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ABSTRACT 

Photovoltaic (PV) modules are widely used for harnessing solar 

energy which ensure maximum output when their glass surface is clean. 

However, PV modules are open to dust, grime and other contaminations 

which get deposited on their surface causing reduction in transmittance and 

hence their efficiency reduces. The effect of presenting dust on the solar 

cell's surface plays a significant factor in reducing the efficiency of the cell, 

hence, its output power. So, several studies from various researchers were 

performed to develop cleaning methods for the cell's surface to improve its 

performance. 

In the present study, four experimental systems of cleaning cases were 

conducted under Najaf, Iraq's climatic circumstances (32° 1' N / 44° 19' E) 

on a PV module consists of three PV panels, each of 135W and 20% 

maximum output power and efficiency, respectively. Each panel has 

dimensions of (0.62 x 0.95) m2. The four cases of cleaning were the Natural 

(the standard case) which were performed upon the first PV panel, the 

Mechanical (by using nozzles of (0.5,1)mm ) were performed on the 

second PV panel where the distilled water was feed in until 1LPM is all 

spread then the pump was shut off, the Nano-coating (by using (400, 700) 

nm Super-hydrophobic ZnO on the glass surface) were applied to the third 

PV panel, and the last method was a combination of the Mechanical and 

Nano-coating together which was applied to the same third PV panel after 

the completion of the third method on it.  

The study was performed for all the systems of PVs instantaneously, 

meaning that the results of all the cases are being taken and registered at 

once and the device which were used to get all the results from the PV 

panels is called Solar Modul Analyzer which gives all the required 

outcomes of power, efficiency, current, voltage etc. Four days (1/7, 8/7, 
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17/7, and 25/7) in the month of July were taken into consideration for the 

study, starting each day from 8: A.M until 4:P.M and only the optimum 

results corresponding to 12:00 P.M were considered. 

The results of the present study showed that using the combination 

method gave the most optimum results for the efficiency and power output 

of the PV panel among the other systems. A maximum overall PV 

efficiency and power output of around 14.29% and 81W, respectively, 

were achieved for the Combination case at the hour of 12:00 P.M. The 

Mechanical method gave a maximum PV efficiency and power output of 

about 13.81% and 79W, respectively. While the Nano-coating method has 

only given an efficiency and power output of about 12.1% and 69W, 

respectively. Lastly, the first method, which was the Natural case, has got 

the lowest results amongst the other cases, with an efficiency of 11.47% 

and power output of about 65W. 

method had achieved a percentage of efficiency and output power of 

3.4%, 10.80 %, respectively, more than the Natural case. 3.4%, 2.3%, 

respectively, more than the Mechanical case. 19.7%, 19.8%, respectively, 

more than the Coating case. 3.4% , 3.2% , respectively , more than the 

Mechanical case. 15.3% , 14.8% respectively , more than the Coating case 

The results showed that the nozzle with 1 mm diameter has better 

performance than the 0.5mm one. So, the whole results will be based and 

shown upon the 1mm diameter. 
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Chapter One 

INTRODUCTION 

1.1  Background 

 Population and associated energy demands are increasing daily. 

Many fuels have been used as energy sources throughout history. People 

long relied on wood, coal, and fossil fuels for their energy needs. The 

carbon dioxide emissions from these fuels started altering Earth's climate 

and environment in the previous century. In recent years, people have 

sought an efficient, sustainable, and reusable energy source. Solar energy 

is the most popular alternative fuel. There are many different applications 

for solar energy, both directly and indirectly, such as the utilization of wind 

and geothermal power [1]. Heliostats, Fresnel collectors, and parabolic 

troughs are examples of concentrated thermal collectors that may create 

energy using sunlight. Water may be heated using solar collectors (Figures. 

1.1, and 1.2) [1]. In addition, direct photovoltaic panels directly convert 

photons from the sun's energy into electrons within a semiconductor. The 

two most prevalent residential and commercial solar panel types are 

monocrystalline and polycrystalline.             

 

Figure 1.1: Heliostat solar collector [1] 
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Figure 1.2: parabolic collector [1] 

 
        In order to transform solar energy into usable light, a photovoltaic 

panel uses the photovoltaic effect. Edmond Becquerel, a French scientist, 

discovered the photovoltaic effect in 1839 [1]. Photovoltaic panels may be 

found in a wide variety of forms and sizes; however, there is one thing that 

all of these panels have in common: the utilization of a semiconductor to 

convert light into energy. The solar panel has several layers, each 

performing a different function. The semiconductor layers' junction field 

between P-type and N-type semiconductors is most important. 

Photovoltaic panels are becoming widespread worldwide due to silicon 

semiconductors. In addition, photovoltaic cells may be utilized in both 

household and commercial settings since they are solid units that can be 

joined to other groups of cells and do not require moving parts. This makes 

them suitable for solar power systems [3] (see Figure 1.3). 
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Figure 1.3: photovoltaic panel installation [3] 

Industrial usage of solar panels began in the 1980s and has grown 

steadily since 1996. As the surface temperature of the panel is raised during 

operation, conversion efficiency also decreases [3]. Every 10oC above 

25oC reduces performance by around 0.5% [4]. As a result, the panel 

surface overheated and lost a sizeable amount of energy. The panels' 

surface temperatures have been lowered to safe levels using various 

techniques. 

 

1.2 Photovoltaic panel types 

    A photovoltaic cell is made up of two extremely thin layers of 

semiconductor material, most often silicon. Light triggers electrical 

changes in a semiconductor's molecules, and conductors may collect these 

electrons to provide direct current (DC). Due to the low power output of 

individual cells, it is common practise to connect many cells in series to 

produce a direct current (a "string"). Photovoltaic (PV) panels provide the 
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required voltage and current when connected in parallel or series, and a 

glass cover placed over the cells results in a PV panel. 

         Different materials and technologies result in various sizes and 

shapes for photovoltaic panels. Even though there are three main types of 

photovoltaic panels utilized in homes and businesses, scholars have 

separated solar system evolution into three technical phases, as seen in 

Figure.1.4. 

   

 

 

Figure 1.4: Generational categorization of photovoltaic panels [5] 

 

1.3 Photovoltaic solar cell operating principles 

Solar power may be harnessed and transformed into useful electricity 

using photovoltaics (PV). This effect is caused by the system's PV cells. 

The PV cell's semiconducting components are doped to produce a P-N 

structure by use of an internal electric field. Negative (n-type) silicon has 

a greater propensity to accept electrons, whereas positive (p-type) silicon 

is more likely to lose electrons and pick up holes. As sunlight hits a solar 

cell, it excites some of the semiconductor's electrons, turning them into 

electron-hole (negative-positive) pairs (Figure 1.5). The presence of an 
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internal electric field causes this pair separation. Because of this, charges 

go from the negative to the positive electrode. The negative, load and 

positive electrodes are connected in a circuit via a single conducting wire. 

This generates an electric current that may be used to move the extra 

weight. The PV effect in a solar cell is as follows: [2] 

 

Figure 1.5: Solar cell operation [10] 

 

1.4 Photovoltaic Cells Properties 

 
In order to understand the photovoltaic cell behavior, we have to set 

a diagram representing only two cell outputs, as in fig. 1.6. The relation 

between the current that is pulled from the cell and the voltage that is 

provided by the cell is represented by the I.V carve, which is comprised of 

the voltage and the current. The power is a function of solar radiation, 

surface temperature, and manufacturing properties. 
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 Figure 1.6: Photovoltaic cell electrical diagram[11] 

 

As the current and the voltage is the most critical parameters for 

calculating the output power, two points have to be set in that diagram the 

maximum withdrawn current (Impp), and the maximum produced voltage 

(Vmpp). By pointing these values in the I.V diagram, the maximum of the 

values curves is where the maximum power can be calculated as shown in 

fig. 1.7, and the PV panel efficiency can be found [11]. 

 

Figure 1.7: The I.V curve [11] 

 
All the PV panel properties are given at the standard conditions, 

considered 1000 w/m2 solar radiation and a 25°C ambient temperature. The 

efficiency of the panel at that condition is could the theoretical efficiency. 
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However, the panel can produce more or less power depending on the 

temperature and solar radiation. The maximum power produced by the 

same panel is called the actual maximum power and efficiency. The ratio 

between the actual and the theoretical efficiencies is called the Fill factor 

(FF), and as the fill factor is less than one, the better the performance and 

if the fill factor close to one that represents the maximum power produced 

is closed to the power produced at standard condition [12]. 

 

1.5 PV Panels Cleaning Methods 

The performance of PV systems is hampered by dust buildup on solar 

photovoltaic (PV) modules, which reduces light transmission from the 

outer surfaces to the solar cells as shown in figure 1.8 below [13] and, 

consequently, photon absorption. Remedial actions are required to lessen 

such effects in areas like the Middle East where dust is common, and 

rainfall is infrequent. Currently, a variety of methods, including 

mechanical and active and passive electrical interventions, natural or nano-

coating are used to address this sand soiling. Figure (1.9) below explains 

the different cleaning methods used for solar panels. 

Table (1.1) comparison of cleaning methods 

method advantage disadvantage 

Cleaning by 

water spry 

Dust particles are 

effectively removed, and all 

PV panels section are 

covered. Water that has 

been cooled or heated could 

be used. 

Water, pump, and controller are 

all required. Occasionally, a 

static system is used, and other 

times, a specific vehicle is used.   

Self-cleaning Use ultrasonic energy to 

reach the surface through 

the air; there is no need for 

water or human. 

When there is much humidity, it 

is less effective. A unique power 

supply is required. 

Natural 

removal dust 

There are no costs or 

resources involved  

It is a method that is linked to the 

weather 
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Self-cleaning 

and tracking  

Useful in dry conditions to 

speed up the removal of 

dust particles from the PV 

surface  

A motor, control circuit, and 

power source are required  

Electrostatic 

removal dust 

Without using moving 

parts, it is efficient and 

effective at removing dust 

particles. 

High voltage converters and 

digital signal devices are all 

required and expensive. 

Microcontroller 

based cleaning  

A practical method to clean 

the PV panel fast 

Need energy and electronic 

circuit and cost of parts 

 

 

Figure 1.8: Cleaning of PV panels [13] 
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Figure 1.9: PV Panels Cleaning Methods 

 

 

 1.6 Nano materials 

 
The most important characteristic of solar cells is that they produce 

clean energy using sunlight. However, their efficiency decreases due to the 

adhesion of moisture or raindrops and dust, so they need a greater number 

of cleaning times, and all the dust may not be removed, so it sticks to a 

layer that prevents sunlight from passing through. Coating these cells with 

a hydrophobic nano-material and easy to remove dust from them without 

sticky residues reducing the number of cleanings times and ensuring that 

dust does not remain on them. The thickness of coating must be very thin 

so that it allows the passage of light without affecting the efficiency of the 

1st technic: 

Super-

hydrophilic 

Coating 

PV Panels Cleaning Methods 

Natural 

method 

(Wind, 

Rainwater) 

Electrostatic 

method 

Mechanical 

method 

Self-

Cleaning by 

Nano 

Coatings 

method 

1st technic: 

Brushing 

2nd technic: Air 

Blowing 

3rd technic: 

Vibrating and 

ultrasonic 

2nd technic: 

Super-

hydrophobic 

Coating 
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cell itself, and it must also prevent the accumulation of water droplets and 

make it easy to slip and dust that is easier to remove with one wash without 

leaving particles on the surface. The most important thing about this 

coating is that it acts like a surface that does not like water droplets and 

makes them round. This is because of the high surface tension, meaning 

the surface does not get wet. It means that the drop should not leave any 

moisture on the glass of the solar cell, so the percentage of wetness is zero. 

 

1.7 Problem Statement 

Solar panel efficiency has been the topic of extensive scientific study 

and technological development in recent years. 

There are a number of different aspects that can have an effect on the 

efficiency and power generation of a solar cell. Dust, water, sand, and moss 

are just some debris and particles that can collect on a solar photovoltaic 

panel's surface and prevent or divert light energy from reaching the solar 

cells. This is a serious problem because substances that absorb or scatter 

light operate as external resistances that lower the efficiency of solar 

photovoltaics. 

This study aims to improve the performance of the PV panels that are 

being used in nations with hot weather and high dust density by developing 

different cleaning methods which are: Natural, Mechanical, Self-cleaning, 

and Mechanical/self-cleaning methods.  

 

1.8 The Objective of the Study 

This study aims to investigate various cleaning methods applied on three 

PV panels . 

The study shall involve the following main steps to achieve the goal of this 

in visitation :  
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1- Cleaning the PV panels by using four type of cleaning 

( Natural,Mechanical,nano-coating and combined Meehanical and 

nano-coating .  

2- Vising the Solar Module Analyzer to measure the electrical 

parameters ( Isc , Voc , Z&I-V curve) .  

3- Compare the efficiency of PV for the four cleaning methods.  

 



Chapter Two                                                               Literatures Review 

 

12 

 

Chapter Two 

Literatures Review 

2.1 Introduction 

The efficiency of the solar cell was improved in a number of ways. 

Consequently, this chapter discusses several prior research focused on 

increasing solar cells' efficiency by adjusting and decreasing the cell's 

surface temperature and reducing incident light reflection. 

2.2 The effect of dust on PV module performance  

       Dust collection is one of the main issues affecting PV modules' 

performance and lifespan [16]. The size and amount of dust impact how 

efficiently a PV module performs, the size of the dust has an inverse 

relationship with efficiency deterioration [17]. Darwish et al. (2013) [18] 

studied the impact of dust deposition on the daily energy loss of PV 

modules over a year. They found that the average amount of daily energy 

might be lost by 4.4% due to dust accumulation. They also suggested that 

when there is a prolonged drought, this loss may exceed 20%. A similar 

investigation was carried out by Said S. A. and Walwil H. (2014) [19] to 

assess the effect of dust fouling on a PV module's glass cover. They found 

that a 20% overall transmittance decrease and a 35% spectral transmittance 

reduction. Additionally, Kumar S. and Chaurasia P. (2014) [20] conducted 

a study to explore the influence of dust on the effectiveness of PV modules 

in India. They found that dust collection might reduce the effectiveness of 

PV modules by up to 40% in desert areas. 

2.3 Methods for Improving Solar Cell Performance 

      There are various methods that are available to improve the 

performance of the PV panels and the cleaning methods are one of the best 

that have been intensively studied through many years and by various 
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researchers in the literature. The following is a review for the different 

studies on the different cleaning methods: 

2.3.1: Mechanical cleaning 

M. Abdolzadeh and M. Ameri. (2009) [15] Conducted a study to 

examine the performance of a 225 W photovoltaic water pumping system 

with water spray over the photovoltaic cells. The experimental setup 

consists of two PV cells (45 x 2 W) with 13.5% power efficiency and one 

positive displacement surface water pump with a permanent magnet DC 

motor. It is found that spraying water over the photovoltaic cells strongly 

improves the system and subsystem efficiencies. It is shown that, spraying 

water over the cells increases the mean PV cell efficiency, subsystem 

efficiency and total efficiency 3.26%, 1.40% and 1.35%, respectively, at 

16 m head. Maximum PV cell efficiency at standard condition is 13.5%. 

The photovoltaic water pumping system with water spray over the cells 

achieves 12.5% mean PV cell efficiency during the test day. In the case of 

system without water spray over the cells the mean flow rate at 16 m head 

was about 479 L/h during the test day, whereas it reached 644 L/h in the 

case of system with water spray over the cells.  

S. Krauter (2004) [22] conducted experimental studies on the effect 

of front-face water cooling on power conversion efficiency and dust losses. 

Reflective losses might approach 30%, according to the testing data. The 

water spray cooling system might prevent overheated losses and increase 

the overall gain by up to 20%. 

Dorobantu and Popescu (2013) [23] Implemented a solution to 

eliminate losses caused by the presence of deposits on the surface of the 

panels by installing a special device. It is designed to disperse a water film 

on the panel surface, thus achieving cooling and cleaning of the module. 

used a mono-crystalline panel of a maximum Power of 75W which is 
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cooled by a continuous film of water that pours on the working surface of 

the panel. The photovoltaic panel was placed on a fixed frame, with a tilt 

angle of 35 degrees. During the measurements the average of radiation 

level was 780 W/m2. Water flow measured was 33.3*10-6 m3/s. The 

results showed that due to the front water cooling of the panel, the electrical 

yield has return a plus of about 9.5%, which can cover the power needed 

to pump the water from the bottom of the panel to its top end. 

S.Nizetic et al. (2015) [24] Presented an experimental investigation 

exploring the effect of spraying water on both sides of a PV panel 

simultaneously. An experimental configuration was assembled from a flat 

PV monocrystalline module of 50W nominal maximal power with an 

effective surface of 0.31 m2. The panel was equipped with a system of 

nozzles mounted on the PV panel front and rear sides to ensure proper 

water spray distribution on both sides of the PV panel. The experimental 

result shows that it is possible to achieve a maximal total increase of    

16.3% in electric power output and a total increase of 14.1% PV panel 

electrical efficiency by using the proposed cooling technique in 

circumstances of peak solar irradiation.  Furthermore, it was also possible 

to decrease panel temperature from an average 54°C (non-cooled PV 

panel) to 24°C in the case of simultaneous front and backside PV panel 

cooling. 

2.3.2: Self-Cleaning –Nanocoating 

Using dip coating, spin coating, sol-gel, chemical vapour deposition, 

and spray coating, examine the impacts of nano-size particles including 

ZnO, TiO2, Silica, MgFe, CuO, and MnO2 on PV panel glass to remove 

dust and soil and prevent adhesion.  The self-cleaning approach is the name 

given to this particular method. It is a method that requires less time and 

money to complete. Two distinct concepts form the basis of self-cleaning 
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technology. Super-hydrophobic surfaces roll off water droplets and release 

pollutants when the water contact angle (WCA) reaches 1500. A super-

hydrophilic surface formed a water film that detaches dust and transports 

it while maintaining a modest or zero water contact angle. A study on the 

self-cleaning properties of super-hydrophilic coatings found that they are 

92% more effective than plain glass [25,26]. Figures (2.1) and (2.2) 

demonstrate the surfaces that are both extremely hydrophobic and 

hydrophilic, respectively. 

 

Figure 2.1: Super-hydrophobic, Super- hydrophilic surfaces [25] 
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Figure 2.2: Water droplets flowing down the superhydrophobic 

surface carrying dust particles [26]. 

 

C. S. Thompson et al. (2013) [27] Experimentally fabricated an 

optically transparent and anti-reflective, superhydrophobic self-cleaning 

coatings on glass substrates and used it on a PV panel surface. The 300 nm 

thick nanoflakes like interconnected network of coatings with 38% of 

porosity enabled the coating to acquire the competitive properties of super 

hydrophobicity with static water contact angle exceeded 160° and average 

transmittance level of 95%. Further, the prepared coating with average 

optical transmittance and self-cleaning superhydrophobic nature recovered 

the efficiency of the dust contaminated solar cell by more than 90% after 

being cleaned with water. These results suggested that the fabricated 

coating will be effectively used for self-cleaning solar panel cover glass 

applications. The uncoated glass substrate and aluminium oxide coated 

superhydrophobic glass substrate recovered the efficiency of saw dust 

contaminated solar panel by 67% and 91%, respectively, thereby enabling 
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the fabricated superhydrophobic glass substrate to be effectively useful for 

self–cleaning cover glass applications. 

Pedrazzi S. et.al. (2018) [28] Presented an experiment to study the 

influence of an anti-fouling nano-coating on the electrical energy produced 

by a string of photovoltaic modules. The coating effect was evaluated 

comparing the energy produced by two strings of the same PV power plant: 

one of them was cleaned and the other was cleaned and treated with the 

coating before the monitoring campaign. The PV plant was located in 

Modena, north of Italy. A first monitoring campaign of nine days after the 

treatment showed that the treatment increases the energy production on the 

PV arrays by about 1.82%. Results indicated that the increase is higher 

during sunny days with respect to cloudy days. A second monitoring 

campaign of the same length, but five months later, showed that the energy 

gain decreases from 1.82% to 0.69% due to the aging of the coating, which 

is guaranteed for one year by the manufacturer. A technical-economic 

analysis demonstrated that at the moment the yearly economic gain is 0.43 

€ per square meter of panel. 

Thompson C.S et al. (2013) [29] Demonstrated a simple silica 

nanoparticle film that exhibits excellent self-cleaning and antifogging 

properties due to the superhydrophilicity of the coating. The coated surface 

was found to remove twice the amount of contaminant particles than bare 

glass under light wetting conditions. The coating was optimized for an 

average increase in transmittance of 5.4% over the wavelength range of 

550–1100 nm on soda-lime glass substrates. This results in a 4.3% increase 

of the solar transmittance between 350 and 1100 nm. 

Pan et al. (2019) [30] Conducted several tests to see how anti-dust 

coating and deposition technologies would fare on a solar cell's top glass 
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surface. In order to make a comparison, they employed these four distinct 

glasses: "glass A (pure glass), glass B (silica gel), glass C (ethanol with 

SiO2), and glass D. (silica gel with SiO2)". Experimentation was carried 

out in an enclosed space for one hour with a tilt angle of 300. (time for 

exposure to dust).The results demonstrate that dust deposition was 51.4%, 

38.6%, and 36.1% higher in samples B, C, and D than in naked glass 

sample A. As a result, following deposition, sample D has greater 

transmittance and reduced power losses. 

 Mishra and Bhatt (2019) [31]. Prepared and studied four coating 

solutions by varying compositions of Hexamethyldisilazane (HMDS) and 

polymethylmethacylate (PMMA) prepared by using tetraethylorthosilicate 

(TEOS) nanosilica sol. These solutions were coated on glass slides by spin 

coating methods and etched at high temperature. All the coatings were 

studied for its different properties like water repellence, anti-dust, 

transparency and contact angle measurements. Stability of coating was also 

studied with respect to temperature, external environment and pH. It was 

found that Super hydrophobic surface has high water contact angle of 

greater than 150o which is a most important property of the surface with 

good water repellence and is mainly used to prevent a property of the 

substrate from the environmental factors like icing, dust, etc by coating. 

The results of the different coatings were observed and compared with each 

other. All the coatings show worthy results, out of which HT21 is finest in 

all aspects. Hence, they concluded that these kinds of coating can be 

suitable for solar panels to prevent various weathering effect. 

Al-Badra et al. (2020) [32] Experimentally investigated the influence 

of using a nano-coating for PV panels together with an automated 

mechanical vibrator on the electrical performance of the panel. The 

function of the vibrator was to shake the panel twice daily, such that the 
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dust on the panel can fall off by gravity. Three PV panels are examined 

where the first panel is with no coatings or vibration and is used as a 

reference for comparison, the second panel is coated with a nano-coating, 

while the third panel is coated with a nano-coating and shaken using a 

mechanical vibrator. It has been found that the accumulation of dust on the 

surface of solar panels is gradual and increases with time, especially in dry 

and desert regions, such as Egypt. The results showed that the average 

electrical efficiency of the PV panels with coating and mechanical vibrator 

has decreased by 12.94% during six weeks of operation, whereas the 

efficiency of the PV panel with coating dropped by 24.46%. However, the 

reference panel had a drop in efficiency of 33%. Dust mitigation using 

coatings is an effective technique in cleaning solar panels, and its 

performance can be improved if a vibration system is applied. 

Zhao and Lu (2021) [35] Studied experimentally the self-cleaning 

performance of the super-hydrophilic coating on dust deposition of solar 

cells. Dust particles were first dryly deposited on the glass sample with and 

without a super-hydrophilic coating and then the water spraying was 

conducted to remove the deposited dust particles. It was found that when 

the water spraying was conducted, the dust deposition mass for bare and 

coated glass samples were both reduced obviously with the increased time 

of water spraying. The dust deposition mass on the coated glass sample 

was significantly lower compared with the bare glass sample. The self-

cleaning efficiency of super-hydrophilic coating can reach more than 92%, 

compared with the bare glass cases. The results also showed that spectral 

transmittance for all the coated cases is significantly higher than that for all 

the bare cases. The maximum transmittance improvement can reach 26.5% 

when the deposition tilt angle was 30° and the spraying tilt angle was 60°. 
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Gwon et al. (2014) [36] Presented a facile method for producing 

superhydrophobic nanograss-coated (SNGC) glass surfaces that possess 

both reduced reflectivity and self-cleaning properties at the air/glass 

interface. The refractive index of a CaF2 nanograss (NG) layer on a glass 

substrate, deposited by glancing angle vapor deposition, was 1.04 at 500 

nm, which was the second-lowest value ever reported so far. The 

fluorinated NG layer gave rise to a high-water contact angle (>150°) and 

very efficient cleaning out of dust with water drops. Using the dual 

functionalities of the SNGC glass, this study demonstrated super-

hydrophobic nanograms-coated glass antireflective and super-hydrophobic 

photovoltaic cells with outstanding power conversion efficiency. 

 

2.3.3 : Natural removal of dusts 

Natural forces remove dust, including wind, gravity, and rainfall 

scouring. The following are some of the researches being presented on this 

method: 

Gaier et al. (1990) [37] Conducted a study to apply a uniform dust 

layer on a PV surface to simulated Martian winds in an attempt to 

determine whether natural aeolian processes on Mars would sweep off the 

settled dust. Three different types of dust were used: an optical polishing 

powder, basaltic "trap rock", and iron (III) oxide crystals. The effects of 

wind velocity, angle of attack, height above the Martian surface, and 

surface coating material were investigated. It was found that arrays 

mounted with an angle of attack approaching 45° show the most efficient 

clearing. Although the angular dependence was not sharp, horizontally 

mounted arrays required significantly higher wind velocities to clear off 

the dust. It was shown that there seem to be two dust removal mechanisms 

at work. At low angles (22.5° and less) the dust particles were rolled off of 
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the surface, and at high angles (45° and higher) the particles were 

aerodynamically lifted from the surface. The threshold value for the rolling 

mechanism appeared to be lower, but the aerodynamic lift mechanism 

appeared to be more effective. 

2.3.4 : Self-cleaning and tracking solar photovoltaic panels 

Bandam and Ashish (2016) [39] Studied enhancing the performance 

of the PV panels by implementing two algorithms, one for cleaning and 

one for tracking of the solar panel. Different cases were studied, CPWT 

(Cleaned panel with Tracking), CPWOT (Cleaned panel without Tracking) 

DPWT (Dusty panel with Tracking), DPWOT (Dusty panel without 

tracking). Results showed that the tracking was best suited then the fixed 

one, only when the dust on the panel is cleaned. When the tracking system 

was implemented without cleaning the panel, the efficiency was less than 

of the panel which is fixed and cleaned. Moreover, the efficiency of the 

panel was decreased by 50% even though it was tracking without cleaning. 

The power of the PV panel was as follows: 7.48W, 6.39W, 3.99W, and 

2.819W for the cases, CPWT, CPWOT, DPWT, and DPWOT, 

respectively, as seen that the CPWT was the best case. The PV efficiency 

was calculated to be 7.13%, 6.08%, 3.80%, and 2.653% for the cases, 

CPWT, CPWOT, DPWT, and DPWOT, respectively. Finally, this system 

can extend to dual axis tracking and by that, more efficiency could be 

achieved. 

2.3.5: Microcontroller based automatic cleaning of solar panels. 

Halbavi et al. (2015) [43] Created an automatic cleaning system that 

detects dust on the solar panel and also automatically cleans the module in 

order to remove the dust on a regular basis. The DC gear motor is managed 

by an 8051 microprocessor in this automated system. A sensor (LDR) 

makes up this system. While a device with sliding brushes has been devised 
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for cleaning PV modules. When compared to a PV module that has 

gathered dust, the proposed automatic-cleaning technique offers roughly 

30% more energy output. 

Zhen et al. (2016) [44] Created a robot that cleans solar panels to 

address the issue of dusting, and a type of automatic control system that 

the robot uses is also suggested and researched. The drive units, sensor 

units, information processing units, controller, and other parts of the 

control system were all designed in accordance with the function of the 

necessity. Results showed that the use of a control system can aid in the 

swift completion of tasks such as cleaning different kinds of solar panels. 

The application of the control system can assist in realizing the automation 

and industrialisation of the solar panel cleaning process. The control 

system can promise to work continuously at high temperatures and can be 

employed for earthquake proof and seismic resistance. 

2.4: Summary of Previously Studies 

After looking over the majority of the research that has been done before 

on how temperature and reflection losses affect the performance of solar 

cells, the most successful, cost-efficient, and time-effective passive method 

was nano-coating thin film. Nano-coatings can reduce the solar cell's 

surface temperature or restrict sunlight reflection to boost efficiency and 

power production. This study's problem is picking a Nanomaterial 

(Titanium Dioxide doped with Polymer-Polyvinyl Alcohol) and making it 

into a temperature-regulating and reflection-preventing covering. The 

optimum concentration of titanium dioxide and polymer will also be 

important in this investigation since the varied nano-coating concentrations 

used to affect the coating's ability to decrease temperature and reflect light. 
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Gaofaetal 
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vemoral dust 
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spray water 
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cleaining 
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Hal bavia 
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S.kreuter 13.  

Increased efficiency 

to 20% 

Experiment Self cleaning 
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Chapter Three 

Experimental Work 

 

3.1 Introduction 

       The present chapter is concerned with showing the experimental setup 

for the whole systems and cases that have been used regarding the cleaning 

of the PV panels using for methods. We will explain depositing the 

nanocomposite onto the solar cell's front side (glass) and the technology 

used to manufacture super-hydrophobic nano-zinc oxide (ZnO) 

nanoparticles. We have employed solar cells made of polycrystalline 

silicon. This research was conducted on the rooftop of a building in Najaf, 

Iraq, at (32.022°) N and (44.26°) E, where the hot seasons cause the 

efficiency of solar panels to diminish. 

Using nanocomposite as a covering layer aimed to reduce dust buildup on 

the solar cell's windscreen, which blocks sunlight and degrades the cell's 

efficiency. Solar cell efficiency and output were therefore enhanced by the 

Nano coating's UV-blocking and anti-reflective properties. UV-Visible 

spectroscopy, reflected meters, film thickness measuring tools, and solar 

module analyzers study how the coating affects solar cell performance. 

 

3.2 Working Principle 

       The main idea of the work is to clean the PV panel surface and hence 

increasing the output power as well as increasing the efficiency of the panel 

by reducing the dust on the surface. To implement that, we have brought 

three PV panels into the work, one of the panels has a natural kind of 

cleaning, the second PV will take a mechanical cleaning method 

corresponding to inserting nozzles on the top surface of the PV to spray 

water onto the surface, the third PV has the method of Self-cleaning which 

is called the Nano-coating technology in which we apply a thickness of 
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Nano-coating material called ZnO upon the surface, the last method of 

cleaning was the combination of the mechanical and self-clearing methods 

together, which we have applied it on the third PV after we complete taking 

the results from it. Water is used as the operating fluid. The system includes 

everything you need to spray water on the PV's front face, lowering the 

water's temperature in the process. The main component is the photovoltaic 

panel, supporting frame, water pump, nozzle water distributer, water tank.  

 

3.3 The photovoltaic panel 

     The poly-crystalline solar panel, the type of panel employed in this 

investigation, is the heart of any photovoltaic system. The PV panel was 

installed in Najaf city / Iraq at a latitude [32.022°] N and longitude [44.26°] 

toward the south with an incline angle of 17°. And the panel specifications 

were as in table (4.1). 

 

Table (3.1): The Properties of Polycrystalline Silicon Solar Cells . 

No. Item Description 

1 Type Polycrystalline HL36P100 

2 Size (mm) 62mm*92mm 

3 Maximum power (Pmax) 135 W 

4 The voltage at P max (Vmp)   20.5V 

5 Current at Pmax (Imp) 6.7A 

6 Open circuit voltage (VOC) 22.5V 

7 Short circuit current (ISC)  7.28A 

8 Standard test conditions , 25 ºC 2W/m 1000 
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3.4 The Steel frame 

All the system pares are installed together on a steel structure made of 3mm 

thickness steel. Welded and painted with anti-corrosion paint for long life 

using. The frame was made to be with an angle of 17° as shown in figure 

(4.1) below. 

 

Figure 3.1: Cleaning  system supporting frame 

 

3.5 The Water pump 

      The water pump is the central part that circulates the water through the 

cooling system. Also, it is the only part that consuming power in the entire 

system. It is well known that the primary purpose is to improve power 

production to provide more power. For that particular reason, the water 

pump should be selected carefully for providing the needed flow rate and 

with the exact pressure (head) yet consuming the minimum possible 

amount of power. Our water pump is a 12V Micro Diaphragm Pump with 

maximum flow rate of 4 LPM, and maximum pressure of 0.6MPa. 
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Figure 3.2: Water pump used to supply water to the nozzles. 

 

3.6 The Water Nozzles 

      The water nozzles are used to spray water onto the surface of the PV 

panel. The nozzles that have been used were mounted on the top surface of 

the PV, three nozzles have been used along the width of the PV with equal 

distances. Two nozzle diameters (0.5, 1) mm were used to investigate the 

impact of each one the performance of the PV. The nozzles change the state 

of the liquid water into a spray state or vapor state which makes the water 

less consumed and also make the water being impacted on a large area. The 

nozzles were made from plastic, and the water being used is a distilled one. 
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Figure 3.3: Water nozzles used to spray water on the PV. 

 

 

3.7 Zinc Oxide (ZnO): 

Zinc oxide (ZnO), a crucial metal oxide, is multifunctional due to its 

unique chemical and physical characteristics. It has high chemical stability, 

high electrochemical coupling coefficient, wide range of radiation 

absorption, non-toxicity, hardness, piezoelectric activity, and inexpensive 

cost. It appears as a white powder and is insoluble in water. [1]. Figure 

(4.4) depicts zinc oxide in (a) white powder and (b) mineral form (Zincite). 

The essential physical parameters of ZnO are listed in table (4.2). 
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Figure 3.4: (a)Zinc oxide in the form of a white powder (b) Zincite in 

the form of a mineral 

Table (3.2): Basic physical properties of ZnO [1]. 

Properties Value 

Chemical Formula Zno 

Molar mass 81.38g/mol 

Density 5.606g/cm3 

Appearance White 

Refractive Index (nD) 2.0041 

Band Gap 3.3eV 

Melting Point 1975 ºC 

Flash Point 1436 ºC 

Solubility in Water 17.8 ºC) %)0.0004  
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Table (3.3): Applications of zinc oxide in numerous industries 

[11][12] 

Fields Examples 

Rubber fillers, as an activator 

Pharmaceutical and Cosmetic 

dental pastes and component of 

creams as an absorber of UV 

radiation 

Textile absorber of UV radiation 

Electronics sensors, UV lasers and solar cell 

Optical 
light-emitting diodes, optically 

pumped lasers 

Piezoelectric 

bulk acoustic wave, filters, 

microelectro-mechanical systems 

(MEMS) 

Nanoparticles 
nanowire and nanorods devices, 

field effect transistor, photo diodes 

 

3.8 The method of sol gel for the preparation of nano-zinc oxide: 

The sol-gel approach was employed to create nano zinc oxide by 

precipitating zinc salt (acetate zinc dihydrate) with sodium hydroxide and 

using ethylene glycol as a substance that improves dispersion and prevents 

precipitate accumulation. Dissolving 15 g of zinc in 250 ml of distilled 

water produced zinc acetate. A sodium hydroxide solution was made by 

dissolving 4 g in 250 ml distilled water. The solution was agitated for an 

hour at room temperature with 30 min in the presence of ethylene glycol. 

The base was added to the zinc salt solution drop by drop, with a flow rate 

of 10 ml per minute, through a burette with continuous stirring at room 
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temperature to form a white cloudy suspension of zinc oxide, and the 

addition continued until the acidity function rose to 10 for the reaction to 

take place. The stirring was continued for 24 hours at room temperature 

until the crystal growth of the zinc oxide nanoparticles was terminated. The 

suspended solution was filtered through Whatman 1 filter paper and rinsed 

with distilled water to remove any excess base. This was done by 

measuring the acidity function of the filtrate until it was reduced to a value 

equal to 7. The white precipitate of nano-zinc oxide was dried at 100 for 6 

hours in a drying oven and kept for characterization and later experiments. 

Manufacture of hydrophobic zinc oxide: Hydrophobic zinc oxide was 

synthesized by coating it with oleic acid through mixing, stirring, and then 

washing it with ethanol. 1 gm of zinc oxide nanoparticles was weighed and 

added to 100 ml of ethanol with continuous stirring for one hour at room 

temperature to ensure its dispersion in ethanol. 1 gm. of oleic acid was 

dissolved in ethanol alcohol with a volume of 100 ml. It was added to the 

alcoholic solution of suspended zinc oxide by slow addition, and it lasted 

an hour with continuous stirring. The collected suspension was filtered 

with a Whatman 1 Win filter paper and washed with ethanol (5 times) to 

remove the oleic acid that did not cross over on the oxide surface. The 

residue was dried at 80°C for one hour, and the resulting material was a 

white hydrophobic powder. The powder is kept in a closed container to use 

in the process of spraying on the surface of the solar cell. The procedure 

depicted in the images below as shown in figure (3.5). 
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Addition of Olic acid 

Figure 3.5: super hydrophobic ZnO prepared procedure 
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3.9 Coating procedures  

The process through which dust accumulates on photovoltaic (PV) 

module glass is known as soiling. Dust particles are carried through the air 

in the form of aerosols, pollens, sand grains, and bird faeces, among other 

things [53] 

If PV panels are not consistently cleaned, these particles will build 

on the glass and become difficult to remove. Numerous experiments have 

been done to see if a commercially available hydrophobic coating 

substance (nanotol) is effective in preventing soiling on PV modules. The 

following steps, seen in figure (4.6), make up the deposition procedure for 

this hydrophobic coating.  

➢ Initially, the glass is cleaned with distilled water and detergents . 

➢ Then, use a concentrated nanotol Primer solution to clean the glass.   

➢ The glass should then be cleansed with a diluted solution of Nanotol 

Primer to create the optimal surface for adhesion of the hydrophobic 

coating. A microfiber weeper is then used to dry the glass. 

➢ The glass is sprayed with nanotol Sealant solution and left to sit for 

10 minutes before being polished with a microfiber weeper. 

➢ Keep the glass that has been treated clean for 48 hours before putting 

it outside. 
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3.10 Coating Process 

           The spraying method of hydrophobic nano zinc oxide was used 

using a local atomizer and with a pressure of up to 3 bar. The spray coat 

was prepared from the modified oxide by dissolving 0.5 g of the modified 

oxide in a solution of 500 ml chloroform containing 0.5 g of polystyrene 

as an adhesive. This mixture was stirred for 24 hours to ensure 

homogeneity and dispersion in the solution.  

            The sprayable solution, 100 ml of the last solution, is added to the 

spray container. The pressure and the shape of the drops are adjusted to be 

as small as possible and not leave large drops, after which the coating is 

uniform and homogeneously using the switches and taps of the spray 

device. The cleaning was done by Solar cells with water and ethanol by 

wiping and drying, then cleaned by paper and then by air at a pressure of 3 

bar. The cells were sprayed manually and in four layers of different 

directions in length and width to ensure the homogeneity of the coating and 

to be transparent and not result in a hazy coating. Spraying with zinc oxide 

solution with chloroform was applied using a hand razor at a spraying 

speed of one meter, a pressure of 3 bar, and the distance of the atomizer 

from the surface was 5 cm. The process was repeated four times to obtain 

four layers of nano-axis zinc oxide without the appearance of haze on the 

surface to produce a transparent surface that allows light to pass through. 

The surface was subjected to heating using hot air at a temperature of 70 

°C for 3 minutes to fix the coating on the solar cell. 
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       Figure 3.6: (a, b, and c) Illustration of coating process 
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3.11 Measurement Devices  

3.11.1 Solar Module Analyzer 

The purpose of this experiment was to compare the solar cell's 

electrical parameters (ISC, VOC, η, and I-V Curve) before and after the 

application of the nanocomposite coating. PROVA instruments-INC 

Company provides a Solar Module Analyzer -Type- PROVA-210A. The 

device included software to save and download data to a PC (laptop) for 

further examination. 

General requirements: 

➢ AC Adaptor: AC 110 V or 220 V input, DC 12V / 3 A output. 

➢ Dimension:257mm×155mm×57mm(L×W×H). 

➢ Weight: 1160 g (battery included). 

 

        

Figure 3.7: Solar Module Analyzer. 

Figure (3.7) depicts the I-V Characteristics Measurement equipment 

used for indoor experiments at the Engineering Technical College of Najaf. 

Before and after nanocomposite coating, the solar module analyzer-module 

PROVA-210A measured the solar cell's electrical characteristics (ISC, 
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VOC, 𝜂, I-V Curve). The software data describing the electrical 

characteristics were transferred to a personal computer. The whole testing 

period was one hour, using a 1000 W/m2 halogen light source positioned 

perpendicular to the surface of the solar cell. 

To determine how much power a solar cell can generate, measure 

the voltage and current output at various loads (from no load to the 

maximum load). The solar cell was tested with an ammeter, voltmeter, and 

variable resistance to determine its electrical characteristics, as shown in 

figure (4.10). Before and after applying the Nano coating, the solar cell was 

tested in a solar spectrum simulator. In closed circuits, the solar cell load 

is connected in series, whereas in open circuits, it is connected in parallel. 

Notes: At zero time, measurements were taken to see how the Nano-

coating affected the electrical properties of the solar cell. Without covering 

the solar cells, the I-V curves for various coatings with varying 

concentrations of Nanocomposites were determined. After an hour, nano 

coating effects on solar cell surface temperature and electrical 

characteristics were measured. 

3.11.2 Coating Thickness Gauge 

   Nanocomposite Coating thickness was determined using the TT-260 

as shown in figure (4.8). When the coating is contacted, a closed magnetic 

circuit is created between the probe and the magnetic metal substrate. This 

closed magnetic circuit's magnetic resistance fluctuates because the 

coating is non-magnetic. The fluctuation in magnetic resistance may be 

used to determine the thickness of the coating. Before Commencement, the 

equipment is calibrated to measure the thickness of the coating. By 

comparing readings collected before and after the coating process, we were 

able to calculate the coating's thickness. Many readings from various points 
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on the solar cell's surface are collected to achieve a more precise thickness, 

and the average readings are obtained (1.156 μm). Appendix C has shown 

more details. 

         

Figure 3.8: Coating Thickness Gauge. 

 

3.11.3 Solar Power Meter  

A solar power meter or (Pyrometer). A device that measures how 

much light gets to the solar cell. By altering the distance between the 

halogen light source and the solar cell, this thesis was able to keep the 

radiant flux at 1000 W/m2. The Engineering Technical College of Najaf 

conducted experiments indoors with steady solar exposure. Figure (4.9) 

depicts a solar power meter (Pyrometer). Light intensity must be measured 

and recorded when it is completely dark (0 W/m2) as part of the calibration 

procedure before use. Different measurements were made to establish the 

correct distance between the surface of the solar cells and the halogen light 

source, which resulted in light intensity of 1000 W/m2. The gadget includes 

a sensor lens, control buttons, and an LCD monitor. Table (4.4) and 

Appendix D detail its characteristics and calibration. 
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Figure 3.9: Solar Power Meter. 

 

Table (3.4): Solar Power Meter specification. 

 

3.11.4 Ultraviolet-Visible Spectrometer (UV-Vis) 

To explore the effects of light absorption, transmission, and 

reflection on a solar cell. Shimadzu 1800 UV-Visible Spectrometer (UV- 

Vis) was used. Producing light with wavelengths that match the incoming 

solar energy is the object's main purpose. Radiation intensity was measured 

both incidentally and transmitted, with the difference between the two used 

Specifications  Details 

Type Tenmars TM-207  

Reading range 0-2000 W /m2 

Accuracy ± 10 W/m2 

Reading time 0.25 second 
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to calculate the amount of radiation absorbed. The same apparatus may also 

measure reflectance of light using the reflection measuring option. With a 

lens, one may determine how much light is being transmitted or reflected 

by calculating the difference between the amount of light being emitted 

and received. A UV-Vis spectrometer is seen in figure (4.10). In this study, 

we employed this apparatus to compare the efficiency of polycrystalline 

silicon solar cells coated with Nanocomposite to those without the coating. 

The examination was hosted by the Kufa University Engineering College. 

General requirements:  

➢ Wavelength range: 190 – 1100 nm 

➢ Wavelength accuracy: ±0.3 nm (190 to 1100 nm) 

➢ Wavelength repeatability: ±0.1 nm 

➢ Dimensions (W x H x D): 450 x 270 x 490 mm 

 

Figure 3.10: UV-Vis spectrometer. 
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3.11.5 Voltmeter 

The maximum power produced by the photovoltaic panel is variable. 

It depends upon several parameters, such as the alignment angle, radiation 

intensity, the front glass visibility (dust and dirt), and the panel average 

temperature. Therefore, the exact instant produced power must be 

examined by testing the output voltage and current when subjected to an 

external variable load. A (CT- 9830) type voltmeter is connected in parallel 

to the load for testing the exact and instant voltage/ current for calculating 

the produced power with and without the cooling system operation, as 

shown in figure (4.11) below. 

 

Figure 3.11: Voltmeter device. 
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3.12 Complete system diagram 

The complete practical part of the system as well as the system's 

blueprints are shown in Figure 4.15 below. Where the three studied PV 

panels are seen in the diagram, water is pumped from the tank to the panel's 

nozzles where it is placed to clean the PV. The information and results are 

sent from the panels to the solar meter device and then to the laptop. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: A: Experiment setup, B: Blueprint diagram

A 

B 
B 
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Chapter Four 

Results and Discussion 

 

4.1 Introduction 

The performance and power output of polycrystalline silicon solar 

cells using coating by nanotechnology. Where nano zinc oxide was 

prepared and then modified to be super hydrophobic. Then, this nanocoat 

was spraying as superhydrophobic coat against dust and moisture. The 

major goals of this study were to evaluate the effect of superhydrophobic 

nano coat on solar cell performance in comparison without coat and coating 

in the presence of water cleaning. The expected result was to reduce 

reflection losses and indoor experiments were carried out at the 

Engineering Technical College of Najaf. 

Taking the results and working were done for the month of July only 

and for four days in this month (1, 8, 17, and 25) every day was starting 

from 8:00 in the morning until 17:00 however only the optimum hour of 

12:00 was considered in the results presentation. 

 

4.2 Characterization of nano zinc oxide 

4.2.1 X-ray Diffraction (XRD) 

X-ray diffraction(XRD) is appropriate method to calculated the 

structure and crystalline size. Figure (5.1) show X-ray pattern for ZnO 

Through the XRD spectra examination for the most cases of the samples 

for ZnO film, three peaks were observed attributed to the diffraction from 

the surfaces (100), (002), and (101). These are actually corresponding to 

the positions 2Ө = 32.90o, 34.25o, and 36.05o, respectively for pure ZnO 

film. The values are in good agreement with the standard values of the 

reported data (JCPDS), Card Number: 36-1451, having hexagonal wurtzite 

crystal structure, the prominent peaks presence demonstrations that the 
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film has polycrystalline nature. The XRD diffractograms showed that the 

crystalline ZnO developed successfully in all samples, with no additional 

impurity peaks visible. 

 

 

Figure 4.1: XRD for ZnO 

 

 

4.2.2 Filed Emission Scanning Electron Microscope FESEM 

The topography of the ZnO thin films deposited using spraying 

method. Figures (4.7- 4.9) present particles' morphology at a magnification 

of x200.0K and acceleration voltage of 15 kV for the prepared thin film. 

The image reveals that the formed nanoparticle's shape is approximately 

spherical and homogeneous in the range of (25.2 -83.22) nm 
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Figure 4.2: FE-SEM for ZnO thin film at 220 mJ 

 

4.2.3 The amount of dust accumulated on a glass surface. 

Glass surfaces were left and the weight of the dust on the 

glass surfaces was measured. 

Table (4.1): Measuring the amount of dust. 

No. Months Weight 

1 17/3/2022 4.77 g/cm2 

2 17/4/2022 4.79 g/cm2 

3 17/5/2022 4.82 g/cm2 

4 17/6/2022 4.87 g/cm2 

5 17/7/2022 4.97 g/cm2 

6 17/8/2022 4.99 g/cm2 

7 17/9/2022 5.01 g/cm2 

8 17/10/2022 5.03 g/cm2 

9 17/11/2022 5.06 g/cm2 
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 4.2.4 Impact of Nanocomposite ZnO /PVA on Reflection Losses 

Over 35% of incident light is reflected by the surface of silicon due to 

its high surface reflection coefficient. The PV panels' effectiveness is 

diminished due to this reflection. As a result, a solar cell with an anti-

reflection coating may more effectively harvest energy from the sun. The 

anti-reflective coating increases the efficiency of solar cells by decreasing 

the number of photons reflected by the environment [38]. On the front side 

of the solar cell, a nano superhydrophobic coating that was made of  ZnO 

and modified with oleic acid was applied in order to reduce the amount of 

power that was lost due to reflection. The best technique to assess the 

reduction in silicon solar cell reflection losses after applying the anti-

reflection coating of superhydrophobic ZnO. The absorption was measured 

with a UV-Vis spectrophotometer with a reflection measuring option. The 

test was held at Kufa University's Engineering College and it is shown 

below in the figures 5.3 and 5.4. 

 

 

Fig: (4.3): UV-visible absorbance. 
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Fig: (4.4): UV-visible reflectance. 

 

4.3. The effect of Ambient conditions 

The solar radiation is the main parameter that controls the 

photovoltaic panels' production. Simultaneously, the rise of the fallen solar 

radiation increases the cell temperature and decreases its power conversion 

efficiency. The solar radiation varies along the daytime. This study 

recorded a maximum radiation value of 1040 W/m2 at 12:00, and its value 

varies as shown in the figure. 5.5.  

The ambient temperature and wind speed affect heat dissipation 

when the PV panel temperature rises owing to absorbed radiation and 

convection heat transfer with the surrounding air. As solar radiation, the 

ambient temperature varies from its minimum value in the early morning 

and its maximum at the day's peak. In this study, the ambient temperature 

and the wind speed changes throw the day (as shown in fig. 5.6 and 5.7), 

respectively. 
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Figure 4.5: Hourly intensity of solar radiation  

 

 

Figure 4.6: Hourly wind speed 
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4.4 Comparisons of the results for all cleaning cases  

Comparisons of all the study's findings will be explained in this 

section, and the justification will take the shape of charts for the voltage, 

current, output power, and efficiency for each cleaning scenario and each 

day. In other words, the explanation will be split into four days, with each 

day containing all of the cleaning case outcomes. The integration of all 

these findings into a single form for four days and five cleaning cases will 

be shown by a chart that we will place at the end. 

 

4.4.1 Comparison of the results for the 1st of July: 

The findings as of July 1st are shown in figures (5.8 to 5.12). The 

voltage and current curves, as well as the power output, are all shown in 

one place in figure (5.8) for the first cleaning case, which is the standard 

case of cleaning. The figure makes it evident that the highest amount of 

electric power that can be generated by this typical solar panel is around 

64 W. The highest voltage at this location will be roughly 14 V, and the 

maximum current will be 4.57 A, according to projections of this value 

onto the voltage and current curve in the same figure. The other figures 

that are (5.9-5.12), show the voltage-current-output power curves all in 

one figure for the Coating-only, Nozzle (0.5mm), Nozzle (1mm), and 

Coating-Nozzle (1mm) cases, respectively. 

The voltage and power output of the solar panel are shown in 

figures (5.13-5.14) for all solar panel cleaning situations. The combined 

cleaning case with the 1 mm nozzles and coating, which has the highest 

power output of 80 W, is evident from the figure with a maximum voltage 

and current of 15 V and 5.3 A, respectively. This is because the coating 

layer inhibits the existence of dust deposits. In addition to cleaning with 

water using 1 mm nozzles, which lowers the panel temperature and raises 

voltage and productivity, this gives the PV a high capacity to absorb the 
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maximum amount of solar radiation. The standard cooling case, on the 

other hand, featured the lowest voltage and a 64 W electrical output. The 

reason why the 1 mm Nozzle diameter was considered with the coating 

is that the 1 mm was of better performance in the cleaning than the 0.5 

mm and that is shown below.  

The maximum efficiency for all solar panel cleaning cases is 

shown in figure 5.15. The figure shows that the fourth cleaning scenario, 

which is the combination of nozzles and coating, had an efficiency value 

as high as 14.2% and that the regular cleaning scenario had an efficiency 

value as low as 11.4%.  

Regarding the other cases we found that the maximum power and 

efficiency are as follows: The Coating-only case has got a maximum 

power and efficiency of 70W and 12%, respectively as shown in Fig. (5.9). 

While the Nozzle (0.5mm) and (1mm) achieved a maximum power and 

efficiency of 70W and 12%, 70W and 12%, respectively as shown in Fig. 

(5.10) & Fig. (5.11).  
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Figure 4.7: PV voltage for all cleaning cases-Day1 

 

 

Figure 4.8: PV Efficiency for all cleaning cases-Day1 
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Figure 4.9 : Ful factor for all cleaning Day 1 

 

4.4.2 Comparison of the results for the 8th of July: 

The figures (5.16 to 5.20) present the results as of July 8th . Figure 

(5.16) depicts the voltage and current curves, as well as the power output, 

for the first cleaning instance, which is the standard case. The graph 

clearly shows that this conventional solar panel can create a maximum of 

about 62 W of electric power. Projections of this value onto the voltage 

and current curve in the same figure indicate that the highest voltage at 

this place will be approximately 13 V and the peak current will be 4.7 A. 

The voltage-current-output power curves for the Coating-only, Nozzle 

(0.5mm), Nozzle (1mm), and Coating-Nozzle (1mm) examples are shown 

in full in the other figures (5.17-5.20). 

Figures 5.21 and 5.22 display the solar panel's voltage and power 

output for every solar panel cooling scenario. The image clearly shows the 

combined cooling case with the 1 mm nozzles and coating, which has the 

highest power output of 80 W with a maximum voltage and current of 15 

V and 5.3 A, respectively. This is because the covering layer prevents dust 
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deposits from forming. This gives the PV a high capacity to absorb the 

most solar energy in addition to cooling with water using 1 mm nozzles, 

which lowers the panel temperature and increases voltage and 

productivity. The lowest voltage and 62 W of electrical output were found 

in the conventional cooling case, though. 

Figure 5.23 displays the greatest efficiency for all solar panel 

cleaning scenarios. According to the graph, the fourth cleaning scenario, 

which involves the use of coating and nozzles, had an efficiency value as 

high as 14.29% and the standard cleaning scenario as low as 11.01%. 

 The Coating-only case has got a maximum power and efficiency of 

70W and 12%, respectively as shown in Fig. (5.17). While the Nozzle 

(0.5mm) and (1mm) achieved a maximum power and efficiency of 70W 

and 12%, 70W and 12%, respectively as shown in Fig. (5.18) &Fig. (5.19). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: PV voltage for all cleaning cases-Day8 
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Figure 4.11: PV Efficiency for all cleaning cases-Day8 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12 : Ful factor for all cleaning Day 2 
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4.4.3 Comparison of the results for the 17th of July: 

Figures (5.24 to 5.28) depict the findings as of July 17th. Figure 

(5.24) depicts the voltage and current curves, as well as the power output, 

for the first cleaning instance, which is the standard case. The chart clearly 

shows that the maximum quantity of electric power that this average solar 

panel can create is roughly 58 W. According to projections of this number 

onto the voltage and current curves in the same figure, the highest voltage 

at this position will be around 12.4 V, and the maximum current will be 

4.67 A. The additional figures (5.25-5.28) show the voltage-current-output 

power curves for the Coating-only, Nozzle (0.5mm), Nozzle (1mm), and 

Coating-Nozzle (1mm) cases all in one figure. Figures (5.29-5.30) 

illustrate the voltage and power output of the solar panel for all solar panel 

cooling scenarios. The graphic shows the combined cooling case with the 

1 mm nozzles and coating, which has the highest power output of 80 W 

with a maximum voltage and current of 15 V and 5.3 A, respectively.  

The conventional cooling case, on the other hand, had the lowest 

voltage and a maximum power output of 58 W. Figure 5.31 depicts the 

optimum efficiency for all solar panel cleaning instances. According to 

the graph, the fourth cleaning scenario, which is a mix of nozzles and 

coating, had an efficiency value of up to 14.08%, while the standard 

cleaning scenario had an efficiency value of just 10.30%. 

The Coating-only case has got a maximum power and efficiency of 

70W and 12%, respectively as shown in Fig. (5.25). While the Nozzle 

(0.5mm) and (1mm) achieved a maximum power and efficiency of 70W 

and 12%, 70W and 12%, respectively as shown in Fig. (5.26) &Fig. (5.27). 
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Figure 4.13: PV voltage for all cleaning cases-Day17 

 

Figure 4.14: PV Efficiency for all cleaning cases-Day17 
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Figure 4.15 : Ful factor for all cleaning Day 3 

 

4.4.4 Comparison of the results for the 25th of July: 

In figures (5.32 to 5.36), the results as of July 25th are displayed. For 

the first cleaning scenario, which is the usual case, figure (5.32) displays 

the voltage and current curves as well as the power output in one 

location. The graph clearly shows that this common solar panel can 

produce up to 55.9 W of electricity as its maximum output. Projections 

of this value onto the voltage and current curve in the same figure give 

a maximum voltage at this position of around 11.75 V and a maximum 

current of approximately 4.75 A. The voltage-current-output power 

curves for the Coating-only, Nozzle (0.5mm), Nozzle (1mm), and 

Coating-Nozzle (1mm) examples are shown in full in the other figures 

(5.333-5.36). Figures 5.37 and 5.38 display the solar panel's voltage and 

power output for every solar panel cooling scenario. The image clearly 

shows the combined cooling case with the 1 mm nozzles and coating, 



Chapter Four                                                        Results and Discussion  

 

59 

 

which has the highest power output of 80 W with a maximum voltage 

and current of 15 V and 5.3 A, respectively.  

The lowest voltage and 60 W of electrical output were found in the 

conventional cooling case, though. Figure 5.39 displays the greatest 

efficiency for all solar panel cleaning scenarios. According to the graph, 

the fourth cleaning scenario, which involves the use of coating and 

nozzles, had an efficiency value as high as 13.97% and the standard 

cleaning scenario as low as 9.7%.  

The Coating-only case has got a maximum power and efficiency of 

70W and 12%, respectively as shown in Fig. (5.33). While the Nozzle 

(0.5mm) and (1mm) achieved a maximum power and efficiency of 70W 

and 12%, 70W and 12%, respectively as shown in Fig.(5.34) & Fig. 

(5.35). 

 

 

Figure 4.16: PV output power for all cleaning cases-Day25 
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Figure 4.17: PV voltage for all cleaning cases-Day25 

 

 

Figure 4.18: PV Efficiency for all cleaning cases-Day25 
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Figure 4.19 : Ful factor for all cleaning Day 4 

4.5 Comparison of the results for all the studied cases: 

The efficiency, produced power, and voltage final values for each 

solar panel cleaning case are shown in figures (5.40-5.42). It is obvious 

that panels that have a mixed cleaning process of water and coating always 

have the highest efficiency values. The same is true for the produced power 

and voltage. Additionally, it should be noted that while efficiency, power 

output, and voltage for the first and second cleaning scenarios decline over 

the course of the four study days, they remain nearly constant in the third 

and fourth cases. Below are the tables (5.2&5.3) which represent all the 

values for the power output and the PV efficiency for all the cases of 

cleaning. 

Fig. (5.43) below shows the comparison of our present study of the 

Standard and Coating-Nozzle(1mm) cases with the results of the study 

conducted by the researcher Al-Badr [54] which shows a closer behavior 

to the researcher results. 
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Figure 4.20: PV Efficiency for all days and cleaning cases 

 

 

Figure 4.21: PV power output for all days and cleaning cases 
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Figure 4.22: PV voltage for all days and cleaning cases 

 

Table (4.2): Power output for all the cases of Day 1st of July 

Days of study Standard PV Coating-only Nozzle-0.5mm Nozzle-1mm Coating-Nozzles 

Day 1 65.22 68.60 70.57 77.75 80.47 

Day 8 61.96 65.17 71.00 79.00 81.00 

Day 17 58.86 61.91 70.00 77.00 79.00 

Day 25 55.92 58.82 69.40 76.00 78.00 

 

Table (4.3): Electrical efficiency for all the cases of Day 1st of July 

Days of study Standard PV Coating-only Nozzle-0.5mm Nozzle-1mm Coating-Nozzles 

Day 1 11.47 11.01 10.30 13.67 14.15 

Day 8 11.01 11.58 12.53 13.81 14.29 

Day 17 10.30 10.84 12.35 13.61 14.08 

Day 25 9.71 10.22 12.26 13.50 13.98 
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Fig: (4.23): PV efficiency comparison with other study

   

   

   

   

   

   

   

   

   

   

    

    

    

    

    

    

    

    

                      

 
 
  
  
  
  
 
 
 
  

            

                        

                                                                                      



Chapter Five                                   Conclusions and Recommendations  

 

65 

 

Chapter Five 

Conclusions and Recommendations 

 

5.1 Conclusions : 

     In the current study, four cleaning case experiments were carried out on 

a PV module by using of three PV panels, each with a maximum output 

power and efficiency of 135W and 20%, respectively, in the climatic 

conditions of Najaf, Iraq (32° 1' N/44° 19' E). Each panel is 0.62 × 0.95 

meters in size. The first PV panel underwent natural cleaning (the standard 

procedure), the second PV panel underwent mechanical cleaning (using 

nozzles of (0.5,1) mm), the third PV panel underwent nano-coating (using 

(400, 700) nm Super-hydrophobic ZnO on the glass surface), and the fourth 

PV panel underwent all-out cleaning (using distilled water until 1LPM is 

spread). After the third approach was finished on the third PV panel, the 

last technique, a combination of mechanical and nanocoating was used on 

it. We can draw the following conclusions: 

1. Using the combination method gave (coation and Mechanical 

cleaning) the most optimum results for the efficiency and power 

output of the PV panel among the other systems. 

2. A maximum overall PV efficiency and power output of around 

14.29% and 81W, respectively, were achieved for the Combination 

case at the hour of 12:00 P.M 

3. The Mechanical method gave a maximum PV efficiency and power 

output of about 13.81% and 79W, respectively. While the Nano-

coating method has only given an efficiency and power output of 

about 12.1% and 69W, respectively. 

4. The results showed that the nozzle with 1 mm diameter has better 

performance than the 0.5mm one. 
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5.2 Recommendations 

Polycrystalline silicon solar cells that have been improved with 

Nanocomposite materials were the focus of this research. It also utilized 

water alone to clean and water with paint; future studies could incorporate 

some suggestions to improve that work. 

1. Conduct research on the influence that the thickness of the 

nanocoating thin film has on the performance of solar cells. 

2. Researching the impact of different Nano-coating materials on solar 

cell performance. 

3. Dip coating, spin coating, and electrical vapor deposition were all 

used to coat the solar cell. 
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Appendices 

Appendix –A 

Solution model 

Efficiency: 

  The solution for the PV efficiency is done as follows to calculate it. 

Standard case - Day1: 

𝜂(%) =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

𝑉×𝐼  

𝐺×𝐴
=

65 𝑊  

1030
𝑊

𝑚2×0.552 𝑚2
=  

65 𝑊  

568.56 𝑊
= 11.47%  

Standard case – Day25: 

𝜂(%) =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

𝑉×𝐼  

𝐺×𝐴
=

56 𝑊  

1043
𝑊

𝑚2×0.552 𝑚2
=  

56 𝑊  

575.736 𝑊
= 9.7%  

Mechanical case - Day1: 

𝜂(%) =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

𝑉×𝐼  

𝐺×𝐴
=

77.7 𝑊  

1030
𝑊

𝑚2×0.552 𝑚2
=  

77.7 𝑊  

568.56 𝑊
= 13.67%  

Mechanical case – Day25: 

𝜂(%) =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

𝑉×𝐼  

𝐺×𝐴
=

77.74 𝑊  

1043
𝑊

𝑚2×0.552 𝑚2
=  

77.74 𝑊  

568.56 𝑊
= 13.5%  

Nano-coating case - Day1: 

𝜂(%) =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

𝑉×𝐼  

𝐺×𝐴
=

68.6 𝑊  

1030
𝑊

𝑚2×0.552 𝑚2
=  

68.6 𝑊  

568.56 𝑊
= 12.07%  

Nano-coating case – Day25: 

𝜂(%) =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

𝑉×𝐼  

𝐺×𝐴
=

58.8 𝑊  

1043
𝑊

𝑚2×0.552 𝑚2
=  

58.8 𝑊  

568.56 𝑊
= 10.22%  

Combination case - Day1: 

𝜼(%) =
𝑷𝒐𝒖𝒕

𝑷𝒊𝒏
=

𝑽×𝑰  

𝑮×𝑨
=

𝟖𝟎.𝟒𝟕 𝑾  

𝟏𝟎𝟑𝟎
𝑾

𝒎𝟐×𝟎.𝟓𝟓𝟐 𝒎𝟐
=  

𝟖𝟎.𝟒𝟕 𝑾  

𝟓𝟔𝟖.𝟓𝟔 𝑾
= 𝟏𝟒. 𝟏𝟓%  

Combination case – Day25: 

𝜼(%) =
𝑷𝒐𝒖𝒕

𝑷𝒊𝒏
=

𝑽×𝑰  

𝑮×𝑨
=

𝟕𝟖 𝑾  

𝟏𝟎𝟒𝟑
𝑾

𝒎𝟐×𝟎.𝟓𝟓𝟐 𝒎𝟐
=  

𝟕𝟖 𝑾  

𝟓𝟔𝟖.𝟓𝟔 𝑾
= 𝟏𝟑. 𝟗𝟖%  
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Appendix –B 

Solar meter calibration 

 
Tenmars TM-207 was used to record the solar radiation every hour. 

As seen in fig. B.1, the Davis weather station at Najaf Technical College/al-

Furat al Awsat Technical University in Najaf City, Iraq, was used to 

calibrate the solar radiation meter. 

 

Figure B.1: Anemometer calibration with Davis weather station 
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Wind meter calibration 

 
Every hour, an anemometer of type AM-4206M was used to record 

the wind speed. As depicted in fig. B.2, the anemometer was calibrated 

using data from the Davis weather station at the Najaf Technical 

College/al-Furat al Awsat Technical University in Najaf City, Iraq. 

 

Figure B.2: Anemometer calibration with Davis weather station 
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خلاصةال  

( على نطاق واستتل لدستتم ر الطال) الةتتلستت ) الد  PVالكهروضتتية )   الملاياتسُتتدم    

الكهروضتتية )    الملايافإح   ذلك،تضتتلأ صل تتى جنداد ع  كا يكيح ستتطزها النظاظ  ن  معا. وكل  

للغبار والأوستتاو ور ر ا كأ اللليتاا الد  تدرستتى على ستتطزها كلا يى ت جلى ت ل      كعرضتت)

ا ف   ال ماذي) وبالدال  ت   كماءتها. يلعى تأت ر ت  يم الغبار على ستتطا المل ) الةتتلستت ) عاكلاع  اكع

تم جظراء الع ي  كأ ال راستاا كأ كمدل    لذلك،.  الاندادل رتها على    وبالدال ، المل )،ت ل   كماءة 

 .الباحث أ لدطيير طرق ت     سطا المل ) لدزس أ ص اةها

  على المل ) الةتتلستت )  تم جظراء صربع) صن ل) تجريب ) لزالاا الد      ال راستت)،ف   ذه 

تدكيح   PV على وح ة (N / 44 ° 19' E' 1 ° 32) ال روف الل اخ ) للعراق ال ج ،ك ي )  ف  

وكماءة ، على الديال . ك    ل رة٪ صل تتى  20و   واط135كأ تلات) صلياح كهروضتتية ) ، ك  ك ها  

الزتالت) الطب ع ت)    كتالدتال :  . كتانتح حتالاا الد     الأربل   2(  0.95×    0.62ليح بتأبعتا   

الطري ت)   الزتالت) ال  تاستتتت ت)( والد  تم جظراا تا على الليحت) الكهروضتتتتية ت) الأولى ، وتم ت م تذ  

( كم( على الليح) الكهروضتتتتية ) الثان ) ح   تم  1و0.5بزجم    نيزلاا  باستتتتدم ا     )الل كان ك 

 نانيكدر كأ 700و400باستتتدم ا    ، تم تطب ق طلاء ال اني   ل  )/لدر1بستتتع)  تغذي) اللاء الل طر 

ZnO    على الليح) الكهروضتتتية ) الثالث) ، وكانح   (الل او  لللاء الماةق على الستتتطا النظاظ

ا تم تطب  تتى على نمل الليحتت)   -الطري تت) الأخ رة عبتتارة عأ كني  كأ الل كتتان ك تت) وال تتاني كعتتع

 .الطري ) الثالث) عل هااخذ نداة  الكهروضية ) الثالث) بع  الاندهاء كأ 

صح ندتاة  ظل ل الزتالاا يدم صختذ تا وتستتتتج لهتا  فعت) واحت ة والجهتاز التذت تم استتتتدمت اكتى 

الذت   Solar Modul Analyzer للز تي  على ظل ل ال داة  كأ الألياح الكهروضتية ) يستلى

  تم صختذ صربعت) صيتا  ف  الاعدبتار  يعط  ال دتاة  اللطليبت) كأ الطتالت) والكمتاءة والد تار والجهت  جل .

  للستتتاع)( ف  شتتتهر ييل ي لل راستتت) ، وتم اعدبار ال داة  اللثلى ف   25/7،   17/7،   8/7،   1/7 

 .ظهرا 12:00

صظهرا نداة  ال راستت) الزال ) صح استتدم ا  طري ) ال ك  صعطح صفضتت  ال داة  كأ ح   

كماءة وجنداد الطال) لليح) الكهروضتتية ) ب أ الأن ل) الأخر . تم تز  ق صل تتى ل ر كأ الكماءة 

 ال ك واط ، على الديال  ، لزال)   81٪ و  14.29الكهروضية ) الإظلال ) وجخراد الطال) بزيال   

. صعطح الطري ) الل كان ك ) صل تتى كماءة للطال) الكهروضتتية ) ونات     12:00ف  الستتاع)   كستتاءع

واا على الديال . ب  لتا صعطتح طري ت) طلاء ال تاني كمتاءة وجندتاد    79٪ و  13.81طتالت) بزيال   
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ا ، ح تتتتلتح الطري ت) الأولى ، و   الزتالت)   69٪ و  12.1طتالت) بزيال    واط على الديال . صخ رع

  65٪ ونتات  طتالت) حيال  11.47الطب ع ت) ، على صلت  ال دتاة  ب أ الزتالاا الأخر  ، بكمتاءة بلغتح  

 .واط

تدل ن طري ) ال ك  بأل تتتتى جنداد للطال) بالإضتتتتاف) جلى الكماءة ، ويرظل ذلك جلى كا ة 

ال اني ال ةتتط) ظ عا اللستتدم ك) للطلاء والد  تجع  الغبار ر ر لا ر على الالد تتاق على الستتطا 

الكهروضتية  بالإضتاف) جلى ل رتى ال تمري) على الدرط ى كلا يع   اللني  يدم اكد تاط الطال) 

اف) جلى الاستتدم ا  المعا  للمي اا كلا يى ت جلى جظراءاا الد     والدبري . ح  ح  ذه ، بالإضتت

٪ ، 60٪ على الديال  ، صكثر كأ الزتالت) الطب ع ت).  90٪ ،  70الطري ت) نستتتتبت) كمتاءة وطتالت) خرد  

٪ ، على الديال  ، صكثر كأ الطلاء. بال سب)  90٪ ، 70٪ ، على الديال  ، صكثر كأ الل كان ك ).  50

كم. صظهرا ال دتاة  صح    1و  0.5  تم استتتتدمت ا  لطر كت  كأ المدزتاا   الل كتان ك ،لزتالت) الد      

كم. لذلك ، ستتتيف تستتتد   ال داة  بأكللها على    0.5كم لها ص اء صفضتتت  كأ المي )   1المي ) ب طر  

 .كم 1لطر 
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 تحسين أداء الخلايا الكهروضوئية باستخدام طرق التنظيف المختلفة 

 أطروحة 

 مقدم إلى قسم تقنيات الهندسة الميكانيكية القوى

كاستفاء جزئي لمتطلبات درجة الماجستير في التقنيات الحرارية في تقنيات الهندسة 

 الميكانيكية للطاقة 

 

 اعداد 

صالح صفا فيصل   
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