), Isc is short
circuit current (A), Iypp represents the maximum current (A),
and [y represents the saturation current (mA). Fill factor (FF)
is the division of maximum power (Purp) at Voc and Isc, and
the working efficiency of photovoltaic panels is a comparison
between the maximum power (Puypp) with the solar radiation
power received by photovoltaic panels (Piign). The equation
used to find the fill factor (FF) and Efficiency () is shown
below [40, 41]:

Pmpp ImpPXVMPP
FF = = (5)
IscxVoc IscXVoc
Pympp Pmpp IscXVocXFF
= T = ad = (6)

Iight Irga X A Irqa X A



3. RESULT AND DISCUSSION
3.1 Intensity of solar radiation over local time

Research on cooling photovoltaic panels with a water spray
cooling system was carried out experimentally using direct
solar radiation at 08:00 — 17:00 local time with the test location
on the rooftop of UNS Inn (Sebelas Maret University)
Surakarta city. The photovoltaic panels are tilted by 12° facing
north based on the optimal angle of the Global Solar Atlas at
the test location in Surakarta in July 2023. The graph of solar
radiation gain throughout the day is shown in Figure 4. The
most incredible intensity of solar radiation can be obtained is
1000 W/m? at 11:00 AM, and the lowest is 155 W/m? at 17:00
WIB.
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Figure 4. Local time solar radiation intensity

3.2 Effect of adding a water spray cooling system on the
temperature and performance of photovoltaic panels

Photovoltaic (PV) panels have a drawback: a reduction in
operational efficiency when the panel's temperature exceeds
the ideal operating temperature of 25°C [7]. Weather
conditions, temperature variations, and the manufacturing
process of the photovoltaic panels impact their performance.
This is caused by the properties of the semiconductor material
contained in the photovoltaic panel cells. In cells, thermal
activity increases with temperature, increasing particle
movement. Consequently, the cell's internal resistance may
increase due to this increased movement. As a result, this will
reduce the cell's ability to convert sunlight energy into
electrical current. Gap voltage, which is the potential
difference between a photovoltaic cell's positive and negative
layers, can decrease as temperature increases. If this gap
voltage decreases due to high temperatures, the cell's ability to
generate voltage and electric current will also decrease. As a
result, as the panel temperature increases, their energy
conversion efficiency decreases. In other words, when the
temperature is high, the efficiency of converting solar energy
into electrical energy tends to decrease, which means that
photovoltaic panels cannot function properly to produce
electrical energy [42].

Elevated operating temperatures in photovoltaic panels can
influence various panel characteristics, including a decrease in
the open-circuit voltage (Voc), consequently reducing the
output power (Puypp) [43]. The increase in temperature can be
overcome by adding a water spray cooling system as a
temperature control for photovoltaic panels. Cooling with
water spray is a technique where the pressurized liquid is
forced through a small hole (nozzle) to become tiny droplets.
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Then, the spray of these droplets is directed toward the surface
of the photovoltaic panel.

Table 3. Temperature and performance of the photovoltaic
panel at 11:00 AM with a solar radiation intensity of 1000

W/m?

.. Temp Vupr  Pupp Efficiency
Variation ccy e (4) (Volt) (Watt) (%)
Without 6196 211 17.50 3692  10.98
cooling

Flat fan nozzle 41.42 2.45 18.10 4434 13.05
2 mm
Flat fan nozzle 42.07 243 17.90 4349 12.81
3 mm

Hollow cone 3, ¢ 2.55 1840 4692  13.95
nozzle 2 mm

Hollow cone 3¢ ¢ 251 1830 4593  13.66
nozzle 3 mm

Fullcone = 567 563 1850 4865 1447
nozzle 2 mm

Fullcone = 3, 7 260 1840 47.84 1423
nozzle 3 mm
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Figure 5. Photovoltaic panel temperature against time
throughout the day
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Figure 6. Photovoltaic panel efficiency against time
throughout the day



Table 3 shows the performance of photovoltaic panels at
11:00 AM with a solar radiation intensity of 1000 W/m?. The
graph in Figure 5 illustrates that the temperature of an
uncooled photovoltaic panel is consistently higher than when
using a water spray cooler at any time of the day. There is an
increase in the temperature of the photovoltaic panel when the
intensity of solar radiation increases. The temperature drops
results vary depending on the variation in nozzle hole
geometry used. The application of a water spray cooling
system on the photovoltaic panel can reduce the temperature
from 61.96°C to 36.51°C when employing a full cone nozzle
with a 2 mm diameter hole at 11:00 AM under a solar radiation
intensity of 1000 W/m?.

The temperature decrease in photovoltaic panels increases
power output and work efficiency. Figure 6 shows a graph of
the efficiency of photovoltaic panels without the addition of
water spray cooling and the addition of water spray cooling
over time throughout the day with each variation. The working
efficiency of photovoltaic panels equipped with a water spray
cooling system consistently surpasses those without cooling.
Specifically, the efficiency of the photovoltaic panel at 11:00
AM under a solar radiation intensity of 1000 W/m? improves
from 10.98% to 14.47% when a cooling system with a full
cone nozzle having a 2 mm diameter is incorporated.

3.3 The effect of using different types of nozzles in water
spray cooling systems on the performance of photovoltaic
panels

The use of different nozzle types can provide different
cooling performance. The nozzle is a component that plays a
huge role in daily life. Its primary function is to control the
direction and characteristics of the fluid flow. Usually, a
nozzle increases fluid flow speed according to the pressure
applied. The nozzle component in the water spray cooling
method is an integral part of producing the shape of the water
droplets and its effect on the cooling performance with water
spray. An essential factor is a cooling system that can produce
a uniform temperature distribution in photovoltaic panels.
Selecting the right nozzle type to obtain uniform cooling using
a water spray system in photovoltaic panels is necessary.

In this study, a full cone nozzle can provide better cooling
than hollow cone nozzles and flat fan nozzles. A full cone
nozzle has a complete circular burst profile, while a hollow
cone nozzle only focuses on the outside or is hollow on the
inside, so the spray does not fill the entire area. On the other
hand, the flat nozzle has a burst profile shape that tends to be
flat or oval, and the area affected by the burst is only the top
of the photovoltaic panel, which then water flows down the
panel. A full cone nozzle can provide a more even distribution
of water jets on most surfaces of photovoltaic panels. It can
lower panel temperatures better than flat fan and hollow cone
nozzles.

Figure 7 displays a graph illustrating the average
temperature of the photovoltaic panel for the day for each
nozzle type. Specifically, at 11:00 AM, under a solar radiation
intensity of 1000 W/m?, a full cone nozzle with a 2 mm
diameter hole can effectively reduce the photovoltaic panel's
temperature from 61.96°C to 36.27°C. In contrast, utilizing a
hollow cone nozzle and a flat fan nozzle with the same 2 mm
diameter at the same hour resulted in temperatures of 37.78°C
and 41.42°C, respectively. The temperature test results of
photovoltaic panels with full cone nozzle, hollow cone nozzle,
and flat fan nozzle with a diameter of 3 mm at 11:00 AM under
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solar radiation intensity of 1000 W/m? were 37.07°C, 38.84°C,
42.07°C. Based on research results, full cone nozzles can
reduce the temperature of photovoltaic panels better than
hollow cone nozzles and flat fan nozzles. The whole cone
nozzle delivers a more uniform spray across the surface of the
photovoltaic panel, resulting in more effective panel cooling,
as demonstrated by the temperature distribution contour image
of the photovoltaic panel in Figure 8 below. Better cooling
performance can produce high power output and photovoltaic
panel efficiency.
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Figure 9 displays the I-V relationship, and Figure 10
illustrates the P-V relationship at 11:00 AM under a solar
radiation intensity of 1000 W/m? for each nozzle type.
Enhanced cooling positively impacts the generated power
output, with Pmpp being higher when using a full cone nozzle
than a flat fan nozzle and a hollow cone nozzle. The power
output (Pmpp) results at 11:00 AM under a solar radiation
intensity of 1000 W/m? using 2 mm diameter variations of flat
fan nozzle, hollow cone nozzle, and full cone nozzle are 44.34
watts, 46.92 watts, and 48.65 watts, respectively. Conversely,
for 3 mm diameter variations of these nozzles, the power
output (Pmpp) results are 43.49 watts, 45.93 watts, and 47.85
watts. This difference in power output (Pmpp) between the
total cone nozzle variation and the hollow cone and flat fan
nozzle variations can be attributed to the lower operating
temperature of the photovoltaic panel.

Figures 11 and 12 show the efficiency gains of photovoltaic
panels throughout the day. The efficiency of the photovoltaic
panel at 11:00 AM with a solar radiation intensity of 1000
W/m? using a full cone nozzle with a hole diameter of 2 mm is
14.47%. However, the efficiency results of photovoltaic
panels with a hollow cone nozzle and a flat fan nozzle at 11:00
AM under a solar radiation intensity of 1000 W/m? and a hole
diameter of 2 mm yielded lower results, precisely 13.95% and
13.05%. Furthermore, when photovoltaic panels were tested
using a whole cone, hollow cone, and flat fan nozzles with a 3
mm diameter at 11:00 AM under a solar radiation intensity of
1000 W/m?, the efficiency results were 14.23%, 13.66%, and
12.81%. These research findings demonstrate that employing
a full cone nozzle in a water spray cooling system can lead to
higher photovoltaic panel efficiency than using a hollow cone
nozzle and a flat fan nozzle.

3.4 The effect of using different nozzle diameters in water
spray cooling systems on the performance of photovoltaic
panels

The difference in nozzle diameter in the water spray cooling
system used results in different cooling performances for the
photovoltaic panels. The large diameter of the nozzle hole
affects the size of the water droplets produced. Based on the
research results, a nozzle diameter of 2 mm can cool
photovoltaic panels better than a nozzle diameter of 3 mm for
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each variation of nozzle type. Figure 13 shows a photovoltaic
panel temperature graph at any time of the day with varying
nozzle diameters. The research results for the water spray
cooling system's impact on the temperature of photovoltaic
panels with flat fan nozzle diameters of 2 mm and 3 mm at
11:00 AM under a solar radiation intensity of 1000 W/m? were
41.42°C and 42.07°C, respectively. The results of the water
spray cooling system research on the temperature of
photovoltaic panels with hollow cone nozzles with diameters
of 2 mm and 3 mm at 11:00 AM under a solar radiation
intensity of 1000 W/m? were 37.78°C and 38.84°C. The results
of the water spray cooling system research on the temperature
of photovoltaic panels with full cone nozzle diameters of 2 mm
and 3 mm at 11:00 AM with a solar radiation intensity of 1000
W/m? were 36.27°C and 37.07°C.

Lower photovoltaic panel temperatures positively impact
increasing power output and photovoltaic panel efficiency.
Figure 14 shows a graph of photovoltaic panel efficiency at
08:00-17:00 with varying nozzle diameters. The highest
efficiency was obtained with a nozzle diameter of 2 mm on a
full cone nozzle, namely 14.47% at an intensity of 1000 W/m?
in testing at 11:00 AM. Meanwhile, with the same time and
type of nozzle, namely a sizeable full cone nozzle with a
diameter of 3 mm, it produces 14.23%. The efficiency results
of photovoltaic panels using hollow cone nozzles with hole
diameters of 2 mm and 3 mm are 13.95% and 13.66%,
respectively. Meanwhile, the efficiency results of photovoltaic
panels with a flat fan nozzle and a diameter of 2 mm and 3 mm,
respectively, are 13.05% and 12.81%. Obtaining photovoltaic
panel efficiency results using a nozzle hole diameter of 2 mm
obtained higher results than a nozzle diameter of 3 mm for
each variation of nozzle type.

Obtaining better efficiency results due to better cooling can
maximize the power output produced by photovoltaic panels.
Using a nozzle diameter of 2 mm can produce better cooling
results than a nozzle diameter of 3 mm because it can provide
a more even spray of water on the surface of the photovoltaic
panel with the same water discharge, namely 1.5 Lpm. Using
the same water flow of 1.5 Lpm, a 3 mm diameter nozzle
produces a weaker jet, leading to a less even distribution of the
water spray on the surface of the photovoltaic panel compared
to a 2 mm diameter nozzle. This is what makes the cooling
results with a nozzle diameter of 2 mm more optimal for each
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3.5 Uncertainty analysis

The accuracy value of the measuring instrument is required
to calculate the uncertainty value, which is presented in Table
1. The equation used to calculate the uncertainty value for the
photovoltaic panel efficiency value is as follows [22]:

Figure 13. Graph of photovoltaic panel temperature against
time throughout the day with nozzle types (a) Flat Fan
nozzle, (b) Hollow cone nozzle, and (c) Full cone nozzle
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It is known that Wz results from uncertainty values with W,
W, Ws, .., and Wn being independent variables. The
uncertainty value of photovoltaic panel efficiency is
determined by entering variables that influence the efficiency
value according to the efficiency summary in Eq. (6). So, it is
known that the uncertainty value of photovoltaic panel
efficiency is 5.85%.

4. CONCLUSION

The water spray cooling system on photovoltaic panels has
been proven to reduce the temperature of photovoltaic panels,
thereby increasing their power output and work efficiency.
Photovoltaic panel temperature decreased from 61.96°C to
36.51°C and efficiency increased from 10.98% to 14.47% in
testing at 11:00 AM with a solar radiation intensity of 1000
W/m?,

The water spray cooling system with a full cone nozzle
provides better cooling performance than a hollow cone and
flat fan nozzles. Full cone nozzles can provide a more even
spray of water that hits more of the surface of the photovoltaic
panel, creating a more uniform temperature distribution.
Different diameters for each type of nozzle provide different
cooling performance. A nozzle diameter of 2 mm proves to be
more effective in achieving enhanced cooling results when
compared to a 3 mm diameter nozzle.

In this research, the entire cone nozzle configuration with a
diameter of 2 mm had the best cooling performance, resulting
in the highest efficiency of the photovoltaic panel. Cooling
photovoltaic panels with water spray has a cooling solid
performance and is easy to apply. For future research, further
research can be carried out regarding the optimal time and
duration for this active water spray cooling system to cool
photovoltaic panels with the correct water flow, number of
nozzles, and nozzle position.
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NOMENCLATURE
Isc Short circuit current (A)
%4 Photovoltaic panel output voltage (V)
Voc Open circuit voltage (V)
Vr Thermal voltage (V)
M Diode ideality factor
G Solar radiation on site (W/m?)
G" Solar radiation at Standard Test Conditions (STC)
(W/m?)

Ipp Maximum current at STC (A)
Iypp Maximum current (A)

Iy Saturation current (mA)

FF Fill Factor

liight Power of solar radiation (W/m?)

Irad The intensity of sunlight (W/m?)

A The active area of the solar cell (m?)
Pwmep Maximum power (Watt)

Wr Uncertainty

Greek symbols

n Efficiency (%)





