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ABSTRACT

A solar tracking system with an effective cooling technique is developed
and implemented in this study, because the solar irradiance, temperature and
dusty climate condition affected on the output of photovoltaic panel. A single
east-west solar tracking system incorporating a monocrystalline panel and a
front surface spray water cooling system was conducted and compared to a
fixed reference panel with an inclination angle 36° facing south. An appropriate
cooling system was developed with six nozzles placed on top, left and right
side of the panel, to ensure that the panel’s front surface is covered with water
from all orientations. Two different types of spray water cooling were
performed,; first by adjusting the panel surface temperature (35 °C, 40 °C and
45 °C), through adjustable water flow rate, and the second was fixing the water
volume flow rate at (2 I/min, 3 I/min, 4 I/min and 5 I/min). This experiment was
conducted during the summer season of the year 2022 in Erbil, Irag (latitude
36.191° and longitude 44.009°).

A simulation study was also conducted using ANSY'S Fluent R19.2. The
experimental study demonstrated a maximum electrical efficiency
improvement reaching 9.9% which was recorded as an enhancement compared
to the fixed reference panel by using the solar east-west tracking system. While
tracking with a cooling system at 35 °C set point temperature has resulted in an
improvement in efficiency up to 25.11%. Another parameter that has been
optimized is the cooling water consumption. The optimal cooling setting
temperature was determined at a surface temperature of 40 °C. Alternatively,
upon the incorporation of a cooling system to the PV panel at setpoint
temperatures of 45 °C, 40 °C, and 35 °C, without the integration of a solar
tracking system, improvements of 18.25%, 19.94%, and 22.82% were achieved
in electrical efficiency, respectively. When the solar radiation exceeds the
power at standard operating conditions, even if the panel temperature is higher
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than that of the standard test, the PV panel is able to produce the same power
as the standard test of 210 W. Additionally, integrating a solar tracking system
with cooling at a water volume flow rate of 2 L/min resulted in double the
power production compared to a fixed panel cooled at the same flow rate. This
model demonstrates that the performance of a photovoltaic panel decreased by
only 0.2-0.3% when the surface temperature increased by 5 °C within a range
of 25 to 40 °C.

The simulation results indicated that the impact of the different variables
on both panel performance as well as temperature could be accurately predicted
and the temperature of the photovoltaic panel reduced significantly, leading to
an increase in power production. The contribution from the ANSYS fluent
simulation was that solar radiation intensity is the most influential factor on
cooled PV module power production, as by maximizing solar irradiance by 100
W/m?, the power production will be increased by 16.6%. While increasing the
water flow rate at a lower water inlet temperature improved the performance of
the photovoltaic panel. This study provides insights essential for design and

implementation of efficient photovoltaic with front surface cooling.
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CHAPTER ONE

(INTRODUCTION)

1.1 OVERVIEW

Energy is a fundamental necessity for human progress and plays a pivotal
role in determining the economic growth of nations. Fossil fuels, including
petroleum, gas and coal, remain the primary energy sources. The rising demand
for energy and its associated environmental impacts are an area of legitimate
concern (Kumar, M.S. and Annappa, 2013). The energy demand is increasing
on a daily basis due to an increasing population and industrial activities, which
are also notable agents of the economic development of any country. Fossil
fuels such as natural gas and oil are the main sources of energy. It is predicted
that in 2035, in some developed countries, fossil fuels will be used to produce
about 80% of energy (Fumo, Bortone and Zambrano, 2013). The byproducts of
these sources have been largely responsible for a high percentage of
environmental contamination, leading to acid rain, the depletion of the ozone
layer, and global warming. Despite the negative impact, energy sources have
greatly helped to bridge the difference between energy need and energy
availability (Hannah, E. Murdock, D. and Gibb, 2019)(Sorrell, 2015). Fig. 1-1
Presents the difference between the need for and availability of energy in Iraq.
To address these issues, it is essential to implement long-term strategies for
sustainable development. It is projected that the demand for energy worldwide
will grow, and fossil fuels will likely not be able to keep up with this surge,
largely because of decreasing production of oil and ecological concerns (such
as air pollution, the greenhouse effect, and climate change). As the cost of these
fuels continues to climb, using sustainable energy resources, including solar
energy, geothermal energy, as well as wind energy, instead of the conventional

way is essential (Eicker et al., 2014). Renewable energy sources appear to be
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one of the most viable solutions (Kasim and Atwan, 2017). Renewable energy
sources have gained significant traction in recent years and now play an integral
role in sustainable development. They also offer an environmentally friendly
alternative (Stambouli and Koinuma, 2012). Using these types of energy
sources instead of the conventional sources are crucial (Al-Saffa, F. Salim, S.
Sallam, S. Jamal, 2021). So that researchers and engineers are putting a huge

focus on renewable energy.

Il Demand

[ Supply
20

15

Power (GW)

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Year

Fig. 1-1 The difference between need and available energy in Iraq (Al-Saffa, F. Salim, S.
Sallam, S. Jamal, 2021)

The use of solar energy has become an attractive most available and
clean as compared to the conventional source of energy. The sun is 109 times
wider than the earth and is located 150 million kilometers away. Its diameter is
1.392 million kilometers, and the average surface temperature is 5,778 K, with
the core temperature reaching 15.7 million Kelvin. Its huge potential for
supplying energy to our planet is undeniable (Kumar, 2018).

Solar energy is the energy that the sun gives off as radiation. Mainly,
solar thermal system counts upon the energy that is heating up the fluid by the
radiation received, while photovoltaic is used to produce electricity from the

received radiation. There are also some specific ways for accumulating thermal
2



energy by using a concentrating solar collector which is done by a reflector that
will concentrate solar radiation to the collector, so that the production of
thermal energy will be maximized (John and Beckman, 1982).

Investigations into hybrid solar panels have increased significantly in
recent years as their capacity for efficiently producing both thermal and
electrical energy has become more apparent. By combining these two energy
sources, hybrid solar panels provide an effective alternative to the traditional
methods of separately harvesting thermal and electrical energy. As such, these
panels have become increasingly attractive to researchers and engineers,

offering a more efficient means of energy production (Xu et al., 2021).

1.2 SOLAR ENERGY TRANSFORMATIONS TECHNIQUE

Traditionally, the conversion of solar energy has been done through two
distinct methods: the production of electricity via photovoltaic modules or the
generation of heat through thermal collectors. However, a new area of research
has emerged that combines both of these methods together in a process known
as photo thermo conversion (Grant et al., 2002). This dual energy conversion
process is referred to as a photovoltaic-thermal collector (PV/T) with hybrid
functionality, which is capable of producing both electricity and heat
simultaneously. Such a device offers an attractive solution to the problem of
satisfying both energy demands, making it a logical development path. Fig. 1-

2 presents the various types of solar energy transformation techniques.
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Fig. 1-2 Various types of solar energy conversion technology
1.2.1 Thermal Solar Collector

Solar thermal collectors are a particular kind of heat exchanger, which
transform solar radiation energy into the thermal energy of the working fluid.
This thermal energy can then be used to provide heat, hot water, and other
energy services. The two main types of solar collectors are flat-plate collectors
and evacuated tube collectors. Flat-plate collectors are the most commonly
used type of collector and consist of a flat absorber plate, a transparent cover,
and an insulated back plate. They are typically used for residential and
commercial applications, such as heating swimming pools, hot water, and space
heating. Evacuated tube collectors are a more efficient type of collector,
consisting of a series of glass tubes with a vacuum space between the layers
that reduces heat loss. These collectors are typically used in high-temperature
applications, such as industrial processes. Fig. 1-3 illustrates a typical flat plate

collector.
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Fig. 1-3 Solar flat plate collector (Dobriyal et al., 2020)

1.2.2 Solar Photovoltaic Technology

Photovoltaics utilize solar radiation to directly generate electricity from
the absorbed radiation. The term “photovoltaic” is derived from the Greek
words for light and voltage, respectively. Solar cells, also referred to as
photovoltaic modules, generate electricity when exposed to sunlight. When
solar radiation strikes a PV cell, the photons of the absorbed radiation shift the
electrons from the atoms of the cell. The free electrons then move towards the
cell, creating and filling in holes in the cell. This movement of electrons and
holes generates electricity. This physical process of converting solar radiation
into electricity is known as the photovoltaic effect. Photovoltaic systems are
composed of solar cells and other components. In 1954, Bell Telephone
Laboratories successfully demonstrated the first practical conversion of solar
radiation into electric energy using a p—n junction type solar cell with 6%
efficiency. A solar cell must have a junction between two different
semiconductors. The electrical conductivity of semiconductors is lower than
that of conductors and higher than that of insulators. The working principle of

the photovoltaic effect is shown in Fig. 1-4.
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Fig. 1-4 Photovoltaic cell working principle (Husain et al., 2018)

The most common solar cells are made of crystalline and amorphous
silicon materials. When solar radiation strikes the solar cell, some of the
radiation’s spectrum imparts enough energy to produce electron-hole pairs in
the semiconductor material. The formation of a junction between two
dissimilarly doped semiconductor layers creates a potential barrier that
separates the electrons and holes, inducing a voltage. The current available is a
function of the PV cell area and solar radiation intensity. The electricity is
collected and transmitted by metallic contacts placed on both sides of the cell
(Solanki, 2011) .

Photovoltaic cells are organized into modules by connecting them in
parallel and series orientations to increase the voltage and current output. For
higher power ratings, PV modules can be linked in groups to form arrays. Fig.
1-5 illustrates a basic PV system. Solar panels are composed of an array of
photovoltaic modules that convert solar energy into electricity. Charge
controllers are used to optimize the power output from the solar panels, supply
charge to batteries, control charge current and charge level. Batteries store the
energy provided to them and are employed when solar energy is not available.
Inverters are utilized to convert DC power into AC power for use in AC

applications.
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Fig. 1-5 Solar PV system

Commercially available PV modules have the capability to convert solar
radiation into electricity with efficiencies ranging from 5-25%, becoming
increasingly cost-effective and competitive with other technologies. This is
largely attributed to the advancements made in the space program, which have
seen photovoltaic cells made from semiconductor-grade silicon become the
primary source of power for satellites (Li et al., 2006).

Mainly, there are three technical types of silicon-based PV cells: mono-
crystalline, polycrystalline, and thin-film cells, as presented in Fig. 1-6. Mono-
crystalline cells are made from a single, large crystal of silicon and are the most
efficient type of cell, with efficiencies of up to 23%. Polycrystalline cells are
made from multiple, smaller crystals of silicon and are slightly less efficient
than mono-crystalline cells, with efficiencies of up to 18%. Amorphous silicon
cells are made from a thin film of amorphous silicon, which is a non-crystalline
form of silicon. Thin film cells are the least efficient sort of cell, with
efficiencies of up to 14%. Additionally, thin film cells are the least expensive
type of cell, making them ideal for large-scale solar installations (Sugianto,
2020).
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Fig. 1-6 Three main technical silicon-based PV cells

Mainly PV panel consist of five different layers (glass, EVA1, silicon,
EVAZ2 and tedlar). Whereas the glass layer serves as a protective shield for the
solar cells, it allows sunlight to pass through while protecting the cells from
environmental factors. While EVA serves as a protective, adhesive, and
insulating layer in PV panels, contributing to their overall performance,
durability, and efficiency in converting sunlight into electricity. The silicon
solar cells are core of the PV panel, solar cells are responsible for converting
sunlight into electrical energy through the photovoltaic effect. On the other
hand, tedlar layer in a PV panel functions as a protective barrier against
moisture and chemicals, provides UV resistance, offers electrical insulation,
and contributes to the mechanical strength of the solar panel, enhancing its

performance and lifespan (Benda and Cerna, 2020).
1.2.3 Solar Photovoltaic Thermal (PV/T) Technology

Solar Photovoltaic Thermal (PV/T) Technology combines the two most
commonly used solar technologies, photovoltaic (PV) and solar thermal, into
one system. It is an innovative technology that can be used to generate both
electricity and heat from the same system. It appears to be a wise decision to
develop a device that can not only meet the demand for solar heat and

electricity, but also maximize the efficiency of the module. This could be



accomplished by integrating PV cells with a thermal solar collector to create a
device that can convert the solar radiation into both electricity and heat
simultaneously. The electricity generated can then be used for immediate
consumption, while the heat can be stored for future use. By utilizing this
approach, we can not only meet the dual demand for electricity and heat, but
also maximize the efficiency of the panel by reducing the panel's temperature,
which will increase the lifespan of the PV panel. A sample model of solar

photovoltaic thermal (PV/T) technology is shown in Fig. 1-7.
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Fig. 1-7 Typical solar photovoltaic thermal technology (Joshi et al., 2009)

1.3 SOLAR TRACKING SYSTEMS

Solar tracking systems are an advanced technology for photovoltaic (PV)
installations that helps to maximize energy production. They are designed to
move the PV surface to the optimal angle and orientation to capture the most
sunlight throughout the day. Single-axis and dual-axis solar tracking

mechanisms are the two main types of tracking systems available.



1.3.1 Single Axis Solar Tracker

Single-axis trackers (SATs) allow solar PV panels to rotate around a
single axis, typically parallel to the north meridian. They provide a good
balance between flexibility, efficiency, and simplicity. A single-axis solar
tracker can be configured in a variety of ways, depending on the orientation of
the axis with respect to the ground, including tilted single-axis trackers, which
track between the axes of horizontal and vertical, horizontal single-axis
trackers, which are horizontally positioned with respect to the ground, and
vertical single-axis trackers, which are vertically positioned with respect to the
ground. These trackers enable the solar modules to orient themselves east-west

according to the sun's position (Racharla and Rajan, 2017).

1.3.2 Dual Axis Solar Tracker

Dual-axis trackers have two axes of rotation that are perpendicular to each
other. The axis that is fixed in place is the primary axis. The module's
orientation relative to the tracker axis is important to measure power production
or performance. These trackers are highly beneficial for solar energy
production since they can be adjusted to follow the sun, regardless of its
position in the sky. This allows them to always remain in direct contact with
the sun (Racharla and Rajan, 2017).

1.4 PROBLEM STATEMENT

The efficacy of photovoltaic (PV) panels is contingent upon cell
temperature, with the PV module attaining the highest efficiency at 25 °C and
1000 W/m? nominal operating conditions. As cell temperature rises, the module
efficiency declines, thereby reducing the panel's electrical power production
and the proportion of solar radiation converted to electrical energy, which
ranges from 5-25%. When panel operates at high ambient temperatures, a
significant portion of the solar radiation captured by the cell is transformed into

undesirable heat, which results in further increase in the cell temperature and
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decreases efficiency. The ambient temperature in Iraq generally, started to
increase above 25 °C during the months from April until the end of October,
this makes a crucial factor to think about the water-cooling technology for PV
panels. The accumulation of dust on the panel surface creates a barrier that
reduces the efficiency of the photovoltaic cells in converting sunlight into
electricity. Many researches have been carried out to enhance the efficiency of
photovoltaic panel experimentally as well as numerically by utilizing different
cooling strategies to lower the panel’s temperature, most efficient way was by
using water. Finally, this research will answer the following equations:
e What is the most effective way of cooling PV cells? How should the rate
of water be controlled in accordance with the panel surface temperature?
e How will the combination of a solar tracking system with a water cooling
technique influence the increase in power production from photovoltaic
panels?
e Which parameter has the highest impact on the efficiency and power

production of the photovoltaic panel?
1.5 PURPOSE AND OBJECTIVES
The objectives of this research are as follow:

1. Improving the photovoltaic panel’s performance by implementing a
spray water cooling system on top, left and right side of the front surface
of the panel, where the proposed system performs to:

a- Minimize the operating temperature of PV panel which will result in
higher electric power production.

b- Self-cleaning of the photovoltaic panel, which has a significant
influence on increasing the power production as a result of optimizing

sun light absorption, especially in countries with dusty weather.
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2. To demonstrate the effect of implementing a single east-west solar
tracking system on getting optimum solar radiation, by comparing it with
a fixed reference panel.

3. To investigate the effect of adjusting and optimizing the water flow rate
automatically in accordance with the panel surface temperature.

4. The developed panel with the tracking system and spray water cooling
system will be compared against the fixed panel as a benchmark.

5. To optimize the influence of panel operating temperature over electric
power production.

6. Establish and develop a 3D numerical model by using (ANSYS Fluent
R19.2) and validate the model against experimental results.

7. To study the impact of ambient temperature, solar irradiance and water
inlet temperature on the efficiency and power production of a cooled

photovoltaic panel.

1.6 RESEARCH METHODOLOGY

1. Conducting a comprehensive review of previous research on
photovoltaic panels with cooling is needed in order to identify areas of
research that are yet to be explored. This review will help in narrowing
down the scope and highlighting the issues that require further
investigation.

2. ldentify the primary factors influencing the cell’s temperature and the
quantity of electric power generated by the photovoltaic (PV) panel, and
determine the optimal methods to maximize the PV panel's performance.

3. A photovoltaic panel spray water cooling system with a tracking system
was developed and installed at the research center of Erbil Polytechnic
University. A comprehensive set of experiments was carried out to assess
the system’s performance, and the collected data was used to assess its

overall effectiveness and efficiency.
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4. Developing a numerical 3D model using ANSYS (Fluent R19.2) to
evaluate the performance of a photovoltaic panel and validate the model
against experimental results.

5. Calculating the system’s electrical performance for the experimental as
well as ANSY'S results.

6. Numerical and experimental results are compared and discussed.

1.7 THESIS STRUCTURE

The dissertation consists of six chapters.

Chapter one provides an overview of the research topic and its context.
It outlines the research objectives, research questions, and research
methodology used. The chapter concludes with a summary of the thesis

structure.

Chapter two provides a comprehensive review of the existing literature
pertaining to the research topic of solar photovoltaic cooling systems and their
electrical and thermal energy performance. It will also provide an overview of
solar tracking system, and how their use affects the overall performance of a
system. The aim of this review is to offer an understanding of the definition and
classification of PV cooling systems. The research gap of the dissertation is

then established in light of the literature review.

Chapter three outlined the mathematical modeling that encompasses
calculations for electrical efficiency, power production and PV angles.
Furthermore, the simulation process was elucidated with the aid of the ANSYS
Fluent software, providing a comprehensive understanding of the

fundamentals.

Chapter four describes the design and fabrication of a PV spray water

cooling technique test apparatus, along with an examination of the
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measurement equipment's uncertainty. The instruments used to measure
parameters such as inlet and outlet water temperature, PV surface temperature,
water volume flow rate, voltage and current are discussed, followed by a
description of the experimental procedure. The numerical model is then
validated, and the effects of the tracking system and adjusting the water flow
rate due to the surface set point temperature on the system's performance are

investigated experimentally.

In Chapter Five, the outcomes derived from the experimental and
computational results for the present photovoltaic cooling system with tracking
system are discussed. Results from both the water cooling and tracking systems
at different operation adjustments were presented. The performance of the
spray water cooling at different set point temperatures, different flow rate with
and without tracking were reported. Additional information, like the water flow
temperature and the CFD temperature contour on different layers of PV/T
systems was also reported. The outcomes from the CFD were compared with
the corresponding experimental values and the degree of agreement was

presented.

Chapter Six summarizes the study’s main results and conclusions with

suggestions for further research.
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CHAPTER TWO

(LITERATURE REVIEW)

2.1 INTRODUCTION

As the need for energy continues to increase, the utilization of solar
power has emerged as a reliable and sustainable alternative to conventional
fossil fuels. Solar energy is a renewable source that is free to use as well as
poses minimal environmental hazards. Additionally, the supply of this energy
resource is abundant and thus can help to ensure a steady flow of energy.
Hence, solar energy is deemed to be a promising and sustainable resource that
can fulfill the energy needs of today without compromising the environment. It
can also help to maintain ecological balance and reduce dependence on
conventional energy sources.

Especially solar photovoltaic thermal panels (PVT) play a major role in
meeting the energy demand, as it supplies thermal and electrical energy
simultaneously. The performance of photovoltaic systems can be improved
throughout cooling the panel, concentrating solar radiation and/or providing a
solar tracking system. In this chapter, a comprehensive literature review
explores up to date researches and techniques regarding the enhancement of the
PV panels performance through cooling the panel to enhance the electrical
performance of the module as high operating temperatures will negatively
affect the PV efficiency. Also, reviewing tracking systems for the PV panels
which leads the panel to increase the solar energy received by the panel
throughout the day. Finally, the research will conclude with a discussion of the
potential benefits and drawbacks of the cooling and tracking systems, as well

as the potential applications of these enhanced performance PV systems.

15



The purpose of this review is to identify areas in need of improvement
to optimize the performance of a photovoltaic system, as well as to determine

the most effective form of cooling for regions with dusty weather.

2.2 PV SOLAR CELL

Alexander-Edmond Becquerel's discovery of the photovoltaic effect in
1839 was a groundbreaking moment in history (Yadav, A. and Kumar, 2015).

In 1946, the pioneering solar cell composed of silicon was developed by
Russel Ohl (Robert, 2010; Yadav, A. and Kumar, 2015).

(Chapin, D. N., Fuller, C. S. and Pearson, 1954) were the first to publish
research on generating power via photovoltaic phenomena utilizing crystalline
silicon, notwithstanding the fact that this phenomenon had been known for
some time beforehand. This research ushered in a new era of exploration in the
energy field.

The original photovoltaic cells are comprised of feeble silicon wafers
that can convert the energy of the sun into electrical energy. The utilization of
silicon wafers for the fabrication of the earliest solar cells proved to be
remarkably successful, due to their high-power efficiency, and continues to
remain the most popular option today (Sharma, Jain and Sharma, 2015).

The first generation of solar technologies can be sectioned into two
divisions (Choubey, Oudhia and Dewangan, 2012; Bagher, Mahmoud and
Mirhabibi Mohsen, 2015):

e multi or poly-crystalline silicon solar cells.

¢ single or mono-crystalline silicon solar cells

Polycrystalline solar cells are generated out from extensive blocks of
silicon through the application of special crucibles that progressively cool down
the liquefied silicon, thus enabling large-grained polycrystalline structures to
be formed. Subsequently, the blocks are sawed into wafer segments.

Polycrystalline cells, though not as effective as monocrystalline ones

16



(Jumrusprasert, Smith and Kirkup, 2007; Ayadi et al., 2022), are relatively less
expensive to manufacture due to the absence of energy-consuming processes
involved in crafting single crystals (Parida, Iniyan and Goic, 2011).

Monocrystalline solar cells are considered to possess the maximum
conversion efficacy among silicon solar cells. Research in the laboratory
indicates that a single photovoltaic unit's efficiency can ascend to 24%, while
cells generated in mass scale production have a productivity of around 17%
(Parida, Iniyan and Goic, 2011).

2.3 SOLAR TRACKING SYSTEM

Exploring the problem of getting maximum output from photovoltaic
panels necessitated looking into the issue of their orientation, meaning that a
solar tracker must be connected to the PV system. This mechanism follows the
sun's position over the duration of the day, in order to make sure that the solar
panel is kept in a position where the sun is continually at a normal angle.
Gaining the maximum output of the system required two strategies: improving
the transformation and absorption percentages and increasing the incident rays
by having a solar tracking system.

A solar tracker is an apparatus that contains a motor-operated
mechanism, allowing it to be situated such that photovoltaic panels are directed
to follow the sun's movement across the sky. There are two types of these
trackers, with differences derived from the level of automation present in their
designs, as well as the sensitivity of the sensors employed or the system by
which they position their panels (Chong and Wong, 2009; Hua et al., 2019;
Gbmez-Uceda et al., 2020).

A multitude of studies have been conducted to enhance and expand the
delivery of electricity by utilizing the sun's rays. Among the many studies done
in this field, one can point to the work of Corio (2008), which investigated for

the first time the potential benefit of implementing a simple solar tracking
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system, making use of a stepper motor and a light sensor. Through design,
implementation, and experimentation, they were able to prove the system's
efficiency with positive intermediate results.

Barsoum and Vasant (2010) demonstrated that a single-axis solar
tracking system can augment energy output by around 20%.

Tudorache, T., Oancea, C.D. and Kreindler (2012) investigated the
effectiveness of a single east-west tracking system by implementing a DC
motor under the control of a smart driving system that receives signals from
suitable light intensity sensors. The results indicated that the system is able to
produce 57.55% more electric power than the fixed panel.

The studies surveyed in the articles (Alexandru and Pozna, 2008;
Natarajan et al., 2019; AL-Rousan, Mat Isa and Mat Desa, 2021) illustrate that
the alignment of solar cells can boost their transformation performance by a
range of 20 to 50%, which means a substantial rise in electrical wattage.

Baouche et al. (2022) designed their own solar tracking system by using
an Arduino board and a control program and light dependent resister LDR, the
block diagram of their system is presented in Fig. 2-1, they conclude that their
system was cost less than regular commercial systems while giving a better

efficiency rate than a stationary one.

LDR1 LDR 2

Comparator

Power supply

S
Angle

l\ Movable

Error | .
Control cir- [ ] HPridge B> DC Motor W

panel

Position sensor

Fig. 2-1 Block diagram of tracking system (Baouche et al., 2022)
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24 ENVIRONMENTAL ELEMENT INFLUENCE ON PANEL
PERFORMANCE

Various environmental conditions affect the performance of solar
modules, such as ambient temperature, solar radiation intensity, and dust. These

factors demonstrate how much energy can be extracted from the PV cells.

2.4.1 Influence of Solar Intensity

The level of current which passes through a short circuit (Isc) is responsive
to the number of photons taken up by the semiconducting material, therefor it
is relevant to the light strength (Luo et al., 2017). The power output related to
the irradiance usually remains stable due to the constant energy conversion
efficiency. This current output can be detrimentally affected when the
irradiance increases as displayed in Fig. 2-2. While the light intensity may
affect the module voltage to some extent, the degree of this influence is

negligible in most cases (Mohsin and Abdulbagi, 2018).
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Fig. 2-2 Effect of irradiance on characteristic of the panel (Mohsin and Abdulbagi, 2018)
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2.4.2 Influence of Dust

In regions surrounded by desert, sand dust can be a real problem for the
implementation of PV technology. Due to its ability to scatter, reflect and
absorb sunlight, it can obstruct the illumination of PV panels, drastically
reducing their efficiency. The degree to which the dust settles can be
determined by four major factors: size, kind, concentration and the interval for
which it comprises (Al-Hasan, 1998). The weight of particles, along with
electrostatic and mechanical forces (rain droplets or air-current), causes them
to settle on the surface below. Subsequently, the particles are adhered to the
surface due to variations in electrical field potential, cohesive energy effects,
along with gravity and electrostatic forces. Dust in the atmosphere is
omnipresent, but the size and composition of the particles vary according to
where it is released. In some parts of the planet, such as Kuwait between May
and August, dust may be present for up to 27% of the daylight hours, reducing
visibility significantly as shown in Fig. 2-3 (Aldihani, 2017).
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Fig. 2-3 Monthly average dust accumulated and visibility in Kuwait 2013 (Aldihani, 2017)

20



The scientist Abdulazeez (2018) conducted an experiment on two
identical PV modules with a dual-axis sun tracker and monitored the results in
real-time to evaluate the impact of dust accumulation on the efficiency and
energy losses of photovoltaic systems at Kirkuk, Irag. The findings showed that
dust deposition led to considerable losses of energy in both fixed and sun-
tracker modules although the effect was less pronounced in the tracking system.

The effect of dust on PV power production in Iraq was studied by
Chaichan and Kazem (2020) the result indicated that when the accumulated
dust over the panel surface is increased the PV surface temperature is boosted

as well, resulting in decreased power output, as presented in Fig. 2-4.
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Fig. 2-4 Effect of dust density on PV power production (Chaichan and Kazem, 2020)

Chaichan et al. (2023) experimentally investigated the effect of a dust
storm on solar radiation absorptance by the panel; the findings proved that prior
to the storm, the solar radiation strength was powerful at around 720 W/m?2,
During the storm, however, the radiation plummeted, slipping by 50.54%, as

shown in Fig. 2-5.
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Fig. 2-5 Dust storm effect on solar radiation intensity (Chaichan et al., 2023)

2.4.3 Influence of Ambient Temperature

Previously, researchers found that solar cells differed in output
depending on temperature changes. (Skoplaki and Palyvos, 2008) stated that
the power output of PV modules was seen to lessen by 0.4 - 0.5% for each
degree Celsius increase in temperature beyond the predetermined operational
temperature, depending on the temperature coefficient of the power of the
module. It was also discovered that the desired efficiency of a PV module could
be influenced by varying the temperature around it (Al-Waeli et al., 2016).

(Bonkaney, Madougou and Adamou, 2017) Studied the influence of
ambient temperature over PV efficiency and power production, the study
showed that when PV temperature raises by one degree Celsius the electrical
performance and power output will reduce by 0.49% and 2.6 W respectively,

as presented in Fig. 2-6.
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Fig. 2-6 Variation of PV efficiency and power production with ambient temperature
(Bonkaney, Madougou and Adamou, 2017)

(Al-Damook et al., 2022) Studied the photovoltaic performance in Iraq
under hazardous weather, and the results showed that with the lower ambient

temperature would lead to higher power production.

While another experimental was conducted in Baghdad, Irag, by (Al-
Ghezi, Ahmed and Chaichan, 2022), they concluded that the PV panels are
strongly affected by fluctuation in ambient temperature, by increasing the
power by 1 degree Celsius the power and efficiency will decrease by 0.489%

and 0.586% respectively.

2.5 PHOTOVOLTAIC PANEL COOLING TECHNIQUE

In order to preserve the performance of photovoltaic panels in outdoor
environments, it is essential to utilize cooling methods that minimize the effects
of environmental elements on the surface temperature of the panel. An effective
way to do this is by implementing suitable cooling measures to reduce the
operational temperature of photovoltaic panels and thus protect their

performance.
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Researchers are actively developing cooling systems that are specifically
designed to decrease solar cell operational temperatures, including active and
passive approaches. Such minimization of the temperature of the photovoltaic
array assists in the reduction of power losses and augments the dependability
of the PV module. To optimize the effectiveness of photovoltaic modules,
passive and active cooling techniques are being employed.

Active cooling necessitates an agent of cooling, such as air or water, which
usually necessitates the use of a fan or pump. In contrast, passive cooling does
not need supplemental energy to decrease the PV cell temperature (Teo, Lee
and Hawlader, 2012; Sharaf, Yousef and Huzayyin, 2022). Fig. 2-7 shows the

cooling mechanisms used to minimize the panel’s operating temperature.

Cooling Techniques
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™ Back surface cooling »  Natural Air Cooling ]
L»f \
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surface cooling

Fig. 2-7 Cooling strategies
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2.5.1 Water Cooling Strategy

2.5.1.a Front Surface Cooling

Front surface water cooling of photovoltaic (PV) panels is a relatively new

technology that has been gaining increasing attention in recent years. This

innovative method is seen as a potential solution to address the thermal issues

that have been hampering the efficiency of PV cells in many countries around

the world. In this literature, the current state of research and development in the

field of front surface water cooling of PV panels is explored. Table 2-1 presents

studies and their improvement in electrical efficiency using front surface

cooling technique.

Table 2-1 Front surface cooling researches

Researcher

Type of study

Cooling
Mechanism

Temperature
reduction
°C)

Efficiency
improvement
%

Country

(Krauter, 2004)

Experimental

Twelve nozzles

along top of
module, constant
flow, continuous

cooling

22

10.3

Brazil

(Abdolzadeh
and Ameri,
2009)

Experimental

Tube with small
holes, constant
flow, continuous

cooling

23

125

Iran

(Wu and Xiong,
2014)

Experimental

Rainwater

distribution tube
on the top of the
panel, constant
flow, continuous

cooling

19

8.3

UK

(Nizetic¢ et al.,
2016)

Experimental

10 nozzles on the
front side, 3up, 3
down and 2 on
each side, three
different  flow

rates were tested

26.4

10.77

India
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144, 189, 225
L/h.

(Jailany, Abd
El-Al and
Rashwan, 2016)

Experimental

Water
distributing hose

with on/off timer

9.07

7.87

Egypt

(Matias et al.,
2017)

Laboratory

Experiment

perforated

metallic profile,
four constant
flow rates were
tested 1, 2, 3, 4
L/min for

cooling the panel

18

22.69

Brazil

(Arefin, 2019)

Experimental
and Numerical
(ANSYYS)

Pipe with 20
holes on the top
of PV, different
flow rate tested
0.5, 1, 1.25, 1.5,
175 and 2
L/min.
continuous

cooling.

14

1.5

Bangladesh

(Khalil,
Abdelgaied and
Hamdy, 2019)

Experimental

Spray water with
6 nozzles, 2 on
topside and two
at each left and
right side of the
panel exactly
facing each
other. 225 L/h
constant  flow

continuously.

18

18.8

Egypt

(Govardhanan
et al., 2020)

Experimental

Immersing front
surface with
uniform flow, by
testing three
different  mass
flowrate 2.3, 3.8,
5.3 kg/min

20

14

India

(Benato et al.,
2021)

Laboratory

Experiment

Three nozzles on

the top of the

24

2.09

Italy

26




module, five
different on/off
spray cycle were
used.

Pipe with 9

nozzles, three
different on/off

(Nateqi,
) ] spray water were

Zargarabadi and | Experimental 40 25.86 Iran
tested 10 s On-10

Rafee, 2021)
s Off), (55 On-5
s Off) and (3 s
On-3 s Off)

Copper tube
(Sultan, Farhan
. . placed over the
and Salim Experimental 21 11.89 Iraq

—_— panel to sprinkle
Alrikabi, 2021) .
water

(Krauter, 2004) studied the effect of using water film to act as an anti-
reflection coating to minimize the incidence of sunlight reflection, to clean the
front surface of the panel, and to cool the surface to enhance the efficiency of
PV panels. The water film cooling system is presented in Fig. 2-8, and the
results indicated that water with a reflecting index of 1.3 is a durable
contrivance between the air and glass cover of the panel by decreasing panel
reflection by up to 3.6%, reducing the panel temperature by about 22 °C, as

well as boosting the efficiency of solar cells by up to 10.3%.

(Abdolzadeh and Ameri, 2009) investigated experimentally the potential
of enhancing the competency of a PV water pumping system. This was
achieved through water spraying on top of the PV module. Experimental
findings showed that the power of the cells is augmented with water spray, so
the electrical efficiency increased by 12.5% when compared to the panel

without spray water cooling.
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Fig. 2-8 Creation of film cooling technique (Krauter, 2004)

Research Moharram et al. (2013) aimed to minimize the amount of water
and electricity needed to cool solar panels in hot, dry areas, like deserts in
Egypt. So, they developed a cooling system which involved water spraying
over solar panels by utilizing a pipe with 120 nozzles on the top of the panel as
shown in Fig. 2-9, as well as a mathematical model was developed to predict
the optimal time to start cooling. By analyzing results, they conclude that the
system should work for 5 minutes to minimize the temperature by 10 °C, they
also calculated the output energy at 40, 45, 55, 65 °C determined that the
maximum allowable temperature (MAT) should be set at 45 °C, which is a

compromise between the energy produced and the energy needed for cooling.

(Wu and Xiong, 2014) presented an innovative passive cooling system
by utilizing collected rainwater that not only lowered the temperature of the
cells but also boosted the electrical efficiency of the PV panel by a promising
8.3%.
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Fig. 2-9 Experimental rig 1 — PV module, 2 — tank, 3 — pump, 4 — filter, 5 — nozzle and 6 —
drain pipe (Moharram et al., 2013).

(Nizeti¢ et al., 2016) studied the effect of front surface cooling PV panels
for Mediterranean weather by spraying water with 10 nozzles placed at an angle
of 40° to ensure that the spray will cover a larger surface of the panel and to
prevent shadows over the module. As the results indicated that front surface
cooling will lead to increase in power production from 35 to 40.1 W. also, they
indicate that the highest power production was at a 225 I/h flow rate.

(Jailany, Abd EI-Al and Rashwan, 2016) used the forced water spraying
technique to distribute water over the surface of the panel through a distribution
hose. As presented in Fig. 2-10, it was possible to minimize the temperature of
the PV up to 9.07 °C over a period of 10 hours. This was accompanied by a
0.71% and 9.27% increase in efficiency and power generated by the system
respectively. Thus, it was recognized that cooling the panel was effective in

improving its efficiency and conserving water.
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e T

Module

Fig. 2-10 Experimental system 1&2- cells with air cooling, 3&4- cells
with water cooling, 5- Water distribution hose, 6- Frame 7- Ducts
of water collection, 8- Water tank and solar pump (Jailany, Abd EI-Al and Rashwan,
2016).

Matias et al. (2017) tried to increase the power generated from a
commercial PV by providing water for coolant of the front panel surface which
was done through a perforated metallic profile for the dissemination of water
over the module. The result showed that the panel without using cooling was
able to produce 63 watt-hours with a surface temperature of 70 °C and then by
testing different flow ratio of water for cooling they came out with the
conclusion that the most effective ratio was 0.6 I/min and net energy 77.41 watt-
hours, compared to the panel without cooling the gain was 22.69%.

The study by Syafigah et al. (2017) utilized ANSYS Fluent to explain the
impact of five distinct water flow rates within the range of 0.01 to 0.05 kg/s on
panel cooling and their effect on convection heat transfer rate. The results
indicated that the convection heat transfer rate will be considerably reduced by

increasing the flow rate to 235 watts at 0.05 kilograms per second.
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Another study by Zhe et al. (2019) using ANSYS CFX to determine the
distribution of temperature of a photovoltaic module by using front surface
cooling at different water inlet temperatures showed that the panel mean
temperature for the uncooled one was about 50.68 °C, while it was 45.34 °C
and 29.71 °C for water inlet temperatures 45 °C and 20 °C respectively.

(Arefin, 2019) Experimentally and theoretically analyzed the
performance of an integrated photovoltaic water heating system where the
panel was cooled by a header pipe placed on the top of front surface and the
collector was placed outside the panel and connected by integration the water
out from the PV panel to the collector. The proposed system leads to increase
in electrical efficiency by 1.5% at highest flow rate.

(Khalil, Abdelgaied and Hamdy, 2019) studied the front surface cooling
by applying six nozzles two from top, and two at each left and right side of the
panel exactly facing each other, there outcome indicated that the maximum
power output improvement rate using the proposed method was 15.5%, by
reducing the PV temperature from 55 °C for uncooled panel to 27 °C for front
surface cooling.

In a separate study by Govardhanan et al. (2020) the photovoltaic panel
surface was cooled by having three distinct flows of uniform water go over the
top surface of the panel. The water was supplied from the tank, which was
mounted on the top of the panel, as shown in Fig. 2-11. The outcomes revealed
that cooling the photovoltaic panel reduced the panel temperature by 30%,
resulting in increased power production from 19 watts to 23 watts.
Additionally, it was concluded that the front surface water cooling system was
advantageous for clearing the panel surface of dust, resulting in an enhanced

visual appearance.
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Fig. 2-11 Schematic diagram of experimental rig (Govardhanan et al., 2020)

(Benato et al., 2021) installed a cooling system on a PV panel that would
dramatically affect the module surface temperature by spraying water with
three nozzles of 90° spray angle placed on the top of the front surface of the
panel, as shown in Fig. 2-12. The panel was evaluated in accordance with the
panel without cooling system. The result revealed that the cooling system with
an on/off controller by providing 30 seconds of running with 180 seconds of
halting, the setup was capable of maximizing the efficiency from 11.18% to
13.27% and minimizing panel temperature to 24 °C, so they achieved effective

cooling with minimum water consumption.
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Fig. 2-12 Spray water cooling system with three nozzles (Benato et al., 2021)

Nateqi, Zargarabadi and Rafee (2021) investigated the efficiency of the
PV module by examining the impact of water spray angle, as well as the
distance between nozzles and PV, also implementing a timer for on-off water
spray system. The layout of the system is presented in Fig. 2-13, quantity of
nozzles and oscillating water spray they conclude that the efficiency increase
to 19.78% with decreasing spray angle to 15° which leads to a decrease in the
panels temperature from 64° C to 24° C. By decreasing the space between
nozzles and PV panel to the smallest distance which was 10 cm the power
output was increased to 25.86% by implementing a continuous water spraying
strategy. The on-off spray water cooling system leads to minimizing the water

consumption but has the lowest electrical performance.

33



1- Photovoltaic Module 4- Solenoid on-off Valve
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Fig. 2-13 Experimental system layout (Nateqi, Zargarabadi and Rafee, 2021)

Sultan, Farhan and Salim Alrikabi (2021) explored how cooling a
photovoltaic panel with a copper cribriform pipe that sprays water onto the
module affects the panel's performance in a hot region, such as south Irag. The
result indicated that spray water cooling will lead to a clean surface panel as
well as a 34.32% decrease of panel temperature and a huge enhancement in

electrical performance at 11.89%.
2.5.1.b Back Surface Cooling

A study conducted by the researchers (Ibrahim et al., 2010) showed
theoretically the impact of different volume flow rates over three different
absorber shape configurations used to cool down PV panel, the absorber
configurations are shown in Fig. 2-14. The result indicated that the water flow
in spiral configuration is most efficient design for cooling PV back surface

which results in higher performance as well as maximum reduction in PV
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operating temperature, with thermal and electrical efficiency of 64% and 11%

respectively.

Fig. 2-14 Absorber designs used for cooling PV (lIbrahim et al., 2010)

Buonomano, Calise and Vicidomini (2016) investigated the
performance differences between PV and PVT systems in an identical solar
system. The authors used four polycrystalline silicon PV panels and four
unglazed polycrystalline silicon PVT collectors with a total area of 13 m? and
2 kW of electrical power. The liquid used for cooling was water with the
addition of glycol to avoid corrosion. TRNSYS software was utilized for
simulating the system theoretically. The results indicated that the PVT system
temperature is 10 °C lower than the PV panels. The electrical performance for
both systems was around 15%, with PV producing greater electrical energy
than PVT. However, PVT was beneficial due to the thermal energy it produced.

Researchers (Peng, Z., Herfatmanesh, M.R. and Liu, 2017) aimed to
determine the effects of cooling the panel's surface temperature on its
performance. To do this, they exposed the panel to various levels of radiation
in a laboratory setting and spread ice to cool the panel. Results indicated that
with an increase in radiation, the panel's temperature also increased.
Additionally, panel efficiency for power production decreased. Cooling the
panel using ice demonstrated an efficiency 47% greater than the un-cooled
panel. Researchers concluded that using a cooling system on panels for
residential houses could minimize cost pay-back time from 15 years to 12.1
years.

The investigators (Abdullah, 2019) conducted thermodynamic

modelling to compare the thermal and electrical efficiency of the (PV) panel
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within double oscillating absorbers , and one without cooling. MATLAB
Simulink was used to generate theoretical data, and solar radiation levels were
set to range from 300 W/m? to 1000 W/m?, while mass flow rate ranged from
0.01 to 0.049 kg/s. The results suggested that cell efficiency decreased along
with increased cell temperature and solar radiation. Moreover, the temperature
of the panel increased with increasing levels of solar radiation. When setting
the mass flow rate at higher levels, however, the temperature of the cell will
decrease at any radiation level.

Muslim, Ghadhban and Hilal (2020) experimentally investigated, a
cooling chamber with three separate sheet flow orientations of 60°, 30°, and 0°
were mounted to the rear face of the photovoltaic module through two different
flow pathways, up flow and downflow, as indicated in Fig. 2-15. Module 0 was
unaltered, while Modules 1, 2, and 3 were given an upward flow and 4, 5, and
6 received a downflow. The panel was installed with a southward facing 33°
tilt angle, and four varying flow rates (1, 2, 3 and 4) in liters per minute were
tested. The findings showed that Module 1 achieved the highest efficiency at
80% with a flow rate of 4 liters per minute in regards to electrical efficiency,

along with the 60° panel orientation.

Cooling
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passage Rear of PV
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Guide

; Rear of PV
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Modulell (up-flow) , Module V (down-flow) Module Il (up-flow) , Module VI(down-flow)

Fig. 2-15 Experimental module (Muslim, Ghadhban and Hilal, 2020)
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In a recent study conducted by (Bevilacqua et al., 2021) many approaches
were examined with the aim of reducing the temperature of the rear surface of
the modules, as seen in Fig. 2-16. They suggested that the most effective and
most cost-efficient way to cool these panels was spray cooling, as water can be
used to overcome the heat. The study further showed that the spray cooling
method was preferable during hot periods compared to the forced convection
system, as the latter was unable to cope with the higher temperatures. The
electrical efficiency for reference one was 14.9% while for the cooled panel

with back surface spray water was 16%.

PVI PV3 PV4 PV5 PVé6
Fig. 2-16 Experimental rig of different cooling system implemented to the back surface of

the panel (Bevilacqua et al., 2021)

Gomaa, Ahmed and Rezk (2022) studied the effect of back side cooling
panel by implementing two different chamber thicknesses 3 mm and 15 mm,
with crossed channel fins. At various solar radiation and water flow rates, by
using ANSY'S 19.2 software. The result indicated that at both thicknesses when
solar radiation was 1000 W/m?, the PV module temperature was 30.7 and 30.8
°C for 3 mm and 15 mm box thickness, respectively. Also, they found that the
optimum flow rate at 1000 W/m? solar irradiance was 3 I/min.

Rosli et al. (2022) used ANSYS software to validate an experimental
result of back cooling by using a spiral absorber to study the effect of water

volume flow, water inlet temperature and solar irradiance level over the
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temperature stability. They conclude that at flow rate of 40 kg/h and a solar
irradiance range of 800 to 1000 W/m?, is the most suitable operating condition

to maintain temperature stability and high performance.

2.5.1.c Front and Back Surface Cooling

Nizeti¢ et al. (2016) examined a photovoltaic panel with different
arrangements of a spray-cooling system. Relying on whether the PV was cooled
from the front, the back, or both sides simultaneously, the peak electrical
performance of the module was 14%, with a module temperature of 54 °C.
When the front-side was employed on its own, the efficiency improved by
15.65%. For rear cooling, the enhancement was 15.4%, while the all-around
cooling produced a rise in efficiency by 15.9%.

An experimental analysis was conducted by Mohammed, Mohammed
and Sanad (2019) to assess the effectiveness of a photovoltaic panel combined
with a double-side water acrylic glass cooling mechanism, as presented in Fig.
2-17. Results demonstrated an average reduction in temperature of 45.56%,
40.12%, and 50.06% for the top, back, and double-side techniques employed,
respectively. Moreover, implementing the cooling process in both sized
reinforced the PV's electrical production and efficiency percentages, by 12.69%

and 14.20%, respectively.
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Fig. 2-17 Front and back cooling chamber (Mohammed, Mohammed and Sanad, 2019)
Sainthiya and Beniwal (2019) tried to cool down the PV panel by

implementing water cooling techniques from both front and back surfaces of
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the PV at four different volume flows (1, 1.5, 2, 2.5) L/min, and comparing the
performance with the uncooled panel. The experimental setup front view is
presented in Fig. 2-18. There outcome revealed that two sides cooling is more
efficient than one side cooling, and the most effective volume flow was 1.5
I/min. Lastly, it was found that the average front surface temperature decrease
of the panel during winter and summer seasons was 29.63% and 29.57%

respectively.

<

Fig. 2-18 Experimental setup back and front PV cooling system (Sainthiya and Beniwal,
2019)

Khalil, Abdelgaied and Hamdy (2019) studied the effect of spray water
cooling from the front and back surfaces of the PV panels by using nozzles 6
from front surface and 6 on the back surface, as presented in Fig. 2-19. The
result showed that the two-side spray cooling system increased the power

output by 17.4%, and reduced the panel temperature from 55 °C to 24 °C.
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Fig. 2-19 front and rear spray water cooling system(Khalil, Abdelgaied and Hamdy,
2019)

2.5.2 Air Cooling Strategy

2.5.2.a Forced Air Cooling
Tripanagnostopoulos, Y. Nousia, T. and Souliotis M. (2001) tested

experimentally, different methods of enhancing the photovoltaic performance
by cooling it with forced air convection. They employed three photovoltaic
cells in the experiment-reference, which was modified with an air channel at
the back surface and the third model, which was the same as the second, but
additionally modified with a thin sheet of metal at the center of the channel (as
indicated on Fig. 2-20). Results showed that with maximizing air flow rate the
panel efficiency was maximized as well and the temperature was reduced more,
with the greatest temperature drops of 7.8% and 9.5% observed in the cells that
had just air channels and the ones with air channel in addition to thin sheets,

respectively.
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Fig. 2-20 Cross section of the system (Tripanagnostopoulos, Y. Nousia, 2001)

A system was designed and illustrated in Fig. 2-21, for cooling a
photovoltaic panel with air circulation by Kumar and Rosen (2011), the
influence of varying the volume flow rate of the air and solar irradiation on the
system's thermal and electrical efficiency were studied. Additionally, the
impact of introducing fins on the system's performance was also assessed. It
was found that adding fins to the panel improved both its electrical and thermal
efficiency by 10.5% and 15%, respectively. An increment in the air volume
flow rate from 0.03 kg/s to 0.15 kg/s led to a substantial growth in the electrical
efficiency. Also, they come out with the conclusion that an increase in solar

irradiance reduced the performance of the cell, largely due to its temperature

increase.
Solar Radiation
l l l l l l l i l l J— Upper glass cover
Airinlet — > Upper air channel Superstrate of PV module
| l_l [_l l_l |_| ’_| | |_| ﬁ I—”“ Solar cells
Air outlet — Lower air channel
™~

Absorber
Back plate of flow channel
Insulation

Fig. 2-21 Double air pass cooling PV (Kumar and Rosen, 2011)
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Mazon-Hernandez et al. (2013) carried out an experiment to compare the
effects of natural and forced air cooling on photovoltaic performance. By
utilizing two photovoltaics panels; one as the reference, while the other had a
steel plate underneath it to create a channel as shown in Fig. 2-22. In the first
study, natural air circulation was used to cool the photovoltaic through natural
convection. The second study then utilized a centrifugal fan to drive air into the
channel in order to cool the photovoltaic through forced convection (illustrated
in Fig. 4). The results showed that fusing a fan leads to a decrease in panel
temperature by 15 °C and an increase of 15% in electrical efficiency as

compared to the natural air circulation.

Fig. 2-22 Experimental rig (a) Natural air cooling. (b) Forced air cooling (Mazon-
Hernandez et al., 2013)

A study published by Sajjad et al. (2019) demonstrated the use of forcing
air cooling by using the air of an air-conditioner as a method for increasing the
efficiency of panel that will pass through a duct that PV is installed on. As
presented in Fig. 2-23. In comparison with those without cooling, the study
found that PV modules subjected to forced air cooling experienced increases of

7.2% in electric efficiency and 6% in power ratio.
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Fig. 2-23 Schematic diagram of experimental system (Sajjad et al., 2019)

2.5.2.b Natural Air Cooling

Tripanagnostopoulos and Themelis (2010) conducted a three-part study to
explore the cooling of PV solar cells through natural air, as presented Fig. 2-
24. The first method involved placing an air duct behind the module, the second
involved the same idea but with the insertion of a thin sheet of metal positioned
at the air duct to increase efficiency, and the third had the same features but
included metal fins at the back, further exposing the cell to a greater amount of
air. Investigating the results obtained through experimentation, it was found
that the module with fins was most effective, followed by the second one, and

then the module with air duct only.

El Mays et al. (2017) conducted an experiment in which a photovoltaic
panel was outfitted with a heat sink in the form of aluminum plate with parallel-
fin to cool down the panel with natural convection. The merged design caused
a drop in the surface temperature of approximately 6.1 °C, which in turn
ultimate yielded performance upgrades of 1.75% in the panel's efficiency and
1.8 W in output power, as compared to the panel configuration with no finned

plate.
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Fig. 2-24 Experimental rig of air natural cooling (Tripanagnostopoulos and Themelis,
2010)

Grubisié-Cabo et al. (2018) conducted an experiment to investigate a
new method to cool down the PV solar cell by using fins. The first module was
created with the fins affixed in a longitudinal and uniform manner on the back
of the module. The second module integrated fins attached haphazardly and
arbitrarily to the rear side of the panel. Outcomes revealed that the second
module had more success than the first, raising the cell's efficiency by 2%.

Bayrak, Oztop and Selimefendigil (2019) put a practical experiment into
action to chill the PV with natural air, utilizing fins and deploying ten distinct
geometries for the fins. The largest temperature deviation that they achieved
was 3.39 °C when exposed to radiation of 772 W/m?2. This led to a rise of 6.84
W in the generated energy. Consequently, the electrical efficiency value turned
out to be 11.55%.

An investigation of two types of aluminum heat sinks, one with straight
fins and another with inclined segments, as indicated in Fig. 2-25, was

conducted by Hernandez-Perez et al. (2020). Through a combination of
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computational fluid dynamics (CFD) analysis and experimentation, they
observed superior performance of the segmented heat sink, which resulted in
lower pressure losses as well as enhanced convective heat transfer due to
greater turbulence. The maximum temperature decrease they achieved was 9.4
°C and 10 °C through numerical simulation and experimental testing,
respectively, with a 4% conversion efficiency enhancement at peak solar
intensity of 800 W/m? to 1000 W/m?. This, therefore, provided an additional 6
W/m? capacity.

Fig. 2-25 Heat sink a- inclined segment b- straight fins (Hernandez-Perez et al., 2020)

2.5.3 PCM Cooling Strategy

Phase change materials (PCMs) can be applied to manage the heat
produced by PV solar cells during the day. The process begins with PCMs
absorbing sensible heat until they reach their melting point. Then, transferring
from a solid to a liquid state (latent heat). This decreases the temperature of the
cells, boosting the power produced of the cells. Previous studies about PCMs

used for cooling PV cells are presented in Table 2-2.

45



Table 2-2 PV cooling by utilizing PCM

Author

PCM Employed

Test methodology

Electrical efficiency
enhancement (%)

Outcome

(A. Hasan et al.,
2017)

Paraffin RT-42

Experiment, Attached to
the back side of the PV

5.9

The thermal performance of the PCM
varies throughout the different months of
the year, with the PCM achieving the
greatest temperature decline of 13 °C in

April, and a lesser decrease of 8 °C in June.

(Waqas, Jie and Xu,
2017)

Paraffin RT-24

Experiment, copper pipe
for PCM encapsulation is
to create a fin effect at the
back of the PV panel

The PV temperature reduction was from
62 °C for unaltered panel to 56 °C for PCM
cooled one, the results also indicated that
everyone kg of PCM was able to minimize
PV temperature by 1.8 °C for each unit
area of the PV.

(Savvakis, Dialyna
and Tsoutsos, 2020)

Paraffins RT-27 &
RT-31

Experiment, Pipe shape

enclosure

419 & 4.24

The highest temperature point of the
reference PV was 61 °C, and the
performance of RT 27 and RT-31 as a
comparison was indicated by a reduction

of 6.4 °C and 7.5 °C respectively.
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(Wongwuttanasatian,
Sarikarin and
Suksri, 2020)

Palm Wax

Experiment,  Container
with finned PCM attached

at down face of the panel

5.3

showed an excellent cooling performance
and caused the solar cell to drop in

temperature by 6.1 °C,

(Ahmad et al., 2021)

Paraffin RT-42,
RT-31 and RT-25

Numerical analysis,

Trapezoidal shape
container place at the

lower surface of the panel

10, 13 and 17

In comparison to the PCM container in a
rectangular shape, the trapezoid design
demonstrated notably enhanced cooling
efficiency with almost no alteration in PV
temperature, even if the melting point of
the PCM is lower than the mean ambient

temperature.

(Yousef, Sharaf and
Huzayyin, 2022)

Paraffin RT-42

Experiment, Attached to
the back side of the PV

9 in summer

3.7 in winter

The temperature reduction during cold
months was 6.5%, while for the hot one

was 7.3%.

(Metwally, 2022)

Paraffin RT-25

Numerical analysis,

Container of different
geometry attached to the

rear surface of PV.

Upto3

Phase change material encapsules has

demonstrably increased the thermal

system management, photovoltaic

efficiency, and overall output power.
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25.4 Nano Fluid Cooling Strategy

The capability of nanofluids to absorb and dissipate heat is known to
substantially boost the electrical output of photovoltaic (PV) applications.
These materials have a higher thermal conductivity than their simpler
counterparts, allowing for greater heat abstraction. This means that by using
them on a PV surface, the temperature can be reduced to optimize its
performance. Researchers have also found that nanofluids possess the unique
ability to be an effective coolant for the PV device and are capable of
consuming and eliminating an excessive amount of heat.

Xu and Kleinstreuer (2014) explored the impact of Al,Os-water
nanofluid on concentration photovoltaic cells through numerical means.
Variations in channel heights, nanoparticle volume fractions, and inlet fluid
temperature were taken into account in the calculations. It was observed that
increasing the concentration of nanoparticles and decreasing the inlet
temperature of nanofluid increased the electrical efficiency of the photovoltaic
cell.

Radwan, Ahmed and Ookawara (2016) devised a cooling method for
photovoltaic systems which employs a microchannel heat sink in combination
with different volume fractions of aluminum-oxide-to-water and silicon
carbide-to-water nanofluids. It has been found that, during high levels of solar
radiation, the above nanofluids are effective in lowering the temperature of
solar cells to 38 °C, which yields an enhancement of 19% in electrical
performance.

The effect of incorporating 3 wt% of SiC nanoparticles into water as a
coolant was explored in a photovoltaic thermal system by Al-Waeli et al.
(2017), and the thermophysical properties of the nanofluid were analyzed. The
presence of the nanoparticles resulted in an 8.2% boost in thermal conductivity

could be seen in the examined temperature range from 25 to 60 °C, with an
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enhancement in electrical efficiency of 24.1% when compared to an uncooled
panel.

Another study to increase the performance of photovoltaic panels using
water and nanofluid was experimented at different flow rates by (Hussein,
Numan and Abdulmunem, 2017). It has been observed that as the surface
temperature of the panel rises, its efficiency decreases, yielding a maximum
rate of 8% without cooling. In contrast, when the panel is cooled using water
at an optimum rate of 0.2 I/s, the efficiency reaches 9.6%. Furthermore, when
using nanofluid with an optimal concentration ratio of 0.3 and a volume flow
rate of 0.2 I/s, the efficiency can reach a value of 12.1%.

H. A. Hasan et al. (2017) examined the effectiveness of three different
nanoparticles, SiO,, TiO,, and SiC, when used in conjunction with a water-
based fluid. Laboratory tests were done at various mass flow rates ranging from
0 to 0.1666 kg/s and different levels of solar irradiance. The findings indicated
that the nanofluid incorporating SiC nanoparticles was the most effective,
whereas the lowest efficiency was observed in the nanofluid with SiO;
nanoparticles.

A study was conducted by Qi et al. (2019) to assess the performance of
nanofluid mass fraction on both corrugated and smooth double-pipe heat
exchangers which was placed at the back side of PV panel. The results indicated
that corrugated double-tube heat exchangers performed better in terms of
thermal performance than smooth double-tube heat exchangers of the same
size. Further, the heat transfer rate was more durable with the addition of TiO,-
H,0 nanofluids with 0.1%, 0.3% and 0.5% wt, ultimately achieving an increase
of 10.8%, 13.4% and 14.8%, respectively.

The performance of the PV was assessed by employing aluminum oxide
nanoparticles with water (Ibrahim et al., 2023). Results indicated a 15.5% boost
in PVT efficiency. With a 0.05% volume concentration of Al,O3 and a flow

rate of 0.07 kg/s, a temperature increases of 22.83% was obtained from the
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uncooled panel. For the reference PVT system, the highest temperature and
electrical performance at noontime were 75.5 °C and 12.15%, respectively. 10
°C and 20 °C temperatures fell were recorded at high temperature intervals by
utilizing water or nanofluid, respectively.

Jose et al. (2023) conducted a survey to analyze the effect of nanofluid
within serpentine copper tube H.E. over 100 W PV/T. Distilled water, as well
as Al,O3; 0.1% and Al,O3 0.2% nanofluids were tested in the respective hot
seasons in India in 2018 at different mass flows. Later, CFD was applied to a
study to identify outside and exit temperatures, as well as cooling effectiveness.
They determined that the thermal efficiency of a water-based cooling system
proved to be 53.61%, with Al,O; 0.1% and Al,O3; 0.2% based coolants
providing 69.45% and 71.02%, respectively.

2.6 SUMMARY

The exploration of photovoltaic and photovoltaic thermal systems has
become an extensively studied topic, especially with the large-scale
implementation of PV structures for energy production worldwide. Therefore,
an investigation of possible methods that can enhance the area of photovoltaic
and PV thermal analysis has been conducted during the last few years.

In this literature, extensive studies have been described through a thorough
analysis of different aspects that are essential to optimizing the performance of
a photovoltaic system. In this chapter, the three key elements that have
influenced the photovoltaic system’s power productivity are explained. Those
elements are the orientation, the environmental conditions, and the cooling
technique implemented on the cells. Furthermore, extensive researches were
done to discuss solar tracking systems, and their positive effect on energy
output. Following this, it has examined the influence of radiation intensity,
dust, and ambient temperature on panel efficiency. Subsequently, multiple

cooling techniques such as water, air, PCM and nanofluids were discussed in
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detail, with the respective research studies exemplifying their implementation
and benefits in improving photovoltaic cell performance.
The contributions from the previous studies reviles that:

e Water cooling is a promising option, and its benefits have been
demonstrated in the literature by multiple studies.

e Front surface water cooling is able to reduce the reflection of
sunlight and reduce the panel temperature, leading to increased
efficiency.

e System designs using water spray have been tested in hot climates
such as Iraq and Egypt, resulting in a decrease in panel temperature
of up to 34.32% and a corresponding increase in efficiency as well
as dust filtering capabilities.

e Single axis solar tracking system has a huge effect on increasing PV
power production.

While the gaps of the research are:

e controlling the water volume flow rate due to the operating
temperature of the photovoltaic panel.

e Implementation of cooling system with solar tracking to the PV
panel simultaneously.

In this study, spray water cooling of photovoltaic panels was placed on
top, left and right side of the panel, which will control the water volume flow
rate due to various panel set point temperatures, is developed in addition to a
single east-west tracking system. Also, cooling PV panels with various volume
flow rates at different environmental conditions, with different ambient
temperatures, solar intensity and water inlet temperatures, effect on PV
performance, has been extensively studied using computational fluid dynamics
(CFD).
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3.1

CHAPTER THREE

(THEORETICAL ANALYSIS)

INTRODUCTION

The methodology of this research is discussed in detail throughout this
chapter. In accordance with chapter two. And due to the literature being
discussed the most efficient way for PV cooling with the cheapest method way
that will lead to clean PV surface from dust, and minimize solar radiation
reflection, is by implementing the front surface cooling technique, which is the
most efficient mechanism for a hot region like Irag. The current research aims
to design, construct, and develop a front surface cooling system for
photovoltaic panel. This study enhances PV power production by
implementing front surface cooling by adding water from the top, left, and right
sides of the PV panel at different flow rates, and comparing the temperature
distribution, power and electrical efficiency of the cooled panel with the one
without cooling, at different operating conditions (ambient temperature, solar
radiation and water inlet temperature). Also optimizing which factors will
mostly affect the performance of the cooled PV. So, suggesting in which region

could this system could work more efficiently.
3.2 CFD ANALYSIS FOR PV FRONT SURFACE COOLING

ANSYS is an engineering simulation software that enables engineers to
accurately simulate and predict the behavior of products and systems, which
was developed by John Swanson in 1970. With the help of ANSY'S, engineers
can build virtual prototypes and optimize designs for performance, reliability,
and cost-effectiveness. ANSY'S has a vast array of tools and capabilities that
enable engineers to find accurate and reliable solutions to difficult design and

engineering challenges. The software provides a comprehensive suite of
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analysis, design and optimization tools that can be used in multiple engineering
domains including structural, thermal, fluid, and electromagnetic domains,
among others. ANSYS Fluent is a powerful computational fluid dynamic
(CFD) software package used by engineers and scientists to simulate fluid flow,

heat transfer, and other related phenomena (T. D. Canonsburg, 2013).

In this descriptive research, a 3D CFD model of a photovoltaic (PV) system
featuring a cooling system was assessed, numerical simulations on a
commercial CFD package (ANSYS-FLUENT R19.2) introduced how the
cooling module impacts the solar cell. The model is validated due to
experimental results, and presented in Chapter five. Simulations have been
done using a personal computer with an Intel(R) Core (TM) i7-10750H with a
Radeon Graphics processor having a frequency of 2.6 GHz and 16 GB of RAM.

3.3 CFD PROCEDURES

The application of CFD to tackle flow and heat transition issues has seen a
drastic escalation in recent years (Doulati et al., 2011). This technique has
many rewards, which include a first-rate opportunity to analyze the variables
in the underlying equations more intricately and reveal flow patterns that are
difficult and expensive to study through experimentation (Jiyuan, T., Guan-
Heng, Y. and Chaoqun, 2018). In addition, CFD provides practical, accessible
options for modelling fluid flow through the supply of precise data and
illustration in a way that outperforms both analytical and experimental results.
A numerical analysis is done in the three steps displayed in Fig. 3-1 for any

CFD simulation.
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Fig. 3-1 CFD flow chart procedure (Muiruri and Motsamai, 2018)
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3.3.1 Geometry

The three-dimensional model geometry of the photovoltaic module with
front surface water cooling was modeled using ANSYS R19.2 geometry tool,
where the PV panel consists of five solid layers (glass, Ethylene Vinyl Acetate
(EVA-1), silicon, ethylene vinyl acetate (EVA-2), tedlar), and a fluid layer

(water domain), the thickness of each layer is presented in Table 3-1.

Table 3-1 Photovoltaic panel layers thickness

PV Layer Layer Thickness (mm)
Water 4.5

Glass 3

EVA-1 3

Silicon 4

EVA-2 3

Tedlar 0.1

The modelled geometry of a PV module with front surface water cooling
is presented in Fig. 3-2. The dimensions of the PV panel were exactly the same
as in the experimental model. A thin layer of water is adhered to the topography
of the photovoltaic module, serving as a cooling system across the entirety of

the module.

1-Tedlar 2-EVA2 3-Silicon 4-EVA1 5-Glass 6-\Water

Fig. 3-2 Geometry of the panel’s layers with water cooling system
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A connection between the fluid and solid domains is formed through the
conjugation of the two domains. This brings in the two-way exchange between
the two domains with thermal energy exchange across the interface. The water
flow of the photovoltaic considered as the water-cooling system model (fluid
domain), while the individual layers of the PV module are designed and

represented as the solid domain.

3.3.2 Meshing

Meshing is a key component of the simulation process used in ANSYS.
This process produces an interconnected network of elements (usually triangles
or quadrilaterals) in two or three dimensions to represent structural geometry.
The mesh is used by finite element analysis (FEA) software for an accurate and
efficient analysis of the problem. Mesh generation can be one of the most time-
consuming steps depending on the complexity of the geometry. ANSYS, a
leader in the engineering simulation software industry, provides some of the
most cutting-edge automated tools available for mesh generation, the meshing
types available in ANSYS are presented in Fig. 3-3. ANSYS also offers users
the ability to create meshes with specified sizes through remeshing and quality
control techniques. These tools enable users to create meshes that satisfy the
required mesh size and aspect ratio from an existing mesh, or that can improve
the meshes generated by the automatic techniques. This allows users to ensure
that the analysis is reliable and accurate.

In the current simulation an automatic mesh with an element size 4 mm
has been applied to the photovoltaic geometry (solid domains), while for the
water layer (fluid domain), an inflation mesh was used to give precise
temperature distribution and ensure that the design of the cooling system is
optimized to achieve the highest possible performance. The inflation meshing
technique allows high-resolution modeling and boundary layer distortion

control which enable accurate and efficient geometrical representation of the
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cooling system. The generated mesh is shown in Fig. 3-4, which has 1299696

elements and 753609 nodes, with 0.18 skewness.
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Fig. 3-4 Mesh generated for photovoltaic water-cooling system

For the grid independence test, the number of elements varies from 0.6

to 1.4 in million. It was discovered that when number of elements exceeds 1
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million, a further increase in cells has less than 0.07 % variation in cell
temperature value which is taken as a criterion for grid independence and the

corresponding grid independence test plot is shown in Fig. 3-5.
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No.of element in million

Fig. 3-5 Grid independence test

Using the named selection feature, all the layers body, interfaced surface,
the inlet faces and outlet face of water was defined and named, so that it will
be included in setup of boundary conditions. Interfaces allow the user to control
and connect parts of the simulation, making the process easier and more
efficient. They remove ambiguity and provide clarity of expectations, as well
as efficient connection between components. The named selections menu of
the layers and faces of this simulation is presented in Fig. 3-6, the water inlet
was from three faces of the water layer top, left and right, while the outlet water

was from down face.
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3.3.3 Setup

ANSY'S Fluent setup was used for this simulation, with double precision
options and parallel processor processing options. The setup section in ANSY'S
Fluent allows the user to configure various settings for the simulation, such as
material properties, boundary conditions, and discretization methods. In this
section, the user can also define the flow physics to be solved. Additionally,
the user can also configure the numerical solver size, preconditioning schemes,

and convergence criteria parameters.

3.3.3.a Energy Model
Throughout the setup section activate the energy model, which involves

defining the system of equations for energy balance and the governing
equations for energy transfer. Then select the viscous model as laminar flow as
presented in Fig. 3-7, due to the calculated Reynolds numbers (147) from the
equation (3.1) (Holman, 1986):

Vinprl  Vi,L
Re = inPf = 1t (31)
Ky vf
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Fig. 3-7 Viscous model

3.3.3.b Radiation Model

The radiation model used for this simulation was Discrete Ordinates (DO)
model as indicated in Fig. 3-8. The Discrete Ordinates (DO) is a numerical
approach for solving the radiation transport equation. This model is useful for
solving radiative transfer problems that involve multiple surfaces or
participating media. The DORM represents the radiation exchange between the
finite volumes of the domain through finite area and finite-size heat sources (or
sinks) couples to the other surfaces. This model is especially useful for PV front
surface cooling applications, since these tend to involve multiple finite
surfaces, which can be difficult to model accurately using other radiation
models. This model is also useful in predicting the thermal response of PV

panels under different environmental conditions.
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Fig. 3-8 Radiation model

The solar load model used in this study, was the solar ray tracing, with
constant solar radiation at different intensities or through the solar calculator
mode which adjusted due to the Erbil longitude and latitude for a specific day

as presented in Fig. 3-9.

Solar Calculator pd
Global Position Mesh Orientation
Longitude [deg}|44—| North East
latitude (deg)[36 | X|1 |l x|o |
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Day | 21 |=| Hour [ 13 |=| (®) Fair Weather Conditions
Month | 6 2| | Minute |0 4| options

Sunshine Factor |1

Fig. 3-9 Solar calculator specifications
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3.3.3.c Materials
The Materials section of the ANSYS Fluent setup defines the properties of

the fluid and solid materials used in the simulation. This includes specifying
the density, specific heat and thermal conductivity which will affect the
simulation results, the properties of the different solar layers of the PV and

water layer used for cooling PV are shown in Table 3-2 (Syafigah et al., 2017).

Table 3-2 Materials specifications (Syafigah et al., 2017)

Materials Density Specific heat capacity Thermal conductivity
(kg/m?3) (J/kg.°C) (W/m. K)
Water 997 4180 0.59
Glass 3000 500 0.98
EVA-1 960 2090 0.23
Silicon 2329 712 148
EVA-2 960 2090 0.23
Tedlar 1200 1250 0.36

The material section in ANSY'S Fluent setup consists of two subsections
fluid and solid. Due to the current simulation, the fluid is liquid water as the
properties of liquid water entered are presented in Fig. 3-10, while the solid
materials are glass, EVA-1, silicon, EVA-2 and tedlar, Fig. 3-11 shows the
solid material properties of (EVA-1).

[E create/Edit Materials X
Order Materials by
Name Material Type @® Name
veater-liquid |Auid - Chemical Formula
Chemical Formula Fluent Fluid Materials
h2o<|> ‘water—l\quid (h2o<1>) j Fluent Database...
Mixture u Defined Datah
‘nnne J ser-Defined Database...
Properties
Density (kgfm3)| constant j *
9938.2
Cp (Specific Heat) kag-k]| constant j
4182
Thermal Conductivity [wfm-k)| constant j
0.59
Viscosity (kgfmfs]| constant j
0.001003
Z

Fig. 3-10 Fluid material (water-liquid) properties
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Absorption Coefficient (lfmjlconstant

Create/Edit Materials

Order Materials by

Material Type

‘suhd j

Fluent Solid Materials

®) Name

Chemical Formula

‘E"’a'l j Fluent Database...
\ .
j 4
960
-
2090
-~
0.23
-

1}

Fig. 3-11 Solid material (EVA-1) properties

3.3.3.d Cell Zone Condition

It is essential to correctly identify the type of material (solid or liquid) and
to ensure that the name of the material is consistent with the name of the zone
in this section. By right click on the zone name it could simply specify if the

zone is fluid or solid. Fig. 3-12 indicates the cell zone condition of glass as a

solid domain.

Solid

Zone Name

|g|ass

Material Name|g|ass

]

\:| Frame Motion D Source Terms \:| Participates In Radiation
[] mesh motion || Fixed Values

Rotation-Axis Origin

‘ Reference Frame

| Mesh Maotion Source Terms

Rotation-Axis Direction

Fixed Values

X (m)|0 |CU"15E“'1'E ;I X0 |cnnstant :I
Y [m}|D |c0nstant ;l Y |IZ| |c0nstant ;l
z(m) 0 |'C'3|'15t5”'1'E ;I zh |c0nstant ;I

Fig. 3-12 Cell zone condition of glass

63




3.3.3.e  Boundary Conditions

Boundary Conditions in ANSYS Fluent are the settings which define the
environment surrounding the case. In a flow simulation, this is typically the
inlet and outlet, walls, or other parts of the domain. The most common
boundary conditions are mass flow rate, pressure, and temperature. The
boundary conditions list of this study is shown in Fig. 3-13. The water inlet in
this study was defined by mass flow inlet as presented in Fig. 3-14, while the
boundary condition type for water outlet was outlet pressure at atmospheric
pressure as indicated in Fig. 3-15.

The interfaces are the connections between two adjacent layers, in which
the thermal condition is selected as coupled. By identifying zone name and
adjacent zone name, also identifying the material name used, as indicated in

Fig. 3-16. Interiors are the bodies of the layers used in the current simulation.

+ £ Boundary Conditions
1% eva-1 interface (wall, id=9)
1% eva-1_interface-shadaow (wall, id=13)
% eva-2_interface fwall, id=11)
1% eva-z_interface-shadow (wall, id=29)
D% glass_interface (wall, id=7)
b8 glass_interface-shadow (wall, id=30)
0% interior-eva-1 (interior, id=4)
0% interior-eva-2 (interior, id=2)
b8 interior-glass (interior, id=3)
0% interior-silicon finteriar, id=3)
0% interior-tedlar (interior, id=1)
€ interior-water {interiar, id=a)
0% silicon_interface (wall, id=8)
s silicon_interface-shadow (wall, id=31)
0% tedlar_outer_surface fwall, id=27)
£ wall-eva-1 (wall, id=21)
1t wall-eva-2 (wall, id=23)
D% wall-glass (wall, id=20)
D% wall-silicon wall, id=22)
D% wall-tedlar (wall, id=24)
= water_glass_interface (wall, id=10)
e water_glass_interface-shadow (wall, id=32)
) water in (mass-flow-inlet, id=28)
0% water out (pressure-outlet, id=28)
% water_surface (wall, id=25)

Fig. 3-13 Boundary conditions list of PV front surface cooling
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Fig. 3-14 Water mass flow inlet boundary condition
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Fig. 3-15 Water pressure outlet boundary condition

x
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silicon |
Shadow Face Zone
eva-1_interface-shadow |
Momentum Thermal Radiation Species DPM Multiphase uDs wall Film Potential
Thermal Conditions
() Heat Flux Internal Emissivity |0.95 |cnnstant j
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Fig. 3-16 Interface boundary condition
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The walls are used to define the interaction between the wall of a
computational domain and the flow field. The glass wall thermal condition
selected was mixed as it is a thermal condition that combines the convection

and radiation boundary conditions as presented in Fig. 3-17.

E wan X
Zone Name
wall-glass
Adjacent Cell Zone
glass
Momentum Thermal Radiation Species DPM Multiphase uD: Wall Film Potential
Thermal Conditions
() Heat Flux Heat Transfer Coefficient (w/m2-k) |16
‘:: ) Temperature Free Stream Temperature (c) |40
() Convection
& rod External Emissiviy [0.75
(_) Radiation
(@) Mixed External Radiation Temperature (c) |40
(_) via System Coupling Internal Emissivity |0.95
() via Mapped Interface Wall Thickness (m)|0.003 [
Heat Generation Rate (w/m3) |0
Shell Conduction | Layer
Material Name
e — | T
o]

Fig. 3-17 Wall boundary condition

On the other hand, the other walls thermal condition selection was via
system coupling as the transfer the thermal information between coupled
domains, except for the tedlar outer surface which was exposed to the ambient
its thermal condition was convection and water surface was selected as mixed
as it had both convection and radiation effect. Water surface and glass were the
layers that participated in solar ray tracing. The equation (3.2) was used to
calculate the convection heat transfer coefficient for front surface of the panel
where (V) indicated fluid velocity in (m/s) (Abed, Hachim, and Najim, 2021):
h=57+38V, (3.2)

while the back surface convection heat transfer coefficient for back
surface of the panel was calculated using equation (3.3), as (V) is wind speed
in (m/s) (Syafigah et al., 2017):

h=28+38V, (3.3)

66



In the present simulation, the influence of various factors including
ambient temperature, solar radiation in addition to water inlet temperature on
the cooled module was examined by evaluating their performance at different
volume flow rates. The ambient temperatures tested were (35, 40, 45 and 50
°C), while the solar radiation examined were (600, 800 and 1000 W/m?). On
the other hand, the water inlet temperature tested with in the current simulation
were (20, 25, 30. 35 and 40 °C), at different volume flow rates (0, 2, 3, 4 and

5) I/min. Whereas the simulation was repeated 95 times.

3.3.4 Governing Equations

Computational fluid dynamics (CFD) is a field of study related to fluid
mechanics. Its main purpose is to use numerical methods along with data
structures to solve and analyze the fundamental equations that define the laws
of fluid motion. These equations usually represent mathematical models of
physical conservation laws. The simulation was done and validated by the
experimental findings. The 3D model applies ANSYS (FLUENT R19.2) for
CFD analysis, the process of energy transfer in the current PV water cooling
system includes two main stages: a fluid domain and multiple solid domains.
The fluid domain is attributed to the water employed for cooling the PV, while
the solid domain is attributed to the five distinct layers of the PV. The equations
(3.4) and (3.5) present the heat transfer equation for solid and fluid domains
respectively (ANSYS Inc., 1999).

oT

—V.(kVT) + Q = pC, P (3.4)
pC, (g—: +u.VT) (3.5)
where;

q = kcond VT (36)

While the momentum and continuity equations of fluid flow are

indicated by equations (3.7) and (3.8), respectively. The momentum equations
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for three-dimensional fluid flow consist of three equations, one for each

direction (X, y, and z). Here's the general form of the equation in the x-direction:

d(pu)
at

V.(pu) = 0 (3.8)

+ V. (puw) = — 2+ V. (uVu) + pg, (3.7)

The discrete ordinates (DO) radiation model is used to apply the
incoming solar radiation into the computational domain. The DO radiative
transfer equation in the direction § as a field equation and the radiative transfer
equation for spectral intensity I, (7. 5) are given by Equations (3.9) and (3.10),
respectively.

V.(GDI) + (a+o)IF.3) = an? T+ = [T [(7.5) (3.8 (3.9)

V.(L(F7. D) + (a + 0 ),(7.3) = ayn?l,, + ;’—n fo“” L7 3) ¢(3.3)d  (3.10)

where A is the wave length, a;, is the co-efficient of spectral absorption,
and I, is the intensity of black body given by the Planck function. The other
parameters such as scattering phase function, scattering coefficient and the
refractive index (n) are assumed to be independent of wavelength.
The association of energy with radiation intensity within a cell (known as
COMET) accelerates the convergence of the finite volume scheme for radiative
heat transfer. The discrete energy equation (DEE) for correlated system when
integrated over a controlling volume (i) is stated herein equations (3.11)-(3.14)
(ANSYS Inc., 1999).

auli Ty = BTy = af Yoy Ly — ST + S (3.11)
Where;
al = kAV; (3.12)
BT = 16kaT;3AV; (3.13)
ST =12koT}*AV, (3.14)

68



Where K and AV are the coefficient of absorption and control volume,
respectively. The coefficient uiTj and the source term S are owing to the

discretization of the diffusion and convection terms as well as the nonradiative

source terms, respectively.

3.35 Solution Method

In this simulation, the flow regime is analyzed using a segregated
numerical solution algorithm with a finite volume approach. By exploiting the
ANSYS (Fluent 19.2) commercial CFD code, the equations of continuity,
momentum and energy conservation are solved for in the steady-state regime.
The 3D and double precision settings were applied when reading the mesh. The
mesh was then examined on fluent and displayed no critical faults and had good
quality orthogonality. For the current simulation, a laminar viscous model was
chosen to demonstrate the fluid flow behavior. The discrete ordinates (DO)
radiation model is utilized in regards to the radiation heat transfer present on
the upper end of the module. The radiation from the sun is inputed using the
ANSYS Fluent built-in solar model. A second-order upwind scheme was
chosen for both the energy and momentum equations. The SIMPLE algorithm
(semi-implicit method for pressure linked equations) is chosen as the scheme
to link pressure and velocity. The convergence criteria of 107 for the residuals
of the continuity equation, 10 for the residuals of the energy, 10 for the
residuals of the velocity components and 10° for DO solar radiation are
assumed. The assumptions considered for the current simulation are mentioned
below:

e Flow is assumed to be laminar

e Solar radiation is not reflected by any surface and it is fully transmitted
to the layer below.

e Fluid flowing is at uniform thickness of 4.5 mm along the length of PV

module.
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e The ambient temperature is same on all the PV faces exposed to the

environment.

e Incompressible fluid flow.

3.4 SOLAR ANGLES

The photovoltaic panel inclination angle with horizontal (John and
Beckman, 1982) was fixed which was calculated due to equation (3.15).
B=10-4] (3.15)

Where @ refer to the latitude, whereas Erbil latitude is 36.191°, while §
is the declination angle (John and Beckman, 1982) which was calculated by
equation (3.16)

(3.16)

8§ = 23.45 sin (360 28‘”"‘1)

365

Where (n) represents the day of the year. The solar angle was calculated for
all the months at average day of the month, then the average tilt angle for the

year was calculated which was 36°, so the panels were fixed at this angle.

3.5 ELECTRICAL MODELING

The electrical performance of the panel can be predicted by calculating the
ratio of the maximum power produced to the incident irradiation over the
surface area of the panel (Mahmood and Aljubury, 2023) as shown in equation

(3.17). This will enable the accurate estimation of the PV’s performance.

Nelec. = T (317)

G.A

Where n,,... s the electrical efficiency of the panel, B,, is the maximum
output power from the PV panel (W), G is the solar irradiation (W/m?) and A
is the area of the module (m?).

The P, maximum output power was calculated by multiplying
maximum voltage V,, by maximum current I, using equation (3.18)
(Risdiyanto et al., 2020).

P, = Vol (3.18)
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The panel’s performance could also be evaluated by another parameter named
fill factor (FF). (Risdiyanto et al., 2020) the fill factor (FF) of a solar cell is a
dimensionless quantity that represents the ratio of the maximum power (B,,)
produced by the panel, to the product of the Open-Circuit VVoltage (V,.) and the
Short-Circuit Current (I.), as indicated in equation (3.19).

FF = Inin (3.19)

Voclsc

Different correlations were developed to calculate the power production for
the simulation data of PV modules, and in the present research the correlation used
to calculate the power produced from the panel (Skoplaki and Palyvos, 2008) was
calculated using equation (3.20) .
P = GrTpyTr,, Al1 — 0.0045(T, — 25)] (3.20)

Where Gy is the incident solar radiation (John and Beckman, 1982), 7,,,,

is the transmittance of the photovoltaic panel outer layer (Tiwari and Sodha,

2006) which is value is 0.95, NTyes Is the panel’s electrical efficiency at the

reference temperature 25 °C and 1000 W/m?, A is area of the panel and T is
the cell temperature (John and Beckman, 1982).

While the electrical efficiency of PV panel can be calculated from the
panel temperature by implementing equation (3.21), which is usually utilized
with simulated CFD results (Ruoping et al., 2020).

Mpv = N1, [1 — B(T. — 25)] (3.21)

Where £ is the temperature coefficient of PV efficiency and is 0.45%/°C
for monocrystalline modules (Dash and Gupta, 2015). Equation (3.22) is used
to calculate the percentage enhancement of panel electrical efficiency 7.,

(Haidar, Orfi and Kaneesamkandi, 2021).

Nomp, = ”P;:e’;”f X 100% (3.22)

nrer refers to electrical efficiency of uncooled panel, while 1y, refers to

electrical efficiency of cooled module. Additionally, temperature reduction

Tyequction OF PV panel can be calculated from the equation (3.23).

71



Tredquction = ref — Tpv (3-23)
Where T, refers to the reference PV temperature without cooling and T,,,, is

the cooled panel temperature. While the improvement in electrical power production

of photovoltaic panel P,,,; (Almuwailhi and Zeitoun, 2021), as indicated in equation

(3.24).

Penn. = Ppy — Pref (3-24)
The Ppy, refers to PV power output with cooling and P, is the power output

from the reference panel without cooling.
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CHAPTER FOUR

(EXPERIMENTAL WORK)

41 INTRODUCTION

The dry, hot and dusty environment in Erbil during the summer is known
to detrimentally influence the performance of photovoltaic panels, which
already suffer from low efficiency. To address this challenge, two measures
were implemented, the first of these was the implementation of a single-axis
solar tracking system, which will lead to increase the solar radiation falling
over the panel as a result power production will be increased as well. The
second way is by providing a cooling and cleaning system to decrease the
operating temperature of the panel and remove dust from the surface so an
improvement in the power output will be observed. Within the current study
spray water cooling system was provided from top, left and right side of the
panel to the front surface of the panel to ensure that all the surface covered with
water, additionally the water spray was controlled automatically due to the
panel surface set point temperature. The lifespan and power production of the
panel will be enhanced by decreasing the module temperature and increasing
the radiation, also providing a clean surface. In this chapter will provide an
overview about experimental installation and setup of the PV spray water

cooling system.

4.2 EXPERIMENTAL SETUP

Experimental research has been conducted to assess the efficiency of a
PV panel solar tracking system with a cooling system. The prototype was
developed, fabricated, and installed at the Research Center/ Erbil Polytechnic
University. Fig. 4-1, shows a schematic diagram of experimental setup as each
sensor is connected to the Arduino individually, and Fig. 4-2 presents the

system connection and description.
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Fig. 4-1 Schematic diagram of the experimental setup
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Fig. 4-2 Experimental system connection and description

75



While the experimental rig is presented inFig. 4-3. In the following sections

all the parts of the system will be discussed.

v %’ Tracking PV it Tracking Data logger

SN system

Primary
water
tank

Fig. 4-3 Experimental rig
4.2.1 Photovoltaic Panel

The system consists of two monocrystalline photovoltaic panels each of
210 W with an active surface area of 0.8241 m2. One panel with tracking and a
front surface spray water cooling system supplied from top, left and right side,
was compared to another fixed reference panel without cooling. Table 4-1
presents technical features of a PV panel at nominal operating conditions of 25
°C temperature and solar irradiance of 1000 W/m? and 1.5 m/s wind speed. The
panels are mounted on an aluminum frame with an inclination angle of 36°

with horizontal.
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Table 4-1 Technical features of PV at nominal operating condition (25 °C, 1000 W/m?, 1.5

m/s)

Parameters PV
Module dimension 1230*670*30 mm
Module weight 9 kg
Nominal power 210 W
Cell efficiency 23%
Maximum power current (Impp) 7.68 A
Maximum power voltage (Vmpp) 27.31V
Open circuit voltage (\Voc) 3141V
Short circuit current (Isc) 82A
Nominal operating cell temperature 25°C
Working temperature -40°C - +80 °C

4.2.2 Solar Tracking System

The tracking system used in this research for PV panel was a single east
west solar tracker, which is an electrically driven based on the signal received
from the light intensity sensor positioned on the top of the module normal to
its surface. The solar tracking system was developed in some parts which are

mentioned below.

4.2.2.a Frame with Rotating Shaft
The first step in designing the photovoltaic (PV) tracking system was to

construct a framework with a fixed tilt angle of 36° with the ground plane.
Additionally, a tilted shaft was added to enable east-west movement, as
illustrated in Fig. 4-4.
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Fig. 4-4 PV framework and rotating shaft
4.2.2.b Light Intensity Sensor
Two light intensity sensor types (TEMT6000X01) as shown in Fig. 4-5,
were used in this study. This type of sensor is sensitive to light same as human

eyes, and it has a peak sensitivity at 570 nm.

Fig. 4-5 TEMT6000X01 sensor

The tracking system operating concept is based on comparing the light
intensity between two TEMT6000X01 sensors installed normal to the PV panel
surface and separated by a plate as shown in Fig. 4-6, thus based on the solar
ray on both sensors, when the right sensor is shaded while the left one is

illuminated.
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Fig. 4-6 Two light intensity sensors with a separating plate

The illuminated sensor will produce a stronger signal while the other one
will produce a weaker signal, so that the difference in output voltage will
indicate the rotation direction of the panel. Until the panel reaches the direction
in which both of the sensors have the same output voltage then the panel will

stop moving.

4.2.2.c Arduino

The output signal from the light intensity sensor will be transferred to the
Arduino as shown in Fig. 4-7. Which is a physical programable circuit board
(microcontroller) with a (IDE) integrated development environment, that was
programmed using C++ language. Whereas the microcontroller is the brain of
the solar tracking system as it manages and controls the activity of all the parts
of the system. The Arduino Mega 2560 is a microcontroller board based on
the ATmega2560. It has 54 digital input/output pins (of which 14 can be used
as PWM outputs), 16 analog inputs, 4 UARTSs (hardware serial ports), a 16
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MHz crystal oscillator, a USB connection, a power jack, an ICSP header, and

a reset button.

MADE

INITALY 8
P u'“'

WWW.ARDUINO.CC

Fig. 4-7 Arduino

4.2.2.d Stepper Motor and Gearbox

The output signal from the Arduino IDE will be transferred to the stepper
motor and gearbox, which drives the tilted shaft of the PV framework and
results in movement of the panel in a direction perpendicular to sun’s ray. Fig.

4-8 presents the gearbox and stepper motor used in this study.

Fig. 4-8 Stepper motor and gearbox

The stepping angle of the stepper motor was set to 1.8°, so that the PV

will track the sun’s direction with great precision, and as a result, maximum
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incident radiation falling over the PV panel all the time will be maintained,
therefore converting higher portion of radiation in to electricity. To reduce
energy usage within the tracking system, the power circuit can be deactivated

by switching it off during nonessential times, as it consumes only 36 W DC.
4.2.2.e  Working Principle

The working principle of the solar tracking system is shown in Fig. 4-9 as
shown when the sun hits the light dependent resisters (LDR) on the PV module,
a signal will be sent to the Arduino IDE microcontroller in the voltage produced
by left sensor is bigger than the right one the panel will rotate to the left if not
the panel will not move until there is a difference between the voltages of the
two LDR sensors. Fig. 4-10 shows a PV module with complete tracking system
at 2:00 PM facing south west.

Microcontroller

yes l No

Vieft > Vright

\
The panel will The panel will not
rotate to left until move
Vieft = Vright

Fig. 4-9 Block diagram of solar tracking system for one iteration
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Fig. 4-10 PV module with tracking system

4.2.3 Spray Water Cooling System

In this research, a front surface spray water cooling system was
implemented to regulate the temperature of the panel's front surface, by
modulating the flow rate of water depending on the setpoint temperature of the
module's surface. This was achieved by connecting the water flowmeter to the
temperature sensor that was attached on the back side of the panel, in addition
to Arduino specific coding. Upon the temperature of the panel surpassing the
setpoint temperature, the system will start spraying water using the lowest flow
rate possible, and if the panel does not cool down to the setpoint temperature
within two minutes, the flow rate will be increased, followed by subsequent
increases every two minutes until the maximum flow rate is reached and
sustained until the panel temperature is minimized to the setpoint temperature.
This was done by utilizing six nozzles placed on the top and sides of the panel.
The components utilized for the spray water cooling system will be mentioned

in the following sections.
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4.2.3.a Nozzles
The spray water nozzles used in this study were windshield wiper nozzles of

BMW car as shown in Fig. 4-11. As it is easy to install with a changeable spray
angle with PV surface. Six water nozzles were used in this study, two on the
top side, and two on each left and right side of the panel as presented in Fig. 4-
12.

Fig. 4-11 Water spray nozzle

Fig. 4-12 Nozzles over the front surface
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4.2.3.b  Supply Water Pump

The water pump used to supply water to the spray nozzles of the PV
module is shown in Fig. 4-13. The power needed to run the pump is 100 W.
This type of pump has high efficiency, easy to use, energy saving and sensitive

operation in addition to low operation noise.

3 f W S
\ f7
<Ay -

Fig. 4-13 Supply water pump
4.2.3.c Motorized Valve

The motorized water valve used in this study was CWX model 12 V DC
as shown in Fig. 4-14. This valve is a very important part of spray water system
as it was placed after the supply water pump to control the water flow rate due
to PV module surface temperature. As the maximum working pressure of the
valve is 1 MPa with a lifetime cycle 100000 times.
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Fig. 4-14 Motorized valve

4.2.3.d Return water pump
A DEVICO water pump, model W15G-15 is used to return water from the

panel to the storage tank, as presented in Fig. 4-15. The pump is run when there
Is water to return to the tank and it is turned off when there is no water. As it
consumes just 100 W of electricity power. With maximum flow rate ability
1500 I/h, and maximum head 15 m.

s . RE Y y
TR 7 1 o7 ’—y ;

Fig. 4-15 Return water pump

=
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4.2.3.e  Primary Water Tank

A 10 litter capacity primary water tank was used to collect water from the
photovoltaic array and it was placed before the return-water pump, thereby
reducing the strain on the pump. Additionally, a filter was affixed at the water
outlet point of the tank to ensure that debris was cleared before the water passed
to the pump and secondary water tank. The primary water pump used is
presented in Fig. 4-16.

——

— PR NS
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Fig. 4-16 Primary water tank

4.2.3.f Water Softener
A water softener is a device used to soften hard water by removing

minerals like calcium and magnesium, and replacing them with sodium ions.
In photovoltaic (PV) cooling systems, water softener is used to reduce
corrosion in the cooling water pipes and to keep the water free of mineral
deposits that can clog the system. Hard water can form scale deposits on the
pipes, nozzles, restricting the flow of the water and reducing the efficiency of

the heat transfer. By using soft water in the system, these deposits are prevented
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and a more efficient heat transfer is achieved. Additionally, the softener helps
to protect the terminal components in the system from corrosion caused by the
minerals in the water. The water softener used in this study is shown in Fig. 4-
17.

~ e i

Fig. 4-17 Water softener
4.2.3.9 Secondary Water Tank

The water returning from the module will pass through a filtration system
through a specialized filtration and softening process before entering the
secondary storage tank. This tank, which has a volume of 250 litter, functions

as a main source for supplying water to the panel and is illustrated in Fig. 4-18.
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Fig. 4-18 Secondary water tank
4.2.3.h  MPPT Solar Charge Controller

The MPPT (Maximum Power Point Tracking) solar charge controller is an
electronics component that is used to control the charging of batteries from

solar photovoltaic (PV) panels. It enables the efficient charging of solar
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batteries by using supplied solar energy. It works by automatically adjusting
the charging rate for the battery while tracking the maximum power as the solar
panel is exposed to different levels of solar irradiance, so that the maximum
amount of power is stored into the battery. By employing sophisticated
algorithms and an adaptive system, the controller can even detect the type of
battery being charged and fine-tune its settings to maximize the amount of
energy stored when the battery limits are reached. This makes an MPPT solar
charge controller an essential part of any system that uses solar energy to charge
batteries. The solar charge controller used in this experimental study was power
MAXMA model GSC-F2428-60A, as indicated in Fig. 4-19.

Sciar Cherge Comtrolim

Fig. 4-19 MPPT solar charge controller

4.2.3.i Batteries
Two batteries each of 24 V, 8 A DC were used which were connected in

series. The connection of MPPT with batteries, PV panel and load which wear

projector are presented in Fig. 4-20.
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Fig. 4-20 Batteries, PV and load connection with MPPT

4.2.4 Sensors and Measuring Devices

The measuring tools and sensors are deployed to document the results of
the experimental activities that will be carried out under distinct system
parameters. Every device has undergone precise calibration. All the sensors and
devices are connected to the data logger Arduino, which presents the data and
save it on a SD card. Detailed information regarding the functions and
specifications of each device and sensor will be provided in the following

subsections.

4.2.4.a Water Flow Sensor
A high precision PVC water flow sensor, YF-S401 model, was used to

measure the water flow rate in this study, as shown in Fig. 4-21. It consists of
PVC body, water rotator and a hall-effect sensor. When the water passes
through the rotor, its speed change with changing the rate of flowing water. The

output from the hall effect sensor changes according to the pulse signal. This
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type of sensor is especially efficient at detecting the flowrate of water in a

dispenser. As the water flow measuring range is (0.3-6) I/min

Fig. 4-21 Water flow sensor YF-S401

4.2.4.b Ambient Temperature Sensor

The temperature sensor, DHT11 model, was used to measure the ambient
temperature, which is presented in Fig. 4-22. This temperature sensor ensures
high reliability and excellent long-term stability, by using an exclusive digital
signal acquisition technique and temperature sensing technology. The ambient
temperature sensor has been calibrated in the laboratory with an accuracy of £2
°C. with the ambient temperature measuring range (0-50) °C.

~

Fig. 4-22 DHT11 ambient temperature sensor
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4.2.4.c PV Temperature Sensor
The type of thermocouple that is used to measure the temperatures of the

PV module is a K-Thermocouple with the capability of temperature sensing
measurement ranges from 0 °C to 1024 °C. Those sensors are connected to the
MAX6675 amplifier, which performs cold-junction compensation and digitizes
the signal from a type-K thermocouple and transfers it to the Arduino. Fig. 4-
23 presents the K-type thermocouple and MAX 6675 amplifier. While Fig. 4-
24 presents the connection of K type thermocouple with MAX6675 amplifier
and Arduino. In this study, six temperature sensors were used, including three
for the surface of the tracking PV, two for measuring water temperature at the
inlet and outlet of the system, and one for measuring the surface temperature

of the fixed panel.

MAX6675
Amplifier

K type thermocouple

Fig. 4-23 K type thermocouple and MAX6675 Amplifier

s AmmAOre ~a

= oW

gxmm Arduino”

Fig. 4-24 Connection of K type thermocouple with MAX6675 and Arduino
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4.2.4.d Current Sensor

The ACS712 current sensor was used to measure the output current from
photovoltaic sensor, as shown in Fig. 4-25. This device features a high degree
of accuracy, with a linear Hall circuit with a copper conduction path placed
close to the surface of the die. The current running through this conduction path
produces a magnetic field which is changed by the Hall IC into an output

voltage that is proportional. With a rated current 30 Amp.

Fig. 4-25 Current sensor ACS712

4.2.4.e Voltage Sensor

The voltage sensor used in this experimental is the SEN32 REV1.1, as
shown in Fig. 4-26, it is an ideal sensor for precisely measuring AC and DC
voltages. This type of sensor provides high accuracy and reliable consistency
in detecting various voltages up to 50 V AC or DC. Moreover, it is effortless
to operate and does not require an auxiliary power source. Both the voltage and

current sensors were calibrated using a DC clamp meter.
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Fig. 4-26 SEN32 REV1.1 voltage sensor

4241 Solar Power Meter

A GENERAL DBTU1300 model solar power meter was utilized to
measure the solar irradiance intensity in (W/m?), which is shown in Fig. 4-27.
It has a measuring range of 0 to 2000 W/m?2. A silicon photodiode equipped
with cosine angular correction is employed to accurately measure the solar
energy emitted from any direction. It is not connected to the data logger as it
has a 4-digit LCD display.

Fig. 4-27 GENERAL DBTU1300 solar power meter
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4.2.4.g Data Logger

The data logger system was manufactured to connect the Arduino, LCD
display and an SD card. The Arduino is used to read the sensor data, process
the data, and store the data in the SD card. The LCD Display is used to
display the readings obtained from the Arduino, and the SD card is used for
storing the data. As it has 7-channels for temperature, 2-channels for
voltage, 2-channels for current and 1-channel for flow rate. The data is
saved every minute and recorded in the SD card. The data were displayed
and recorded for both fixed and tracking with cooling panel, in addition to
ambient temperature. Fig. 4-28 shows the data logger board used in this

study.
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4.3 EXPERIMENTAL PROCEDURE

The experiments were performed during the summer of 2022 in the Erbil
Polytechnic University Research Center Garden. Five different tests were
performed during this study. For all of the tests first step is turning the power

on, initializing the data logger, and setting up the operating conditions.

4.3.1 Comparison between Reference and Tracking Panel

The first test was performed by activating only the single axis east-west
tracking system for the PV panel and comparing it with a fixed reference panel
for one day from 8:00 AM to 3:00 PM. So that to compare the panels

temperatures, powers, solar radiation and electrical efficiency.

4.3.2 Comparison between Reference and Tracking with Cooling at
Various Setpoint Temperature Panels

This test was done by comparing the tracking with a spray water cooling panel
at three different set point temperatures (35, 40 and 45 °C) with a fixed
reference panel. Each set point temperature was tested for one day.

1- After turning on the power switch, turn on the tracking system. The panel
will track the sun’s position from east to west.

2- Adjust the setpoint operation temperature of the PV module.

3- After setting the PV temperature, if the surface temperature of the panel
is less than the adjusted one, then the pump will not turn on, but if it is
more than the adjusted one, then the supply water pump will start
pumping water from the secondary water tank to the panel.

4- Once the pump starts operating the motorized valve will adjust the water
flow to its minimum level of 1.8 L/min.

5- After two minutes, if the surface temperature is less than the setpoint
temperature then turn off the cooling system, if not, then the motorized

valve will increase the volume flow rate of water.
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6-

Again, after two minutes, if the panel temperature does not decrease to
the selected level, the motorized valve will increase the water volume
flow, and so on until it reaches the maximum level of flow.

Whenever the PV temperature is equal to or less than the set point
temperature, then the motorized valve will close the flow path and turn
off the supply water pump.

As the PV temperature increases the motorized valve will open the water
at minimum flow and the same steps will be repeated.

The output water from the panel will go through the drain pipe and then
to the primary water tank. As the water reaches a specific level the return
water pump will start operating, to pump the water back to the secondary

water pump.

10- All the data will be presented on the LCD digital and recorded in the SD

card every minute, from 8:00 AM until 3:00 PM.

11- While the solar radiation was measured every 15 minutes from 8:00 AM

4.3.3

to 3:00 PM by a solar intensity measuring device by placing it

perpendicularly over the panels.

Comparison between Reference and Fixed with Cooling at Various

Setpoint Temperature Panels

The operating procedure of this experiment was the same as the second

4.3.4

test except that in this test the tracking system was stopped, as the panel was

fixed to the same orientation as the reference panel.

Comparison between Reference and Tracking with Cooling at

Different Volume Flow Rates Panels

panel

This test was done by comparing the tracking with a spray water cooling

at four different volume flow rates (2, 3, 4 and 5 I/min) with a fixed

reference panel without cooling. Each volume flow was tested for one day.
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1- After turning on the power switch, turn on the tracking system. The panel
will track the sun’s position from east to west.

2- The temperature of the panel was set to the lowest level so that the supply
water motor would operate all the time.

3- The water volume flow rate was adjusted manually by a ball valve.

4- The nozzles were spraying water at fixed flow rate throughout the day.

5- The output water from the panel will go through the drain pipe and then
to the primary water tank as the water reaches a specific level the return
water pump will start operating, and pump the water back to the
secondary water pump.

6- All the data will be presented on the LCD digital and recorded on the SD
card every minute, from 8:00 AM until 3:00 PM.

7- While the solar radiation was measured every 15 minutes from 8:00 AM
to 3:00 PM by a solar intensity measuring device by placing it

perpendicularly over the panels.

4.3.5 Comparison between Reference and Fixed with Cooling at
Different Volume Flow Rates Panels

The operating procedure of this experiment was the same as the fourth test
except that in this test the tracking system was stopped, as the panel was fixed

to the same orientation as the reference panel.

4.3.6 PV Performance at Different Surface Temperature and Solar
Irradiance

This experiment was done to test the panel efficiency at different surface
panel temperatures (25, 30, 35, 40, 45, 50, 55, 60, 65 and 70 °C) at noon when
the solar radiation was approximately 1000 W/m?, the low surface temperature
was achieved by adding ice to the secondary water tank which will supply water
to the panel through the supply water pump. The water was fully opened and

the set point temperature was set to the minimum so the water will be supplied
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continuously. While the high surface temperatures were without using cooling

system.

4.4 EQUIPMENT’S CALIBRATIONS

Calibration is an essential process for measuring and testing equipment so
that it always produces the same, accurate results. Calibrations also help to
identify and correct any discrepancies that may exist. Without proper
calibration, these discrepancies could result in inaccurate measurements. So

that different instruments used in this study have been calibrated.

4.4.1 Calibration of Water Flow Sensor

A stop watch and glass beaker were used for calibration of water flow
sensor YF-S401 model, this was done by using the timer to measure the time
needed to fill the glass beaker with water to the selected level. Several volume
flow readings were recorded, ranging from 1 L/min to 6 L/min. The equation

(4.1) was used to compute the water volume flow rate (Aldihani, 2017).

__ recorded volume (V)

VW, =

(4.1)

recorded time(t)
Fig. 4-29 presents how the calibration was made, while the calibration

curve is presented in Fig. 4-30.

.....
s ®

e ot

Fig. 4-29 Calibration of flowmeter using stop watch and glass beaker
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Fig. 4-30 Calibration curve between flowmeter reading and actual flow rate
4.4.2 Calibration of K-Type Thermocouple

The calibration of the K-type thermocouple was conducted by immersing
both the thermocouple and the VOLTCRAFT thermometer in an ice bath, and
recording the readings obtained, as shown in Fig. 4-31. Subsequently, both
sensors were placed in a water kettle and the temperature was gradually
increased from 0 °C to 100 °C. Variations in the readings taken from both
sensors at varying temperatures were then analyzed and evaluated. The

calibration curve is presented in Fig. 4-32.

Fig. 4-31 Calibration of K-type thermocouple with VOLTCRAFT thermometer
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Fig. 4-32 Calibration curve of K-type thermocouple and thermometer
4,43 Calibration of Solar Power Meter
The solar power meter DBTU1300 model was calibrated with the
SM206-SOLAR model, as shown in Fig. 4-33. Both devices were placed on

the same surface with the same angle of inclination to compare their readings.

The comparation of the readings is presented in Table 4-2.

) DBIUL30 4yt
De]

Fig. 4-33 Calibration of solar power meter
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Table 4-2 Calibration of solar power meter DBTU1300 with SM206-SOLAR

DBTU1300 reading (W/m?) SM206-SOLAR reading (W/m?)
450 452
655 657
998 1002
1045 1046
1069 1076
1073 1078
1075 1076
1080 1083

4.5 UNCERTAINTY

Calculating uncertainty of the measuring devices is important, as it allows
the researcher to assess the accuracy of the results. It provides a measure of
how close the obtained values are likely to be to the true values. Without
considering uncertainty, the measured values may be misleading or
misinterpreted. uncertainty has the capacity to minimize random errors,
whereas effective calibration procedures can eliminate systematic errors
(Aldihani, 2017). The equation (4.2) has been used to calculate the uncertainty
of the measuring equipment (Dieck, 1999; Ceylan et al., 2019).

i, (xi—%)?
N+(N-1) (4.2)

uncertainity (u) =
Where N is samples number, x is the average value of considered data
for the variable x, the results of i" data is represented by x;.
The results of uncertainty of the instrument used in this study are presented in
Table 4-3.
A sample of calculation for uncertainty analysis for flowmeter is

presented in Appendix A.
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Table 4-3 Uncertainty of the equipment

Instrument Uncertainty
Flow meter +0.013
K-type thermocouple +0.08
Voltage sensor 1+ 0.05
Power sensor +0.09
DHT11 ambient sensor +0.08
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CHAPTER FIVE

(RESULT AND DISCUSSION)

5.1 INTRODUCTION

This chapter states the results of the research conducted and provides a
detailed explanation of the findings, which are the outcome of the research
work. It also provides evidence for the conclusions drawn by this study. The
presentation of the findings is structured and organized in such a way that it
clearly answers the questions raised in the research objectives. The first part of
this chapter focuses on the experimental results of the photovoltaic front
surface cooling with solar tracking system tests conducted during the summer
season of the year 2022, at the research center- Erbil Polytechnic University.
While, the second part presents the numerical validation results based on the
experimental outcome. And the last part presents the ANSYS Fluent results

about the effects of the different operating parameters on the cooled PV panel.
52  TILT ANGLE

The inclination angle for each month was calculated based on the
monthly average day (John and Beckman, 1982) to determine the best tilt angle
for the panels. This angle will be used to adjust the panel at an optimal angle
for the year so that it will lead to optimal energy production. Based on equations
(3.15) and (3.16) the results are shown in Table 5-1, where the average tilt angle
calculated was 36°. So, both panels were placed at the angle of 36° with the
horizontal, and in addition to that one of the panels has an east west solar

tracking system.
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Table 5-1 Tilt angle for the average day of the month for Erbil

Month Date n 0 B
January 17 17 -20.9 56.9
February | 16 47 -13 49
March 16 75 -2.4 38.4
April 15 105 94 26.6
May 15 135 18.8 17.2
June 11 162 23.1 12.9
July 17 198 21.2 14.8
August 16 228 13.5 22.5
September | 15 258 2.2 33.8
October 15 288 -9.6 45.6
November | 14 318 -18.9 54.9
December | 10 344 -23 59

5.3 EXPERIMENTAL RESULTS

In order to fulfill the primary objective of this section, comprehensive
analysis and comparison of the experimental findings of the PV reference panel
are conducted with various scenarios, including a panel equipped with an east-
west solar tracking system, tracking while cooling at different setpoint
temperatures, being fixed at different flow rates, tracking with different flow
rates, and being fixed at different setpoint temperatures. Additionally, the
performance of the panel is evaluated under varying surface temperatures. To
begin our analysis, Fig. 5-1 illustrates the average daily ambient temperature
recorded over three days for both July and August. Notably, the highest
ambient temperature is observed on the 2" of August, while the lowest
temperatures are recorded on the 17" of July and the 21 of August. This
information sets the foundation for interpreting and understanding the

subsequent experimental outcomes.
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Fig. 5-1 Average daily ambient temperature during July and August

Upon Fig. 5-2, which presents the average daily solar irradiance intensity
over fixed and tracking solar panels for the same days throughout July and
August, it becomes evident that a significant disparity exists between the two
panels. Specifically, the lowest solar intensity values were observed on the 171
of July, with the fixed panel registering 790 W/m? and the tracking panel
recording 917 W/m2. Conversely, on the 16" of August, the highest solar
irradiance values were documented, with the tracking panel reaching 991 W/m?
and the fixed panel achieving 875 W/m?2.

These findings shed light on the superior performance of the tracking
solar panel in terms of capturing solar irradiance compared to its fixed
counterpart. The substantial variance in solar intensity values between the two
panel types shows the effectiveness of solar tracking systems in optimizing
energy generation by aligning the panel with the sun's trajectory throughout the
day. Furthermore, this disparity in performance underlines the importance of
considering various factors, such as panel orientation and tilt angle, when

designing and deploying solar energy systems to maximize their energy output.
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Fig. 5-2 Average daily solar intensity over fixed and tracking panel during July and
August

5.3.1 Comparison between Reference, Tracking and Tracking with
Cooling PV Panel at VVarious Setpoint Temperature

This section aims to evaluate the performance of a fixed-PV panel, with a
panel having an east west solar tracking system, additionally comparing their
performance together with a panel associated with solar tracking and a spray
water cooling system, at various setpoint temperatures. As mentioned
previously, the experiments were carried out between July and August from
8:00 to 15:00 in Erbil-Irag. The difference in solar radiation falls over fixed and
tracking PV panels on 2" August is presented in Fig. 5-3. It is evidence that
there is a marked disparity in the solar radiation of fixed and tracking panels in
the morning, which is 300 W/m?, this discrepancy lessens until 13:15, when the
solar radiation of fixed and tracking panels is equal, as the panel orientation
using the tracking system is always perpendicular to the beam solar radiation,
while the fixed panel only has the beam solar radiation perpendicular to its
surface at noon. The variation in solar irradiance between fixed and tracking

panel for 71", 17" and 18" July are presented in Appendix B.
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Fig. 5-3 Solar radiation intensity difference between fixed and tracking panel 2" August

The ambient temperature variation on July 7", 17" and 18" and August
2M 2022 is presented in Table 5-2, the maximum ambient temperature for Erbil
city in July and August is between 13:45 to 14:15, while the minimum was at
8:00 AM. The highest recorded ambient temperature was on 2" of August as
it was 50.7 °C.

The difference between fixed and tracking panel surface temperatures
without using cooling techniques on 2" of August is illustrated in Fig. 5-4. The
tracking panel displayed a higher surface temperature than the fixed panel, due
to its ability to follow the sun's rays from east to west, resulting in a higher rate
of thermal flux across its surface. The highest surface temperature was at 14:30
for both panels with a highest difference between both panels 7 °C, and the

lowest is 1.5 °C at 8:00 were there was the lowest ambient temperature.
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Table 5-2 Recorded ambient temperature on 7, 17" &18™ July and 2" August at Erbil

City

Time 7 July 17t July 18t July 2" August
8:00 39.7 38 39 39
8:15 40.1 38.3 39.8 39.6
8:30 41 38.7 40.9 40.4
8:45 41.5 39.2 41.4 41.8
9:00 41.7 39.5 41.8 42.5
9:15 42.2 40.9 42 42.9
9:30 42.5 415 42.2 43.2
9:45 43.2 42.3 43.5 43.4
10:00 43.4 43 43.8 43.9
10:15 43.5 43.5 44.3 44.6
10:30 43.6 44 44.8 44.9
10:45 43.8 44.8 45.7 45.5
11:00 44.2 45.4 46.3 46.6
11:15 44.6 45.8 46.8 47.3
11:30 44.6 46.7 47.3 47.4
11:45 44.7 46.9 47.5 47.4
12:00 44.8 47.3 47.7 47.5
12:15 44.8 47.4 47.8 48.5
12:30 45 47.4 47.8 48.7
12:45 45.2 47.9 47.9 49
13:00 45.8 47.9 47.9 49.2
13:15 46.1 48.1 48.1 49.8
13:30 46.4 48.3 48.3 50.3
13:45 47.2 48.7 48.3 50.4
14:00 47.3 48.5 48.2 50.5
14:15 47.1 48.3 48.2 50.7
14:30 46.5 48.1 47.9 50.3
14:45 45.9 48 47.2 49.9
15:00 45,5 47.9 46.4 49.5
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Fig. 5-4 surface temperature difference between fixed and solar tracking panel on 2™
August

The performance of the photovoltaic system was evaluated using various
set temperatures, with the valve opening being controlled by a temperature
sensor placed on the back of the panel, and the pump set to start pumping water
at 1.8 I/min. If the surface temperature is not within the set temperature after
two minutes, the flow rate will be increased by approximately 1 I/min and so
on until it reaches the maximum flow rate at about 5.3 I/min. However, if the
surface temperature is equal to the set temperature, then the pump will cease
operation and the flow rate will register as zero. Once the surface temperature
rises above the set temperature then the pump will resume spraying water over
the panel.

Fig. 5-5 illustrates the water pump’s behavior when the setting
temperature was 45 °C, 40 °C and 35 °C. At 45 °C setpoint temperature the
water is pumped over the panel until it reaches 4 or 3 | /min, and then it stops
for a while before starting up again when the surface temperature exceeds the
set temperature, while when the set temperature is 40 °C at the morning, the
pump cycles is turning on and off with a more frequently than when set to 45

°C. by 10:22, the pump had been running continuously as the surface
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temperature had not dropped below the setting temperature. On the other hand,
at 35 °C the pump also runs continuously as the surface temperature remains
above the set temperature. The average water flow rate for all set point
temperatures is also presented in the figure, where it was 1.8, 4.2 and 5 I/min

for 45, 40 and 35 °C setting temperatures, respectively.
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Fig. 5-5 Variation of water flow rate supply at different panel surface temperature

The variation of output power with time for fixed reference PV, solar
radiation tracking PV, and tracking PV with cooling at setting temperatures of
45 °C, 40 °C, and 35 °C are presented in Fig. 5-6. Remarkably, the highest
power output was observed for the tracking PV panels with cooling at 35 °C
adjusted temperature, while the lowest output power was recorded for the fixed
reference panel. A discernible trend from the figure is that the highest power
production occurs at 12:45 for the tracking panels. Conversely, the fixed panels
exhibit their highest power output at 13:30. While the lowest power output was
observed in the morning. This substantial disparity between the fixed and
tracking panels can be attributed to the varying solar radiation received. As
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solar radiation increases, the current produced by the panels also increases,
resulting in higher power production. Additionally, the PV voltage increases
by decreasing the temperature, which also results in further enhancing power
output. Hence, the tracking PV panels with a set point temperature of 35 °C
demonstrate the highest power production.
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Fig. 5-6 Variation of PV power production with time using tracking and setpoint

temperature

The variation in electrical efficiency with time for various modifications
relative to the reference panel is visually presented in Fig. 5-7. The calculation
of electrical efficiency, as per equation (3.17), highlights that the electrical
efficiency is directly proportional to power and inversely proportional to solar
radiation. Consequently, the fixed reference panel exhibited lower efficiency
during periods of high solar radiation. In contrast, the tracking solar panel
demonstrated a smaller variation in efficiency due to the continuously receiving
high solar radiation. Notably, when water was utilized, efficiency increased,
reaching its peak at the lowest setpoint temperature. This can be attributed to

the higher voltage output achieved at lower temperatures.
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Fig. 5-7 Variation of PV electrical efficiency with time using tracking and setpoint

temperature

As per equation (3.19) that was used to calculate the fill factor of the PV
panel it is evidence that it is directly proportional to the power and inversely
proportional to both open circuit voltage and short current, which is presented
in Fig. 5-8. So that its variation is related to the power produced as the other

two factors are constant.
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Fig. 5-8 Variation of fill factor with time using tracking and setpoint temperature
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Fig. 5-9 clearly showcases the remarkable advancements made in
enhancing the performance of PV panel, by comparing the electrical efficiency
of fixed reference panel with tracking and tracking with cooling at 45,40 and
35 °C. Each modification's maximum performance is presented, offering
valuable insights into the potential improvements achieved. By just applying
an east-west tracking system the maximum PV electrical efficiency
enhancement was 9.9%, on the other hand by cooling the panel at 45 °C yielded
a 7.5% improvement in efficiency compared to tracking alone, while the

maximum enhancement was achieved at 35 °C which was 25.11 %.
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Fig. 5-9 Maximum electrical efficiency improvement at different modifications

The water consumption rate for one day and the average electrical
efficiency for each set point temperature is presented in Fig. 5-10. The results
observed that there is a substantial difference in water consumption between
40 °C and 45 °C, while the variation between 35 °C and 40 °C is slighter.
Additionally, the electrical efficiency difference is also slighter between 35 °C
and 40 °C, relative to the disparity between 40 °C and 45 °C.
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Fig. 5-10 Water consumption rate and average electrical efficiency at different PV set

temperature

5.3.2 Comparison between Reference and Fixed Equipped with Cooling
at VVarious Setpoint Temperature PV Panel

The performance of a fixed reference solar panels with fixed panels
equipped with cooling mechanisms at various setpoint temperatures of 35 °C,
40 °C and 45 °C has been compared. The difference between this section and
the previous one is that the tracking system was not utilized with the cooling
system, as panel was fixed exactly the same as the reference panel. The test
days were 19", 215 and 24™ of July, the variation in ambient temperature and
solar irradiance with time during these days are presented in Table 5-3. The
highest ambient temperature was 48.8 on 19" July at 14:30, while due to other
two days the highest ambient temperature was at 13:30. On the other hand, the
highest solar irradiance for all three days was at 12:45 with maximum
irradiance recorded being on 24" July for fixed panel which was 1088 W/m?.

Fig. 5-11 illustrates the behavior of the water pump under varying setting
temperatures: 45 °C, 40 °C, and 35 °C. At a setting temperature of 45 °C, the
pump operated for approximately 9-10 minutes before turning off for 5 minutes

at early hours of the day. It then had a longer operating period of around 15-18
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minutes at noon due to the elevated surface temperature, related to the higher

ambient temperature and solar rays being perpendicular to the panel surface.

Table 5-3 Ambient temperature and solar irradiance on 19", 215t and 24" of July

19t July 215 July 24t July
Time Tamb. (°C) | Irradiance Tamb. (°C) | Irradiance Tamb. (°C) | Irradiance
(W/m2) (W/m2) (W/m?)
8:00 415 435 40.6 455 40 430
8:15 42 465 40.9 495 40.5 478
8:30 424 515 41 525 41.7 519
8:45 43 550 41.2 587 42.5 560
9:00 43.6 600 41.4 629 42.8 605
9:15 447 691 415 695 43.6 690
9:30 45 729 42.2 746 441 738
9:45 445 776 42.7 798 45 800
10:00 44.7 800 43 834 453 837
10:15 44.9 864 43.8 875 454 883
10:30 45 908 444 920 45.6 930
10:45 45.2 953 44.7 970 45.8 962
11:00 455 990 45.5 1008 46 1000
11:15 45.7 1010 45.9 1022 46.2 1029
11:30 45.7 1035 46.4 1038 46.4 1035
11:45 45.9 1055 47.2 1045 46.6 1050
12:00 46.1 1074 47.2 1060 46.9 1068
12:15 46.3 1077 47 1062 47.1 1078
12:30 46.9 1082 47.4 1070 47.1 1084
12:45 47.3 1084 47.8 1077 47.2 1088
13:00 47.6 1079 48.4 1075 474 1084
13:15 47.7 1052 48.3 1058 47.5 1067
13:30 47.9 1024 48.3 1038 47.7 1036
13:45 47.9 1009 48 1013 47.4 1013
14:00 48.4 962 48 955 47.3 955
14:15 48.4 906 47.7 915 47.2 919
14:30 48.8 852 47.2 855 46.5 855
14:45 47.5 788 46.7 798 46 803
15:00 46.7 750 46.2 756 45.3 755
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When the surface temperature was adjusted to 40 °C, the pump turned
on and off until 9:42, with a longer operating period compared to 45 °C. After
that time, it began operating continuously as it was unable to decrease the
surface temperature of the panel below the setpoint temperature.

On the other hand, when the setpoint temperature was lowered to 35 °C,
the pump operated continuously until 9:48. The spray water employed
effectively reduced the water temperature below 35 °C, causing a brief 2-
minute halt in operation. The pump then resumed its operation, with longer
periods compared to the other setpoint temperatures. In total, the pump turned

off only five times at the 35 °C setpoint temperature.
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Fig. 5-11 Variation of water volume flow rate at various panel setpoint temperature

The power production variation with time for the photovoltaic panel at
all three setpoint temperatures, as well as the reference temperature, is depicted
in Fig. 5-12. It is evident that across all cases, the greatest power production
occurred between the hours of 11:30 and 13:30, coinciding with the period of
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highest solar radiation. This correlation suggests that the panel's current is
maximized during this time frame, consequently leading to higher power
outputs. Specifically, the power production was found to be highest when the
setpoint temperature was set at 35 °C. There was only a marginal difference
between the panels at different setpoint temperatures. However, when
comparing the cooled panels with the reference panel, the rate of power

production was notably higher.
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Fig. 5-12 Variation of power with time at various panel set point temperature

Fig. 5-13 shows the variation of electrical efficiency with time. The
highest electrical efficiency produced by the reference panel is at 8:00 AM due
to the low ambient temperature which led to higher voltage, but when the panel
is cooled by spraying water and the panel temperature is reduced by about 25
to 40 °C, the electrical efficiency is higher throughout the operating hours, the
efficiency is higher at a lower set point. At the hour range from 11:30 to 13:30
the electrical efficiency for all the set temperatures has a slight decrease due to
the high solar radiation at that period as it is conversely proportional with the
electrical efficiency, also due to high temperature as the solar ray was roughly
perpendicular to the panel surface that the spray water’s ability to minimize

surface temperature was lower; resulting in lower voltage production.
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Fig. 5-13 Variation of electrical efficiency with time at various panel set point temperature

The fill factor variation with time is indicated in Fig. 5-14. The variation
of fill factor is related to variation of power produce by the panel, as it is
directly proportional to it. So that the fill factor trend is same as power
production over time.
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Fig. 5-14 Variation of fill factor with time at various panel set point temperature
The maximum electrical efficiency enhancement rate at different set

point temperatures compared to the reference one is presented Fig. 5-15. As
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depicted in the figure, the greatest improvement was observed at a set point
temperature of 35 °C, which resulted in a 2.88% increase compared to the 40
°C set point. Additionally, the difference in percentage between the 40 °C and
45 °C set points was approximately 1.69.
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Fig. 5-15 Maximum electrical efficiency enhancement at different set point temperature

The water consumption rate for one day and the average electrical
efficiency for each set point temperature is shown in Fig. 5-16 the difference in
water consumption between 40 °C and 45 °C set point temperatures was
approximately 740 l/day which is too high if we compare it with the difference
range between 35 °C and 40 °C, as it was only 220 I/day. And this is due to the
higher rate of pump operation at both setpoint temperatures of 35 °C and 40 °C
as compared to 45 °C.

By comparing the rate of water consumed per day for fixed and tracking
at various setpoint temperatures, it’s clear from Fig. 5-10 and Fig. 5-16 that the
water consumed for tracking is more than for fixed and this is due to higher
surface temperature of panel tracking the solar ray. Except at 45 °C the water
consumption was lower with tracking than for the fixed one, which is due to

ambient temperature and solar radiation being much higher during the fixed
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one compared to the tracking panel with cooling at the same setpoint

temperature.
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Fig. 5-16 Water consumption rate and average electrical efficiency at different PV set

temperature

5.3.3 Comparison between Reference and Tracking PV Panel Equipped
with Cooling at Different Volume Flow Rate

The objective of this section is to compare the performance of fixed
reference panel with the panel being modified by implementing an east-west
tracking system as well as a cooling system at different volume flow rate (2, 3,
4 and 5) I/min being fixed throughout the day. The test was hold on the 26™,
27", 28" and 31 of July; the ambient temperature variation with time for these
days are indicated in Table 5-4. The maximum ambient temperature was on
31% July as its minimum was at 8:00 which was 41.3 °C, while the maximum
temperature was 49 °C at 14:15. The maximum ambient temperature on the
26" and 27" of July was 47 °C, but it was 47.9 °C on the 28" of July.

The difference in solar irradiance over fixed and tracking panels
throughout the day from 8:00 to 15:00 on 26™ July is presented in Fig. 5-17.
The solar irradiance of fixed and tracking panels is approximately equal from
11:15 to 12:30. Before and after this period a huge difference exists as the
tracking panel follow suns ray from east to west, so having the largest
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discrepancy at the hours 8:00 and 15:00. The highest solar irradiance being
recorded for a tracking system on 26" July was 1078 W/m? at 13:15. The
variation in solar irradiance between fixed and tracking panel for 27", 28" and

31% July are presented in Appendix B.

Table 5-4 Variation in ambient temperature with time on 26", 27%, 28" and 31 of July

Time 26™ July 27 July 28" July 315t July
8:00 38.7 38 38.2 41.3
8:15 39.5 38.5 38.8 42
8:30 40 39.2 39.6 42.5
8:45 40.9 39.8 40.5 42.6
9:00 41.2 41.5 41.2 43
9:15 41.6 41.8 41.7 43.8
9:30 41.9 42.3 425 44.3
9:45 425 42.5 425 44.2
10:00 43.2 42.6 43.4 447
10:15 435 43.7 44.2 44.9
10:30 44.2 44.2 445 45.2
10:45 45 44.3 44.8 45.4
11:00 45.4 44.7 45 45.5
11:15 45.4 449 45.3 46.3
11:30 455 449 45.9 46.7
11:45 455 45.3 46.5 47.3
12:00 46 45.3 46.8 47.8
12:15 46.9 45.5 46.9 48.2
12:30 46.9 46.2 46.9 48.3
12:45 47 46.9 47 48.7
13:00 46.9 47 47 48.8
13:15 46.9 47 47.2 49.2
13:30 46.8 46.5 47.2 48.8
13:45 46.3 46.4 47.9 48.9
14:00 455 454 47.7 48.9
14:15 45 46.3 47.4 49
14:30 449 46.2 46.7 48.7
14:45 44.8 45.7 46.4 48.3
15:00 44.6 45.7 46.3 48
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Fig. 5-17 Variation of fixed and tracking solar irradiance with time on 26" July

The variation in panel surface temperature at different water volume flow
rates and at no flow rate for the fixed one with time is presented in Fig. 5-18.
By setting the flow to 5 I/min the PV surface temperature was decreased by
approximately 30 °C which was the highest temperature reduction while the
lowest temperature reduction was at 2 I/min where the panel temperature was

minimized by 23 °C.
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Fig. 5-18 Variation in panel surface temperature at different volume flow rate
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The graph in Fig. 5-19 demonstrates the variations in power production
for panels with different spray water volume flow rates, along with the
implementation of a solar east-west tracking system. It is evident that there is
a significant disparity in power production between the reference fixed panel
and the panels equipped with tracking and cooling systems, particularly during
the early and late hours of the day. This discrepancy can be attributed to the
higher current generated by the tracking panel, as a result of the greater solar
radiation it receives, approximately double that of the fixed panel. Furthermore,
increasing the water flow rate by 1 I/min resulted in a 5 W increase in power
production. For example, the power produced was 195 W at a flow rate of 2

I/min and increased to 205 W at a flow rate of 4 I/min.
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Fig. 5-19 PV power production at various water flow with solar tracking system

The variation in fill factor at different flow rates in addition to tracking
system is indicated in Fig. 5-20. Also, the trend is the same as power as
mentioned in the last section. The fixed panel curve is sharp while tracking with
cooling has almost a strait curve. With a maximum fill factor of 0.82 being at

12:45 with a flow of 5 I/min, while it was 0.76 for the 2 I/min at the same time.
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Fig. 5-20 Variation in fill factor of the panel at various water flow

The graphical representation in Fig. 5-21 demonstrates the variation in
electrical efficiency at various water flow rates, in addition to the solar tracking
system compared to the reference panel without tracking system. It is evident
that the electrical efficiency of the tracking system, when combined with
cooling, surpasses that of the fixed system. However, there is a slight decline
in electrical efficiency for all cases when there is a high solar irradiation falling
over the panels, for the tracking panel after 11:00 when the solar radiation is
over 1030 W/m?, and also due to a high ambient temperature. Conversely, the
fixed panel exhibits its lowest electrical efficiency during periods when the
sun's rays align perpendicularly to the panel's surface.

The variation in average daily electrical efficiency and power production
at 2, 3,4 and 5 I/min is presented in Fig. 5-22. The lowest power produced was
for fixed panel which was 138 W, while by using tracking with only 2 1/min
spray water cooling the panel power production was 182.31 W. and by
increasing the volume flow by 1 I/min the power was increased by
approximately 5 W each time. On the other hand, the electrical efficiency for
the fixed panel was 19.82 while by using tracking with cooling at 5 I/min the
electrical efficiency was maximized to 23.49%.
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Fig. 5-21 Variation in electrical efficiency of the panel at various water flow
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tracking system

5.3.4 Comparison between Reference and Fixed PV Panel Equipped
with Cooling at Different Volume Flow Rate
The objective of this section is to evaluate the effect of different water

volume flow rates (2, 3, 4, and 5 I/min) on cooling a fixed panel, as compared
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to a reference panel without a cooling system. The experimental tests were
conducted on the 71, 9™ 10" and 11" of August 2022.

To provide a comprehensive understanding of the experimental
conditions, the ambient temperature and solar irradiance levels were monitored
throughout the duration of the experiments. Table 5-5 presents the variation in
ambient temperature and solar irradiance recorded over the fixed panel during
the experimental days. The highest ambient temperature recorded during the
experimental period was 48 °C on 7" of August at 13:00. Conversely, the
lowest ambient temperature was 36 °C on the 11" of August at 8:00. Regarding
solar irradiance, the lowest recorded value was 400 W/m? at 8:00 on the 9" of
August. In contrast, the highest solar intensity recorded during the experiments
was 1050 W/m? on the same day at 12:45. Moreover, it was observed that the
solar irradiance consistently exceeded 1000 W/m? approximately at 11:30
throughout all experimental days.

The reference panel surface temperature compared to the surface
temperature of the PV module equipped with a spray water cooling system at
various volume flow rates fixed throughout the experimental day is indicated
in Fig. 5-23. The fixed panel temperature is increasing with time as its lowest
temperature was 50 °C at 8:00. After that, it starts to increase as it reaches its
maximum value of 71.5 °C at 12:30, after that, it starts to decrease reaching its
minimum 64.75 °C at 15:00. While due to the cooled panel the surface
temperature curve was almost straight at all the adjusted flows, the highest
surface temperature was at 8:00 when the system started cooling and the
temperature started to decrease. The lowest surface temperature was with the
highest volume flow of 5 I/min, whereas the highest surface temperature was
at 2 I/min. Additionally, by maximizing the flow by 1 I/min the surface

temperature was minimized by 3-4 °C.
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Table 5-5 Variation in ambient temperature and solar irradiance on 7", 9", 10" and 11™

August
Time 7/8/2022 9/8/2022 10/8/2022 11/8/2022
Tamb. I Tamb. I Tamb. | Tamb. |
(°C) (watt/m?) | (°C) (watt/m?) | (°C) (watt/m?) | (°C) (watt/m?)

8:00 39 415 38 400 36.8 440 36 425
8:15 39.7 470 38.5 457 37 504 36.2 507
8:30 40.2 530 39.2 521 37.2 539 36.7 547
8:45 41.9 605 39.8 610 38 606 37.6 604
9:00 42.3 665 40.5 645 38.6 670 38.4 672
9:15 43.3 730 414 739 39.7 740 39.5 733
9:30 43.6 775 42.3 786 39.2 786 39.5 784
9:45 43.7 828 42.5 823 40.5 835 39.6 828
10:00 | 43.8 865 42.6 870 39.8 865 39.7 865
10:15 | 44 895 43.7 900 41.6 897 40.5 898
10:30 | 44.6 936 44.2 930 43.4 926 41.8 924
10:45 | 44.6 965 44.3 960 44.1 955 42.2 958
11:00 | 44.6 993 44.7 993 44.8 981 42.7 998
11:15 | 45 1008 449 1016 45.2 998 435 1000
11:30 | 45.3 1016 449 1024 454 1004 435 1012
11:45 | 46.3 1022 45.3 1033 45.5 1012 43.9 1018
12:00 | 475 1029 45.3 1039 45.5 1020 44.5 1020
12:15 | 475 1033 45.5 1041 46.2 1022 44.8 1022
12:30 | 47.8 1036 46.2 1048 46.3 1026 44.9 1027
12:45 | 48.2 1033 46.9 1050 46.5 1023 45 1025
13:00 | 48 1018 47 1030 46.5 1015 45.5 1020
13:15 | 47.9 1015 47 1022 46.7 998 45.9 1009
13:30 | 47 995 46.5 1009 46.7 984 45 992
13:45 | 46.7 979 46.4 992 46.8 963 44.9 962
14:00 | 46.7 940 46.3 950 46.8 935 44.8 930
14:15 | 46.7 919 46.3 925 46.8 902 44.8 913
14:30 | 47 892 46.2 910 47.4 888 447 892
14:45 | 46.9 859 45.7 870 47.3 863 447 859
15:00 | 45.8 820 45.7 828 46.2 823 447 832
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Fig. 5-23 Variation in fixed panel surface temperature at various flow

The variation in power and fill factor with time at different fixed volume
flow rates are presented in Fig. 5-24 and Fig. 5-25, respectively. It is evident
that there is a significant disparity in power production between the reference
fixed panel and the panels equipped with cooling systems at different volume
flow rate, at the beginning of the day the power and fill factors are equal as the
system starts working. As the cooling continues in operation, the power
production increases due to the increasing in voltage related to rate of cooling
being added to the panel so the fill factor will also increase. The maximum
solar radiation received by a fixed panel facing south is at noon, as this
discrepancy can be attributed to the higher current generated by the panel, as a
result of the greater solar radiation it receives at that time, approximately
double that of the morning.

Furthermore, the power produced by fixed panel compared to the cooled
one at 2 I/min is 20 W less. Increasing the water flow rate by 1 I/min resulted
in a 2.4 W increase in power production. The highest power produced by the

panels was 202.95 at 12:30 with the 5 I/min water volume flow rate.
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On the other hand, the fill factor has the same trend of the power as it is

directly proportional to it. The highest fill factor was 0.78 at 12:30 for 5 I/min

flow, while the lowest value at the same time was 0.67 for fixed reference

panel.
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Fig. 5-24 Variation in fixed panel Power production at various flow
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Fig. 5-25 Variation in fixed panel fill factor at various flow

The electrical efficiency at different volume flow rate variation with time

Is presented in Fig. 5-26. The trend of electrical efficiency with a fixed panel
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differs from tracking as the solar intensity with the fixed one is lower as
compared to the tracking one specifically at the beginning and the end of the
day. In this case when fixed panel was cooled at fixed flow rate as the surface
temperature is approximately at fixed temperature while the current increased
with increasing solar radiation so the maximum electrical efficiency was
recoded between 11:30 and 13:00 for the cooled panel. On the other hand, the
higher electrical efficiency for reference panel was at the early morning due to
lower ambient temperature. Additionally, the maximum electrical efficiency
recorded was 23.97% for 5 I/min flow, while at the same time for the fixed on

the efficiency was 19%.
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Fig. 5-26 Variation in fixed panel electrical efficiency at various flow

The average daily power and electrical efficiency for fixed panel and
cooled fixed panel at different adjusted flows of 2, 3, 4 and 5 I/min is presented
in Fig. 5-27. Just by spraying water at 2 I/min, the average electrical efficiency
and power were increased by 3% and 21.73 W, respectively. Additionally, at
the highest volume flow, the average electrical efficiency and power produced
were 23.37 and 168 W, respectively.
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Fig. 5-27 Average daily power and electrical efficiency of fixed panel at various flow

5.3.5 PV Performance at Different Surface Temperature and Solar
Intensity

This section evaluated the performance of PV panels at different surface
operating temperatures and solar radiation intensities. Fig. 5-28 presents the
output power and electrical efficiency of the PV panel at varying panel surface
temperatures under 1000 W/m? solar radiation intensity. The power production
sharply descended when the panel temperature exceeded 40 °C. The data
reveals a slight decrease in electrical efficiency when the panel temperatures
ranges from 25to 40 °C, whereas by a 5 °C increase in PV surface temperature
was resulted in a reduction of electrical efficiency by 0.2-0.3%, moreover when
the panel temperature exceeded 40 °C, each 1 °C increase in temperature was
associated with 0.2% decrease in panel efficiency, this is due to the decrease in
the voltage production of the panel whereas the maximum operating
temperature of the panel is 80 °C so that as the temperature of the panel
approaches that range its ability to convert sun light to electricity decreases, as
the temperature rises the electrons of the photovoltaic cell become more
energetic and more likely to escape, reducing the efficiency of the panel. While

Tan et al. (2017) observed that when the temperature on the panel exceeded 25
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°C the efficiency decreased by 0.5% with each 1 °C increase in panel
temperature.
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Fig. 5-28 Variation of output power and electrical efficiency with panel temperature at
1000 w/m? solar radiation

The power production of PV panels is greatly influenced by the amount
of solar radiation they receive. This relationship is demonstrated in Fig. 5-29,
which clearly illustrates that as the solar radiation increases from 800 to 1000
W/m?, the power production of the PV panel increases by 24 watts.

Furthermore, when cooling was employed with varying setting
temperatures, the power production increased farther as at 45 °C and 40 °C
setpoint temperatures when the radiation increased by from 800 W/m? to 1000
W/m? the power output increased by 36 W and 41 W respectively. The most
significant improvement in power production was observed at a setpoint
temperature of 35 °C, resulting in a difference of 44 watts.

These findings highlight the significant effect that solar radiation and
cooling systems can have on the power production of PV panels. It is crucial
for researchers and industry professionals to carefully consider these factors

when designing and implementing new solar energy systems.
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5.3.6 Comparative Study with Previous Literature

Throughout this study, the main focus was on maximizing the electrical
efficiency of photovoltaic panels. In order to evaluate the results, a comparation
the maximum improvement outcomes throughout current experiments and the
previous literature. Fig. 5-30 presents the maximum electrical efficiency
improvement achieved through various techniques compared to the current

study.
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Fig. 5-30 Comparative study of maximum electrical efficiency improvement
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Jaffar, Mohammad and Ahmed (2022) aimed to enhance photovoltaic
panel electrical efficiency through air cooling, which resulted in a 6.20%
improvement in electrical efficiency. in another study done by Ahmadi,
Monadinia and Maleki (2021) PCM paraffin wax was utilized yielding an
enhancement rate of 13.9%. While (Govardhanan et al., 2020) tested uniform
water flow over the PV panel and accomplished a 15% improvement in
electrical efficiency.

In contrast, Hassan et al. (2020) implemented the use of nano particles
with PCM and achieved an impressive electrical efficiency of 23.90%.
However, the experimental results surpassed all these previous studies, by
employing the water spray technique at a PV setting temperature of 35 °C,
along with a solar east-west tracking mechanism. This combination led to a
significant enhancement in electrical efficiency.

Therefore, this study not only provides an extensive improvement in
electrical efficiency, but also offers a contribution when compared to other
research works. By achieving a high percentage of electrical efficiency through
this experimental approach, which sets this study apart from previous studies
in this field.

5.4 VALIDATION RESULTS

The verification of simulation results is a critical step in ensuring the
accuracy and reliability of computational fluid dynamics (CFD) simulations.
One popular software used for such simulations is ANSYS Fluent, which is
widely used in various engineering industries. In this particular case, the
verification of simulation results is carried out using ANSYS Fluent for the
cooling of the front surface of a photovoltaic panel using various water flow
rates.

To verify the simulation results, it is essential to compare them with

experimental data. This comparison not only validates the accuracy of the
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simulation models but also helps in identifying any discrepancies and
improving the simulation setup. In this case, experimental data was obtained
by conducting a physical test at the Erbil Polytechnic University research center
during the summer season, where water at different flow rates was used to cool
the PV panel, and measurements of various parameters, such as surface
temperature, ambient temperature, water inlet and outlet temperature, solar
irradiance and flow rate, were recorded. The current simulation boundary
conditions were based on the Erbil location due to its latitude and longitude.
The operating conditions of verification for both experimental and ANSYS
fluent data were 40 °C ambient temperature and 1000 W/m? solar irradiance.

A comparison of the two revealed that the simulation outcomes were in
close accordance with the experimental ones. The simulation results were
within 1.08% of the experimental results, indicating that the model was valid
and reliable for forecasting the performance of solar cells.

The comparison between the surface temperature of photovoltaic (PV)
panels obtained through ANSY'S simulations and experimental measurements
at various volume flow rates is illustrated in Fig. 5-31. The figure highlights
that a slight discrepancy exists between the surface temperature values obtained
from ANSYS simulations and experimental data for PV panels subjected to a
volume flow rate of 2 and 3 I/min, which amounts to only 0.5 °C. This
difference further decreases to 0.38 °C and 0.43 °C for PV panels subjected to

volume flow rates of 4 and 5 I/min, respectively.

On the other hand, a comparison between the experimental and ANSY'S
Fluent outlet water temperatures at various volume flow rates is presented in
Fig. 5-32. The largest observed deviation between the two datasets occurred at
a volume flow rate of 2 I/min, with a magnitude of 0.6 °C. However, this

disparity decreased to 0.39 °C and 0.3 °C, at volume flow rates of 3 I/min and
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4 1/min, respectively. At a volume flow rate of 5 I/min, the variation between

the experimental and simulation results was measured to be 0.45 °C.
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Fig. 5-31 Verification of experimental and ANSYS Fluent PV surface Temperature at
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Fig. 5-32 Verification of experimental and ANSYS Fluent PV water outlet temperature at

various water flow rate

The presented comparison is of great significance as it sheds light on the
accuracy and reliability of ANSYS simulations in predicting the surface
temperature and outlet water temperature of PV panels. It is evident from the

figures that the deviation between the ANSY'S simulations and experimental
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measurements is minimal, which indicates that ANSYS is the most suitable
simulation tool for effectively predicting the surface temperature and water
outlet temperature of PV panels at various volume flow rates.

These results hold crucial implications for the field of PV panel research
and development. Researchers and engineers can now make informed decisions

regarding the design and optimization of cooling systems for these panels.
55 ANSYS FLUENT RESULTS

Computational fluid dynamics (CFD) simulations were conducted to
investigate the influence of various parameters, including ambient temperature,
water inlet temperature, and solar intensity, on the temperature and
performance of cooled photovoltaic (PV) panels. The aim of this study was to
comprehensively evaluate the behavior of cooled PV modules under varying
operating conditions.

CFD is a powerful tool used to simulate and analyze fluid flow, heat
transfer, and other related phenomena. In this study, CFD simulations were
employed to model the behavior of water flowing over the PV panels and to

calculate the resulting temperature distribution and performance of the panels.

5.5.1 Influence of Variation in Ambient Temperature

The influence of ambient temperature on the performance of cooled PV
panels was investigated by varying the temperature of the surrounding
environment. The ambient temperatures tested within this simulation were (35,
40, 45 and 50 °C), the water inlet temperature was fixed at 35 °C and the solar
radiation at 1000 W/m2. The variation in PV surface temperature at various
flow rate (2, 3, 4 and 5 I/min) by varying ambient temperature are illustrated in
Fig. 5-33. The figure highlights that when the ambient temperature is 50 °C,
the water volume flow rate set at 2 I/min with 1000 W/m? solar irradiance and

35 °C water inlet temperature the PV surface temperature recorded is 46.6 °C,
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Subsequently, when the flow rate was increased to 5 I/min under the same
operating conditions, the PV surface temperature decreased by an additional
4.5 °C compared to the 2 I/min flow rate. Furthermore, at an ambient
temperature of 45 °C, the minimum and maximum surface temperatures
observed were 45.31 °C and 40.94 °C, respectively, with flow rates of 2 I/min
and 5 I/min. Conversely, when the ambient temperature was reduced to 35 °C,
and all other parameters remained constant, the PV surface temperature was

lowered by 3.42 °C by increasing the water flow rate from 2 I/min to 5 I/min.
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Fig. 5-33 Variation of PV temperature with flow rate at various ambient temperature

It is evident from the graph that at higher ambient temperatures, the
deviation in PV surface temperature between different flow rates is bigger. This
indicates that as the ambient temperature increases, the effect of increasing the
water volume flow rate on the PV surface temperature becomes more
significant. On the other hand, at lower ambient temperatures, the impact of
increasing the water flow rate on the PV surface temperature is relatively
smaller.

The power production of the PV panel was analyzed in relation to the
flow rate and ambient temperature, as illustrated in Fig. 5-34. The lowest power
output recorded was 176.69 W at 50 °C ambient temperature and 2 I/min

volume flow rate, subsequently, when the ambient temperature was reduced to
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35 °C while maintaining the same flow rate the PV power output enhanced by
just 3.2 W.

In contrast, at a volume flow rate of 5 L/min, the panel was able to
produce 180.66 W at an ambient temperature of 50 °C and 182.91 W at an
ambient temperature of 35 °C. This graph clearly demonstrates that the impact
of high ambient temperatures on the power output of a cooled PV panel is
minimal, particularly when the panel is cooled at a high-volume flow rate of 5
L/min. Increasing the ambient temperature by 5 °C resulted in a decrease in
power production of only 0.56 W to 0.98 W in the range of 35 °C to 50 °C
ambient temperatures.
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Fig. 5-34 Variation in PV power with flow rate at various ambient temperature

In Fig. 5-35 the electrical efficiency was analyzed in relation to water
volume flow rate and ambient temperature, whereas the lowest panel electrical
efficiency recorded was 22.56 % at 50 °C ambient temperature and 2 I/min flow
rate but when the ambient temperature was minimized by 15 °C, while
maintaining the flow rate, the electrical efficiency was enhanced by only
0.41%.

On the other hand, the highest efficiency recorded was 23.36 at 35 °C ambient

temperature and 5 I/min volume flow, subsequently, when the ambient
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temperature was maximized to 50 °C at the same flow rate, the electrical

efficiency was minimized by just 0.29%.
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Fig. 5-35 Variation of PV efficiency with flow rate at various ambient temperature

The contour of temperature distribution of water over the panel surface
at 35 °C ambient temperature, 1000 W/m? solar irradiance and 35 °C water
inlet temperature at volume flow rates (2, 3, 4 and 5 I/min) are shown in Fig.
5-36. The figure shows how the temperature distribution of water change by
varying its volume flow rate, as the water flow increases the variation in

temperature decreases, due to the reducing surface temperature of the panel.

The variation in surface temperature of uncooled photovoltaic panel at
different ambient temperatures when solar radiation was fixed at 1000 W/m? is
illustrated in Fig. 5-37. The graph clearly shows that at the effect of ambient
temperature on uncooled panels is very high as at 35 °C ambient temperature
the PV panel surface temperature was 64.24, additionally when the ambient
temperature was increased to 50 °C the PV temperature was maximized as well
to 76.91 °C.
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Fig. 5-36 Variation in water temperature distribution at 35 °C ambient temperature at various flow rates
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Fig. 5-37 Variation in surface temperature of uncooled PV with ambient temperature at
1000 W/m?

The variation in electrical efficiency and power production of uncooled
solar panel in relation to various ambient temperatures at 1000 W/m? is
presented in Fig. 5-38. It is clear from the figure that both power and electrical
efficiency are hugely influenced by increasing ambient temperature when the
cooling is not exist, whereas by maximizing the ambient temperature from 35
°C to 50 °C the power production and electrical efficiency decreased by 11.16

W and 1.48%, respectively.
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Fig. 5-38 Variation in power and electrical efficiency of uncooled PV with ambient
temperature at 1000 W/m?
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5.5.2 Influence of Variation in Solar Irradiance
This section presents and discusses the effect of variation in solar

irradiance on the PV panel surface temperature at various volume flow rates
when the ambient temperature and water inlet temperature were fixed at 40 °C
and 35 °C, respectively as presented in Fig. 5-39. At a water volume flow rate
of 2 I/min and a solar irradiance of 600 W/m?, the PV surface temperature was
measured at 40.49 °C. In comparison, when the solar irradiance was increased
to its maximum value of 1000 W/m? at the same volume flow rate, the surface
temperature only increased by 3.51 °C.

Furthermore, at a volume flow rate of 5 I/min and a solar irradiance of
1000 W/m?, the PV surface temperature was found to be 40.18 °C. By reducing
the solar irradiance to 600 W/m? while maintaining the other operating
conditions, the panel temperature decreased by 2.1 °C.

Its evidence from the graph that at high solar radiation, however, the
ambient and water inlet temperatures were fixed at a constant value, the impact
of increasing the volume flow rate exhibits a more significant influence on

reducing the panel temperature in comparison to low solar irradiance.
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Fig. 5-39 Variation in PV temperature with flow at different solar irradiance

The variation in power production with different flow rates at various
solar irradiance is illustrated in Fig. 5-40. The graph highlights that there is a
broad influence of increasing solar irradiance on power production at any water
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volume flow rate, whereas when the water volume flow rate is 2 I/min at solar
irradiance 600 W/m? the output power was 109.2 W while at 800 W/m? and
1000 W/m? solar irradiance the PV power output was maximized to 144.4 W
and 178.9 W, respectively. On the other hand, when the solar irradiance is
maintained at 1000 W/m? and just water flow rate is maximized the
enhancement in power production by increasing 1 I/min flow rate is in the range
of (1.6 to 0.6) W.
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Fig. 5-40 Variation in PV power production with flow at various solar irradiance

The electrical efficiency analyzed in relation to volume flow rate and
solar irradiance is presented in Fig. 5-41, as shown in the figure when the
ambient temperature and water inlet temperature are fixed by increasing the
solar irradiance there is a slight decrease in electrical efficiency at all the flow
rates and this discrepancy decrease as the water volume flow rate is maximized,
with the minimum disparity exist at 5 I/min water volume flow rate as by
increasing the solar irradiance from 800 W/m? to 1000 W/m? the electrical
efficiency was decreased by only 0.11%. Subsequently, at a flow rate of 2 I/min
the electrical efficiency was reduced by 0.19% when the solar irradiance was

increased from 800 W/m? to 1000 W/m?.

145



24

23.5 A

23 A

22.5 A

22 A

21.5 A

21 A

Electrical efficiency %

20.5 A

20 -
2 3 4 5
Volume flow rate (L/min)

m 600 W/m? m800W/m? 1000 W/m?

Fig. 5-41 variation in PV electrical efficiency with flow at various solar irradiance

The contour of temperature distribution of water over the panel surface
at 800 W/m? solar irradiance, 40 °C ambient temperature and 35 °C water inlet
temperature, at various water volume flow rate (2, 3, 4 and 5 I/min) is shown
in Fig. 5-42. As shown in the figure the variation range in PV surface
temperature at low flow rates is much higher than that of high-volume flow

rates with the smallest variation being at 5 I/min volume flow.

The variation in PV surface temperature without cooling at different
solar irradiance is presented in Fig. 5-43. Its significant from the graph that
solar irradiance has a huge influence on PV surface temperature even at the
times when ambient temperature is fixed, whereas the panel surface
temperature rises from 55.4 °C to 68.53 °C by increasing the solar irradiance
from 600 W/m? to 1000 W/m?, this clearly shows why the PV with tracking
system has a higher surface temperature compared to a fixed panel operating at

the same ambient temperature.
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Fig. 5-42 Variation in water temperature distribution at 800 W/m? solar irradiance at various flow rates
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The variation in electrical and power production at various solar
radiation for PV panel without cooling when the ambient temperature was fixed
at 40 °C is illustrated at Fig. 5-44. The highlighted from the figure is that the
electrical efficiency inversely proportional to the solar irradiance while the
power is directly proportional to it. Whereas the highest electrical efficiency
was 21.58% at 600 W/m? subsequently, the highest power was 157.38 W at
1000 W/m?2,
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Fig. 5-43 Variation in PV surface Temperature at various solar irradiance
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5.5.3 Influence of Variation in Water Inlet Temperature

This section presents the effect of various water inlet temperatures (20,
25, 30, 35 and 40 °C) at various volume flow rate (2, 3, 4 and 5 I/min) with
fixed solar radiation and ambient temperature. Fig. 5-45, Fig. 5-46 and Fig. 5-
47 present the PV panel surface temperature in relation to various water inlet
temperatures and volume flow rates, at 1000 W/m?, 800 W/m? and 600 W/m?,
respectively.

It’s clear from the figures that the water inlet temperature highly
influences the PV surface temperature at any volume flow rate of water. Also,
the lowest panel temperature was recorded at the lowest solar irradiance for all
water inlet temperature while the ambient temperature was fixed at 40 °C.

At 1000 W/m? solar irradiance when the water inlet temperature
decreases from 40 °C to 35 °C, at volume flow rate 5 I/min, the PV temperature
decreases from 44.5 °C to 40.18 °C, while when the water temperature was
minimized to 20 °C the PV surface temperature is 28.44 °C.

On the other hand, at low solar irradiance 600 W/m? the minimum
surface temperature recorded was 26.97 °C, at water inlet temperature of 20 °C
and 5 I/min volume flow, additionally the maximum surface temperature at
same solar irradiance was 44.23 °C at 2 I/min water flow rate and 40 °C water
inlet temperature.
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Fig. 5-47 Variation in PV temperature with flow at various water inlet temperature &600
W/m?

Furthermore, the impact of water inlet temperature on the power output
of photovoltaic (PV) panels was investigated. The variation in power output of
the PV panels was analyzed at different water inlet temperatures and water flow
rates under three different solar radiation intensities: 1000 W/m?, 800 W/m?,
and 600 W/m?. The results are depicted in Fig. 5-48, Fig. 5-49 and Fig. 5-50

respectively.
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The figures clearly demonstrate that the most influential factor in
enhancing the power output of a cooled panel is the water inlet temperature,
regardless of the water volume flow rate. It was observed that the power output
significantly decreased as the solar radiation intensity was decreased.

The highest recorded power production was 192.69 W, achieved at 5
I/min water volume flow rate and solar intensity of 1000 W/m?, when the water
inlet temperature was maintained at its lowest level of 20 °C. Conversely, when
the flow rate was minimized to the lowest level and the water inlet temperature
was maximized to its highest level under the same operating conditions the PV
power production was minimizes to 175.5 W.

One of the key findings depicted in the figures is the notable
improvement in PV power production achieved by reducing the water inlet
temperature by 5 °C. Throughout all observed water inlet temperatures and
solar irradiance levels, the PV power production witnessed a noteworthy
increase ranging from 3.26 W to 3.81 W. Furthermore, the graphs highlight
another significant result in which the PV power production experienced a
reduction of 38 W when the solar irradiance was lowered by 200 W/m?, while
keeping the water flow rate and inlet temperature constant at 5 I/min and 20 °C,
respectively.

These outcomes demonstrate the direct impact of water inlet
temperature and solar irradiance on the efficiency of PV power production. By
manipulating these variables, it becomes evident that a lower water inlet
temperature and a higher solar irradiance contribute to enhanced PV power
production. The implications of these findings highlight the importance of
optimizing these parameters for improved performance and efficiency in PV
power generation systems.

The electrical efficiency was also analyzed in relation to various water

inlet temperatures and volume flow rates, at different solar irradiance 1000
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W/m?2, 800 W/m?and 600 W/m? as illustrated at Fig. 5-51, Fig. 5-52 and Fig.
5-53 respectively.
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Fig. 5-51 Variation in PV efficiency with flow at various water inlet temperature &1000
W/m?
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The figures presented clearly demonstrate the influence of water inlet
temperature on the electrical efficiency of the panel. It was observed that by
reducing the water inlet temperature by 5 °C, while maintaining the water flow
rate, the electrical efficiency was enhanced by a range of 0.41% to 0.49%.

Another significant outcome from the figures is that by cooling the panel
at a high-water flow rate of 5 I/min and the lowest water inlet temperature of
20 °C while reducing the solar irradiance from 1000 W/m?to 800 W/m? the
electrical efficiency was reduced by only 0.08%. This suggests that efficient
cooling of the photovoltaic panel can mitigate the detrimental effects of high
ambient temperature and solar irradiance. This contributed to that an efficient
cooling of the photovoltaic panel can lead to high electrical performance by
almost vanishing the effect of high ambient temperature and solar irradiance.

Overall, these findings emphasize the significance of proper cooling
mechanisms in optimizing the electrical efficiency of photovoltaic panels. By
carefully controlling the water inlet temperature and ensuring efficient cooling
of the panel, it is possible to enhance its performance and maximize its
electrical output. This is particularly important in regions with high ambient
temperatures and intense solar irradiance, as these conditions can have a
negative impact on the efficiency of the panel.

The temperature distribution contour of water over the panel surface at
20 °C water inlet temperature and 1000 W/m? solar irradiance at various water
volume flow rates (2, 3, 4 and 5 I/min) are shown in Fig. 5-54 , as shown in the
figure by increasing the water volume flow rate while the water temperature

was constant the water temperature deviation decreased.
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Fig. 5-54 Variation in water distribution temperature at various flow and 20 °C water inlet temperature & 1000 W/m? solar irradiance
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Overall, the results of this simulation study highlight the importance of
considering various parameters, such as ambient temperature, water inlet
temperature, and solar intensity, when assessing the behavior of PV modules.
By understanding the influence of these parameters on the temperature and
performance of the panels, and which region is most suitable to install solar
panel in, finally appropriate measures can be taken to improve their efficiency

and overall performance.
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CHAPTER SIX

(CONCLUSIONS AND RECOMMENDATIONS)

6.1 INTRODUCTION

This chapter presents the conclusions and recommendations of the study,
which was conducted experimentally and theoretically at the Erbil Polytechnic
University Research Center. The purpose of the study was to evaluate the
effectiveness of a one-axis tracking system in combination with a front surface
spray water cooling system that was placed on top and both left and right sides

of the front surface to cover the surface of a photovoltaic (PV) panel.

The experimental setup involved comparing the performance of the
cooled panel with and without the solar tracking system to a fixed reference
panel without tracking. Additionally, ANSYS Fluent software was utilized to
study the influence of various parameters that were not studied during the

experimental.

The most prominent findings to emerge from the experimental and
ANSYS Fluent study of the front surface water cooling system in combination
with single axis solar tracking system are elaborated upon the subsequent

section.
6.2 CONCLUSIONS

The following conclusions have been drawn from the research conducted:

e The water flow rate has been significantly reduced by regulating the flow
rate according to the panel surface temperature. This reduction will reduce
the electric power required for pump operation. The lowest water
consumption is achieved at 45 °C, while the highest water consumption is

observed at 35 °C as long as the pump’s maximum flow rate is maintained.
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The maximum electrical efficiency enhancement recorded by using solar
east west tracking system was 9.9% compared to the fixed reference panel.
A notable disparity in the solar radiation intensity between fixed and
tracking panels has been noted, up to 300 W/m? specifically during the
morning.

The tracking PV panels with cooling exhibited the highest power output
recorded, reaching 204.438 W, when adjusted to a lower test temperature
of 35 °C.

A fixed reference panel showed lower efficiency during periods of high
solar radiation. In contrast, the tracking solar panel demonstrated a smaller
variation in efficiency, benefiting from its continuous exposure to high
solar radiation.

The highest electrical efficiency achieved was 24.32 % at 13:00 by
performing solar tracking with a water-cooling system at a 35 °C setpoint
temperature.

The fill factor recorded its lowest level in the morning for fixed and
tracking panel at 0.269 and 0.486, respectively. While the highest recorded
fill factor was 0.79 for the panel with tracking and cooling system at a
setpoint temperature of 35 °C.

By implementing an east-west tracking system with a cooling system at
setpoint temperatures of 45 °C, 40 °C, and 35 °C, the maximum
enhancements in PV electrical efficiency recorded were 17.39%, 21.38%,
and 25.11% respectively, as compared to the fixed reference panel without
cooling.

Through the implementation of a solar tracking system, the best
temperature for cooling was found to be 40 °C. This resulted in a significant
reduction in water consumption, when compared to the consumption at 35

°C by 312 I/day. Additionally, the system demonstrated a high electrical
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efficiency of 23.51%, which only marginally deviated by 0.63% from the
setpoint at 35 °C.

Increasing the volume flow rate of water resulted in a greater reduction in
panel surface temperature. The highest reduction of 30 °C was recorded
when the water volume flow was set at 5 L/min for panels equipped with a
solar tracking system. Conversely, the lowest temperature reduction of 23
°C was observed when the water volume flow rate was at 2 I/min.

The power output of PV panels is greatly influenced by solar irradiance.
When solar radiation reached 1083 W/m? and the panel was cooled with a
water volume flow rate of 5 I/min, the produced power reached 210 W.
Implementing a solar tracking system with cooling at a water volume flow
rate of 2 I/min resulted in double the power production compared to a fixed
panel cooled at the same flow rate. Specifically, the maximum
enhancement in power output achieved with the tracking system and
cooling at 2 I/min was 44.31 W or 32%. In contrast, the maximum
enhancement in power output with a fixed panel cooled at 2 I/min was only
21.73 W or 15.74%.

The daily average power production of a fixed panel with a water volume
flow rate of 5 I/min was measured to be 168 W. However, when a tracking
system was added to the panel with the same flow rate, the power
production increased to 196.48 W.

The output power and electrical efficiency of PV panels are optimal when
operating at temperatures below 40 °C.

Another contribution in this study confirmed that increasing the
monocrystalline PV surface temperature by 5 °C within the temperature
range of below 40 °C, had a minimal effect on electrical efficiency,
reducing it by only 0.2-0.3%, which is significantly lower than has
previously been reported.
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When the panel temperature exceeded 40 °C, each 1 °C increase in
temperature led to a 0.2% decrease in panel efficiency.

The results of the ANSYS Fluent simulation closely matched the
experimental data, with a discrepancy of only 1.08%. This indicates that
the model used in the simulation was valid and reliable for predicting the
performance of solar cells. Therefore, this model can be used to optimize
the performance of conventional photovoltaic systems.

The simulation results demonstrated that ambient temperature had a
minimal impact on the performance of the cooled PV panels. When the
ambient temperature was increased from 35 °C to 50 °C, while maintaining
a water volume flow rate of 5 I/min and other parameters constant, the
power production and electrical efficiency of the photovoltaic panels only
decreased by 2.3 W and 0.29% respectively.

The effect of ambient temperature on the performance of uncooled PV
panels was much more significant, leading to a decrease in power
production of 11 W.

Additionally, it is observed that an increase of 100 W/m? in solar radiation
at a volume flow rate of 5 I/min led to a significant increase in power
production of 16.6% with the PV surface temperature only increasing by
0.5 °C. Furthermore, decreasing the water inlet temperature by 5 °C at 5
I/min volume flow rate resulted in a 2.25% increase in power production.
The contribution from the ANSYS Fluent simulation was that the most
influential parameter on power production from cooled PV is the solar
intensity, so this study suggests using PV panels in region with high solar
intensity and providing a cooling system with a low water inlet

temperature, no matter how hot is their climate.
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6.3 RECOMMENDATIONS

In this section, several recommendations are provided for improving

photovoltaic performance. These recommendations focus on enhancing the

efficiency and reliability of PV systems, ultimately leading to increased energy

generation and cost-effectiveness.

The implementation of underground cooling technology involves an
innovative approach that includes the utilization of an underground water
tank in conjunction with a pump mechanism to facilitate the cooling
process within the heat exchanger.

The backside cooling spray water cooling system technology can be
implemented in conjunction with tracking and front surface cooling
system.

Implementing two axis solar tracking system to the panel.

A thermal analysis of the panel can be conducted to optimize the utilization
of the hot water.

Testing the electrical efficiency of PV panels at higher water volume flow
rate.

Using different type of PV panel for example polycrystalline and

implement cooling and tracking system to it.
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APPENDIX A
UNCERTAINTY ANALYSIS

The uncertainty analysis was made for all the measuring equipment used
in the current study the sample of calculation for flowmeter uncertainty analysis

Is presented below.

Table A-1 Flowmeter uncertainty calculation sample

Flowmeter measurement (L/min)

p (x; — %) (x; — %)?
1.98 -0.02 0.0004
1.93 -0.07 0.0049
1.98 -0.02 0.0004
1.97 -0.03 0.0009
1.98 -0.02 0.0004
1.92 -0.08 0.0016
1.95 -0.05 0.0025
1.95 -0.05 0.0025
1.96 -0.04 0.0016
1.96 -0.04 0.0016

Where x = 2

number of reading (N)=10

Tz (xi—%)?

N*(N—1)

o 0.0168
uncertainity (u) = \[%

uncertainity (u) =

Al



o 0.0168
uncertainity (u) = \/%

uncertainity (u) = +0.013

A2



APPENDIX B

VARIATION BETWEEN FIXED AND TRACKING SOLAR
IRRADIANCE
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Fig. B-1 Variation between fixed and tracking panel solar irradiance 7™ July
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