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Dust is one of the significant constraints in utilizing solar photovoltaic
systems under harsh weather conditions in the desert regions due to creating
a shadow that blocks solar irradiance from reaching solar cells and
consequently, significantly reducing their efficiency. In this research,
experimental study was performed to comprehend the nature of dust particles
and their impact on the electrical power output that is generated from
azimuth tracking solar PV modules under Sharjah environmental conditions
in winter season. According to laboratory experiments, the power losses are
linearly related to the dust accumulated density on the surface of the solar
panel with a slope of 1.27% per g/m2. The conducted Outdoor studies
revealed that the absolute reduction in output power increased by 8.46% after
41 continuous days with one low-intensity rainy day. The linear relationship
obtained from indoor experiments was applied later to estimate the dust
deposited density on the outdoor setup. The results showed that a regular
cleaning process every two weeks is recommended to maintain the
performance and to avoid the soiling loss. This work will help engineers in
the solar PV plants to forecast the dust impact and figure out the regularity of
the cleaning process in case of single axis tracking systems.
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1. INTRODUCTION

Recently, environmental impacts and rapid growth in energy demand have raised concerns in
utilizing solar power as a clean and renewable source for energy production around the globe [1]. The United
Arab Emirates, in addition to other Middle Eastern and North African countries, has a bright future for solar
energy deployment because of its strategical location in the global Sun Belt region. This location gave the
country high global irradiance in the range of 1900 to 2300 kWh/m2 [2]. The population growth, quick
industrialization, and rapid increase in water need from desalination plants have led to high energy demands
that require various solutions. As claimed by Business Monitor International, a significant rise is predicted in
the yearly power demand of the nation during the time interval from 2012 to 2021, parallel to this prediction,
the annual power consumption is expected to increase by 5.6% [3]. United Arab Emirates receives a high
exposure to solar irradiance since there are 350 sunny days out of 365 annually. The total energy obtained
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from the sun is approximately 6.5 kwWh/m2 per day and this amount is varying with respect to the location
and season.

Nevertheless, PV performance in the arid area such as the gulf region is affected by several
parameters like temperature, humidity ratio, average wind speed, and dust. Many previous studies
investigated the impact of these parameters in the region, especially in UAE [4], [5]. Mohandes et al.
investigated the effect of environmental factors using 500 W copper indium diselenide PVs in United Arab
Emirates. It was revealed that due to low temperature at night in the dry areas, the dew could quickly be
generated on the surface of solar panels and catch the dust particles accumulated in the atmosphere. Later on,
when the temperature rose during daytime, dew evaporated and left behind a layer of dust. Moreover, it was
concluded that the output power would decrease rigorously as the humidity increases. Due to the deposition
of dust, the degradation in output power will reach 10% in 5 weeks [6]. Nonetheless, dust accumulation was
already reported to be the major constrain in desert climates. Consequently, a 50% drop in the power has
been reported in 6 months if the system is left without cleaning [7], [8].

The existence of dust in the surrounding environment forms a shading effect that limits the arrival of
irradiance to the solar module and scatters it [9], the deposition of dust particles also tends to increase the
effect of shading and stops the irradiance from touching the PV panel, leading to increased solar PV
temperature which affects the efficiency of the cell and decreases its output electrical power [10]. Various
research works in this area proved that the deposition of the dust particles on the PV modules leads to a
remarkable drop in their performance [11]. The dust deposition rate on the solar panels relies on different
factors, these factors are the inclination of the panel, the speed of the wind, humidity ratio, and the
environmental conditions [12].

Dust-linked photovoltaics’ efficiency degradation is significantly affected by the properties of the
deposited dust. Enormous research work proved that the effect of the soil on PV power output mainly relies
on the particles’ physicochemical characteristics [13]-[20]. These research investigations introduced 15 types
of dust in the atmosphere, six of these types, which are ash, limestone, red soil, CaCo3, Sio2, and sand, are
confirmed that they significantly affect the Photovoltaics’ efficiency when compared to other types of dust
[21]. Chemical composition of dust affects interaction with the transparent glass, this interaction influences
the performance of solar panel dust removal techniques [22]-[24]. Several theories suggested that it is highly
possible to mitigate soiling by coating the Photovoltaic panel surface with a hydrophilic or hydrophobic
substance. Nevertheless, it was demonstrated that the strong adhesive energy between the soil particles and
the transparent glass surface is a complicated event and not uniquely dependable on the glass specifications.
Other factors are also considered such as particle properties and weather conditions. The mentioned theories
indicate the essential role of investigating the properties of accumulated pollutants [25].

The performance degradation that is mainly related to dust deposition is affected also by the shape
and size of the accumulated particles [26], [27]. Particle size is the main factor that causes solar irradiance
distribution and scattering, therefore, it deteriorates Photovoltaics’ efficiency. The considerable propensity
for large dust particles allow deposition of small particles due to low wind velocity [28]. Finer particles may
also lead to more deterioration of solar panels’ performance than larger particles for equal dust weight. Tiny
particles, which have bigger surface volume, can be scattered homogenously when compared to the coarser
and big dust particles. In general, there are few studies on the size and shape of dust deposited over solar
modules in the arid environment.

Hachicha et al. inspected the influence of the dust particles on the output power of solar modules
experimentally. The gathered dust from the experiments was variable in shape and size (between 1.61 to
38.40 um). Controlled lab tests showed that the electric power that is generated from the solar panels is
directly proportional to the dust density, indoor experiments showed that the system performance decreased
by a rate of 1.7 per g/m2 of the particles accumulated on the transparent surface [29].

Javed et al. checked the properties of the dust particles and the settlement rate with different periods
of exposure in Doha, Qatar. The authors examined the rate of accumulation of dust and the size of the
distributed particles. This work proved that the rate of accumulation increased proportionally with the
duration of the exposure until the point of relatively consistent values at steady exposure is reached for long
duration of time [8].

Adigiizel et al. gathered several shapes and sizes of coal pollutants and investigated their influence
on the output power of the PV panels. The experimental work proved that higher weights of deposited coal
particles decreased the efficiency of the system, which proportionally increased the energy loss. The
deposited dust with smaller diameter but constant weight increased the energy loss as it do not let more
radiation reach the surface of the PV cells unlike larger particles [30].

Gholami et al. performed a long experiment for 70 days to examine the influence of dust settlement
on the power deterioration of the PV panels. The experimental work revealed that 21.47% from the total
output power decreased due to the accumulation of 6.0986 gram per meter square after 10 weeks on the
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transparent glass of the solar panel with a total absence of rain [31]. Chang studied the efficiency of solar
modules by utilizing an azimuth tracking system. Results from the experimental work revealed that the
azimuthal tracking performance is better than the fixed mounted solar panels by 18.7% [32]. Al Mohamad
designed and studied the output power of one-axis tracking system. His experimental results showed a
remarkable improvement of 20% in the performance of the tracking system compared to normal solar panels
[33].

The paper is organized as follows: The introduction that shows the previous studies and research
work of dust impact, the experimental setup which is categorized into three parts, the outdoor experiments,
the indoor experiments, and the dust characterization experiments, and the PV performance and dust
characteristics.

2. RESEARCH METHOD

The experimental setup in the current study was installed on the rooftop of the W-12 building of the
University of Sharjah campus in Sharjah, UAE. Its location is defined by the geographical coordinates of
latitude: 25° 34’ N and longitude: 55° 42’ E. The study was conducted within 6 weeks starting from 29th of
January 2020 to 10™ of March 2020. Two strings consist of six typical polycrystalline silicon solar panels
where three series panels are on each string, each panel has a rating of 320 W and each string has a rating of
960 Wp per string as shown in Figure 1. Table 1 show the electrical specifications of the solar panels. The tilt
angle was fixed at 20 degrees during the investigation. The PV System has a tracking mechanism using one-
axis mobility and azimuthal tracking strategy in the east-west direction. Initially, both strings are cleaned
thoroughly by water and a complete day profile is recorded to determine the initial power difference between
the reference and experiment strings. Afterwards, the reference string is cleaned each time before recording
the data and the other string is left without cleaning to determine the impact of dust on its glass surface.
Equipment and devices from solar photovoltaics energy lab at the University of Sharjah were used to log the
output power from the system. A small calibrated monocrystalline silicon solar module from Fronius was
used as a solar irradiance sensor with an annual average tolerance of +5%. Regarding the ambient
temperature and module temperature sensor, PT1000 sensors with an accuracy of +0.8 °C were utilized. To
complete the private weather station, a cup anemometer with reed contact was employed to measure the exact
wind velocity with a tolerance of +5%. all sensors were installed with a data logger to collect the data. The
Profitest PV analyzer device from Gossen Metrawatt with a resolution of £5% and reproducibility of +2%
was used to measure and record the current-voltage and power voltage curves from both strings. The data
was collected each week from 9:00 am to 3:00 pm with a resolution of five minutes and sent directly to the
computer to analyze it.

Module
Temperature Sensor

Tracking Sensor

Profitest PV
Analyzer

Tracking Control Sensor Box
Box

Tracking Motor Computer
Figure 1. Outdoor experimental setup
For the controlled environment experiment, a clean energy trainer experimental setup from

Heliocentris was used. A small polycrystalline based solar panel of 1.2 W was utilized. A graded and
calibrated lamp that would provide the 1000 W/m2 at a distance of 30 cm simulated the sun. The dust was
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carefully weighted using a sensitive balance from RAD WAG with an uncertainty of £0.001 g and distributed
homogenously on the small PV panel utilizing a manual procedure. The tests were initiated by measuring the
reference 1-V and P-V curves with a clean panel. 2 g/m2 of dust was added each time to reach cumulatively
up to 14 g/m2. In our scenario, the small photovoltaic panel was fixed at a 20-degree tilt to be consistent with
the outdoor experiments.

Table 1. Electrical specifications of the solar panels

Parameter Value
Type Polycrystalline
Maximum Power 320 W
Maximum Voltage 371V
Maximum Current 8.63 A
Open Circuit Voltage 45.7V
Short Circuit Current 9.04 A
Weight 23 kg
Dimensions 1956*992*50 mm

The dust characterization was conducted by utilizing the real dust samples which are picked from
the dusty string in the system. The gathered dust was initially sent to the Advanced Materials Laboratory to
be analyzed. By checking an electron beam that is connected with the particles, Tescan VEGAS3 operated at
20 kV was utilized to perform the scanning electron microscopy (SEM) test. This test aims to receive a clear
visualization of the particles and their size. Maintaining the same SEM working voltage, X- Max 50 from
Oxford Instruments was used to achieve the energy dispersive X-ray spectroscopy analysis. The purpose of
the EDS test was to grant the discovery of the particles at the atomic level while exposing the sample to an
X-ray source. Due to the importance of analyzing the chemical composition of the dust particles, the X-ray
Fluorescence experiment was executed using the Horiba Microscope by determining the fluorescent radiated
from the particles after being exposed to a primary X-ray.

3. RESULTS AND DISCUSSION

The quantity of the dust settled on the transparent glass of the PV panels is mainly affected by
various influencers. For example, to optimize the solar irradiance that is received by the panel, the tilt angle
must be close or equal to the latitude of the location. Additionally, solar panels are usually adjusted to the
south direction in the northern part of the earth. Rainfall quantities and wind forces are influenced by the
weather status of the location and are difficult to be controlled.

Regarding this research work, results from the experiment work can be categorized into three major
categories. Initially, a dust sample, which is collected from the solar system, is sent to the X-ray lab to be
analyzed by its chemical composition and relative elemental concentrations. A controlled study in the lab is
then performed to determine the impact of dust on the PV power output and to find a correlation that relates
the dust density (g/m2) and power degradation. Finally, an outdoor study is conducted to investigate the
power deterioration that occurred due to accumulated dust under Sharjah weather conditions.

Gathered dust from the dusty string during the experiment was subjected to the X-ray analysis to
obtain the chemical composition and morphology of the particles. The size of the particles and their
arrangement on the transparent surface of the panel play an important role in creating shadow and
consequently decrease the power output from the panel. Finer and smaller dust particles show a tendency to
obstacle the irradiance beam with a few amount of gaps and thus significantly affects the PV performance
degradation [34]. The mentioned phenomena could easily be explained by assuming that tiny and soft dust
particles are homogenously dispersed when compared to the rough particles [35] and consequently lead to
diffusing the incident irradiation [34]. Under severe humidity weather conditions, the power drop could be
remarkably high and this occurs when finer particles stuck on the PV panel and form a sticky surface that is
difficult to clean using wind and air energies [36].

The SEM test in the advanced material lab showed that the settled dust particles on the solar string
are heterogeneous and not equal in the shape or size of the particles. Figure 2 represents the results received
from the SEM analysis at different magnification values. The size of the dust particles can be obtained by
using the scales on the bottom of the pictures, Figure 2(b) indicates that the average particle size can be
estimated to be 18 um.

The chemical composition analysis of the dust sample is a crucial test to understand the cohesion of
the particles on the surface of the solar panel and could help predicting the suitable cleaning technique. The
elemental composition of the dust sample was studied. EDS method was utilized to obtain the chemical
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composition of the dust particles. The results from the test in Figure 3(a) show a high dominancy of the
oxygen with a value of 45.3% followed by 29.3%, 8.8%, and 6.6% for carbon, calcium, and silicon
respectively.

'y - -

SEM HV: 20.0 KV WO: 16.74 mm SEM HV: 20.0 kV WD: 16.75 mm L1l VEGA3 TESCAN
SEM MAG: 1.00 kx Det: SE 50 pm SEM MAG: 3.00 kx Det: SE 20 ym
View fleld: 208 pm  Date(midly): 070820 Advanced Materisis Resesrch Lab View fleld: 60.2 pm  Dato(midly): 07/00/20 Advanced Materlals Research Lab

(@) (b)

Figure 2. SEM test for the dust sample, (a) At 1000x magnification, (b) At 3000x magnification

Furthermore, XRF analysis was implemented to determine the relative masses of the minerals in the
dust sample. The obtained data from the analysis in Figure 3(b) showed that the calcium oxide has major
mass when compared to other minerals with a value of 36.67% followed by silicon oxide or silica with an
amount of 30.79 and iron 111 oxide with an average of 11%. Although the elemental content of the particles is
mainly affected by the industrial activities in the surrounding environment, the received data from the
morphological tests proved that the dust is significantly rich with calcium oxide that is consistent with other
research works in the same geographical location [29], [31]. The dominancy of calcium and silicon oxide
minerals in the dust sample shows the high donation from CaCo3 and Sio2 sands in the United Arab Emirates
which normally transfers by the dusty wind that emerges from the gulf area [8], [29], [31].
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Figure 3. Dust sample analysis tests, (a) EDS, (b) XRF
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The chemical content of particles reveals a form of organic materials and inorganic materials that
have strong and weak solubility in water. During extreme weather conditions and elevated levels of humidity,
minerals which have high solubility generate droplets that contain the low solubility substances. After losing
the moisture, the droplets generate a dry and adhesive layer on the glass surface of the solar panel which
contains only the low solubility minerals. The chemical properties among the morphological characteristics
of the dust are a key factor that affect the ability of adhesive energy for the particles. Moreover, applying the
new coating techniques such as anti-reflective layers may help in decreasing the strength of the adhesive
layer of the dust particles on the module and consequently facilitate the soiling cleaning process [37].

In a controlled experiment, the impact of dust on the power degradation (AP) has been studied. The
collected dust from the outdoor experiment is weighted and homogeneously distributed on the examined
panel. The experiment starts with 2 g/m2 initially and then the weighted amount of dust is added to reach
14 g/m2 dust deposition. Three trails are conducted and the average values of theses trails are plotted in
Figure 4. A linear curve fitting is applied to get the relationship of power loss with respect to dust density.
This controlled experiment aims to find a relationship between dust settlement on the transparent surface and
the weight of the dust. An average power degradation of 1.27% per gram was observed with 17.77% at
14 g/m2. Thus, the dust deposition caused significant power degradation for the solar panel. The impact of
dust on the power degradation can be represented as (1):
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Figure 4. Power loss as a function of dust density

Besides the controlled experiment, an outdoor experiment has been set up to study the impact of
naturally deposited dust on the performance of single-axis tracking solar system. The desert climatic
conditions of Sharjah are extreme, so it is feasible to study it under real climatic conditions. Initially, both
strings are cleaned with water to remove any previous dust accumulation and record the power production
from both strings over a period of one day as shown in Figure 5. This is required to determine any
discrepancy in output power between both strings due to manufacturing or systematic error. Figure 6
illustrates that both strings follow the irradiance profile and it was observed that there is a difference of
1.46% in output power.

A set of data was collected on 3™ of Feb., 13" of Feb., 18" of Feb., 24" of Feb., 3" March, and 10%"
March. On 3" of Feb., initially, the first half of the day was densely clouded with mild clouds during the
afternoon. The 13™ and 24™ of February had weather conditions with mild clouds in the first half and
partially clouded in the afternoon. The 18" of February had partial clouds throughout the day passing from
the test site. The 3™ and 10" of March were clear sunny days.

The comparison between the output power and the corresponding irradiance profiles are shown in
Figure 7. Initially, at the beginning of the experiment, the difference in the power production between the two
strings is 1.46%. This difference is deducted from the observed power difference to get the absolute power
difference as (2):
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where Pcean represents the output power from the daily cleaned reference string and Pausty €xhibits the output
power in the dusty string. It is noteworthy that all measurements in this experiment for the two strings were
obtained during the same time and exact weather conditions and consequently, the impact of other

environmental influencers like ambient temperature, wind

speed, and humidity are canceled out which makes

the quantity of the dust settled on the string’s surface to be the only effective factor in the comparison.
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After five days, the absolute power difference is

measured to be 1.08% followed by 2.59% after 15

days. The difference in the output power (3.94%) was observed at the end of 20 days followed by 4.67% after

Experimental study of the impact of dust on azimuth tracking solar PV in... (Mohamed A. M. Abdelsalam)



3678 O ISSN: 2088-8708

26 days. It is worth mentioning that a mild rain hit the site during the experiment period and as a result,
power degradation was less than expectations at that stage. After 34 days, the power degradation was 6.48%
while it was 8.47% after 41 days. The summary of the results is presented in Table 2 and Figure 8.

Table 2. Experimental results for the effect of dust study

Day Irradiance Temp.amb  Wind Speed ~ Temp.Panel Pmax_Ref Pmax_Dusty AP Total no. of
Units W/m? °C m/s °C W W % Days
29 Jan. 796.14 23.50 1.32 45.97 617.00 607.98 0 0
03 Feb. 822.54 23.73 8.82 40.79 672.10 655.04 1.08 5
13 Feb. 851.12 22.77 4.58 43.31 675.01 647.69 2.59 15
18 Feb. 802.24 29.78 191 50.79 625.43 591.65 3.94 20
24 Feb. 848.96 32.63 1.65 56.01 625.17 586.85 4.67 26
03 Mar. 956.16 27.37 7.61 47.46 743.03 684.02 6.48 34
10 Mar. 948.72 28.54 3.88 51.90 725.13 653.16 8.47 41
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Figure 8. Summary of dust effect

The main aim behind performing the indoor experiment is to come up with a mathematical
relationship that connects the dust quantity to the deterioration of electrical power production which leads
indirectly to estimating the amount of dust on the outdoor setup. By utilizing the extracted formula from the
controlled experiment, the amount of dust on the real system after 15 days was 2.04 g/m2 approximately
followed by 3.10 g/m2 after 20 days of exposure. The dust quantity after 26 days, 34 days, and 41 days was
estimated to be 3.68 g/m2, 4.75 g/m2, and 6.67 g/m2 respectively. It is worthy to indicate that after 15 days,
the absolute power drop was equal to 2.59% and in order to avoid this loss in the electrical power, a periodic
cleaning for the system every two weeks is recommended due to the significant issues that the lack of
cleaning can lead to such as increasing the module temperature and the sticky dirt accumulation which is
hard to clean.

In Saudi Arabia, Said and Walwil investigated the effect of dust fouling on the transmittance of the
PV module glass cover. The PV modules were tilted by 26 degrees and exposed for 45 days. The results
showed the average output power drop after five weeks without any cleaning process or raining event was
approximately equal to 6% [38]. Touati et al. investigated the impact of environmental conditions on solar
PV efficiency in Qatar's environment. The experimental studies revealed that the performance of the PV
panels reduced by around 10% after 100 days due to dust deposition on the surface of the PV panels [4]. In
Upper Egypt, Abdeen et al. measured the reduction in output power at various tilt angles compared to dust
accumulation which is represented as the number of days [39]. The results showed that the degradation of the
power output increased for low tilt angle and was equal 9.2% when the tilt angle was 15 degrees. Utilizing
high tilt angles such as 45 degrees reduced the dust deposition on the surface and consequently decreased the
reduction in output power to 4%. In Athens, the capital city of Greece, Kaldellis, and Kokala examined the
impact of dust on a fixed system with a tilt of 30 degrees. The key finding of the research work was that the
output power reduced by 6.5% in a period of eight weeks [40]. The comparison of the current study with
other research work is represnted in Table 3.
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Table 3. Comparison with other research works
Paper Location Orientation Duration Results
Saudi The average output power drop without any cleaning process was
381 arapi - )
rabia approximately equal to 6%.
[4] Qatar Fixed 100 days The efficiency of the PVs reduced by around 10% due to dust deposition.
. 9.2% decrease in the power output when the tilt angle is 15.
[39] Egypt Fixed,15,45 63 days 4% decrease on the pgwer outpﬁt when the tilt anglge is 45
[6] UAE Fixed,30 Five weeks ~ The power drop after 5 weeks was approximately equal 10%
The experimental study proved that the reduction in output power is

increased by the rate of 12.7% and the dust density increased by 5.44 g/m2
[40] Greece Fixed, 30 Eight weeks  6.5% power output reduction
Current UAE Azimuth
Study Tracking, 20

Fixed, 26 Five weeks

[8] UAE Fixed 25 Five months

41 days 8.47 % power degradation for 41 days

4.  CONCLUSION

Dust settlement on the glass cover of the solar panels is one of the crucial obstacles in utilizing Solar
Photovoltaics systems under harsh weather conditions in desert regions such as United Arab Emirates. The
productivity of solar energy technologies is mainly reduced by dust accumulation within the daily exposure
periods. In this research study, an experimental examination was performed to measure the dust particles'
ability to settle on the surface of the PV modules in Sharjah and to study the nature of these pollutants by
performing a series of outdoor and indoor experiments. According to the dust characterization data, the
deposited dust on the solar panels has heterogeneous size and shape which was approximately less than or
equal to 18 um. That led to significant impact on power degradation. Dust deposition is the key factor that
influences the electrical properties of the Solar panels combined with other factors such as wind speed,
temperature, and rain that happened during the testing days. The controlled laboratory experiments showed a
linear relationship between the absolute difference in generated power and the deposited dust on the panel
surface with a slope of 1.269% per g/m2. This relationship was used to estimate the dust density on the
outdoor setup under Sharjah's real weather conditions. After 41 days of exposure, the power drop of the solar
panel increased by 8.46% which is equal to 0.21% per day. Rainfall played an essential role to increase the
generated electric power from the solar panels by reducing dust accumulation. Nevertheless, few dust
particles show a tendency to form a sticky layer on the panel surface and may not be easily cleaned. In order
to avoid output power degradation, solar panels should be cleaned every two weeks. This experimental study
is an essential contribution in illustrating the nature of the dust particles and its impact on PV output power
on tracking systems in Sharjah city and other arid areas. The work can be used to predict the efficiency of
solar panels under harsh weather conditions. Furthermore, it may be utilized as a resource to design and
conceive strong soiling mitigation technologies and dust cleaning techniques.

ACKNOWLEDGEMENTS

This experimental study was financially supported by the University of Sharjah through the research
project grant #18020403119. The authors would like to thank the Advanced Materials and Solar
Photovoltaics Laboratories at the University of Sharjah for their help and support in conducting this research
work.

REFERENCES

[1] T. Sarver, A. Al-Qaraghuli, and L. L. Kazmerski, “A comprehensive review of the impact of dust on the use of
solar energy: History, investigations, results, literature, and mitigation approaches,” Renewable and sustainable
energy Reviews, vol. 22, pp. 698-733, Jun. 2013, doi: 10.1016/j.rser.2012.12.065.

[21 A. Mokri, M. A. Ali, and M. Emziane, “Solar energy in the United Arab Emirates: A review,” Renewable and
sustainable energy Reviews, vol. 28, pp. 340-375, Dec. 2013, doi: 10.1016/j.rser.2013.07.038.

[3] A.Juaidi, F. G. Montoya, J. A. Gazquez, and F. Manzano-Agugliaro, “An overview of energy balance compared to
sustainable energy in United Arab Emirates,” Renewable and sustainable energy Reviews, vol. 55,
pp. 1195-1209, Mar. 2016, doi: 10.1016/j.rser.2015.07.024

[4] F. Touati, M. Al-Hitmi, and H. Bouchech, “Towards understanding the effects of climatic and environmental
factors on solar PV performance in arid desert regions (Qatar) for various PV technologies,” in 2012 First
International Conference on Renewable Energies and Vehicular Technology, 2012, pp. 78-83,
doi: 10.1109/REVET.2012.6195252

[5] S. Rehman and I. EI-Amin, “Performance evaluation of an off-grid photovoltaic system in Saudi Arabia,” Energy,
vol. 46, no. 1, pp. 451-458, Oct. 2012, doi: 10.1016/j.energy.2012.08.004.

[6] B. M. A Mohandes, L. EI-Chaar, and L. A. Lamont, “Application study of 500 W photovoltaic (PV) system in the
UAE,” Applied Solar Energy (English translation of Geliotekhnika), vol. 45, no. 4. pp. 242-247, 2009,

Experimental study of the impact of dust on azimuth tracking solar PV in... (Mohamed A. M. Abdelsalam)



3680 O ISSN: 2088-8708

doi: 10.3103/S0003701X09040057.

[71 M. Adinoyi and S. Said, “Effect of dust accumulation on the power outputs of solar photovoltaic modules,” Renew.
Energy, vol. 60, pp. 633-636, Dec. 2013, doi: 10.1016/j.renene.2013.06.014.

[8] W. Javed, Y. Wubulikasimu, B. Figgis, and B. Guo, “Characterization of dust accumulated on photovoltaic panels
in Doha, Qatar,” Solar Energy, vol. 142. pp. 123-135, 2017, doi: 10.1016/j.solener.2016.11.053.

[9] H. A. Kazem, M. T. Chaichan, A. H. Alwaeli, and K. Mani, “Effect of Shadows on the Performance of Solar
Photovoltaic,” in Mediterranean Green Buildings and Renewable Energy, Cham: Springer International
Publishing, 2017, pp. 379-385, doi: 10.1007/978-3-319-30746-6_27.

[10] A. Pandian, K. Bansal, D. J. Thiruvadigal, and S. Sakthivel, “Fire Hazards and Overheating Caused by Shading
Faults on Photo Voltaic Solar Panel,” Fire technology, vol. 52, no. 2, pp. 349-364, Mar. 2016,
doi: 10.1007/s10694-015-0509-7.

[11] S. Pulipaka, and R. Kumar, “Analysis of soil distortion factor for photovoltaic modules using particle size
composition,” Sol. Energy, vol. 161, pp. 90-99, Feb. 2018.

[12] J. K. Chesnutt, H. Ashkanani, B. Guo, and C. Y. Wu, “Simulation of microscale particle interactions for
optimization of an electrodynamic dust shield to clean desert dust from solar panels,” Sol. Energy, vol. 155,
pp. 1197-1207, Oct. 2017, doi: 10.1016/j.solener.2017.07.064.

[13] R. Appels et al., “Effect of soiling on photovoltaic modules,” Solar energy, vol. 96, pp. 283-291, Oct. 2013.

[14] H. Jiang, L. Lu, and K. Sun, “Experimental investigation of the impact of airborne dust deposition on the
performance of solar photovoltaic (PV) modules,” Atmospheric environment, vol. 45, no. 25, pp. 4299-4304, Aug.
2011, doi: 10.1016/j.atmosenv.2011.04.084.

[15] J. J. John, S. Warade, G. Tamizhmani, and A. Kottantharayil, “Study of Soiling Loss on Photovoltaic Modules
With Artificially Deposited Dust of Different Gravimetric Densities and Compositions Collected From Different
Locations in India,” IEEE J. Photovoltaics, vol. 6, no. 1, pp. 236-243, Jan. 2016.

[16] J.Kaldellis and P. Fragos, “Ash deposition impact on the energy performance of photovoltaic generators,” J. Clean.
Prod., vol. 19, no. 4, pp. 311-317, Mar. 2011.

[17] J. K. Kaldellis, P. Fragos, and M. Kapsali, “Systematic experimental study of the pollution deposition impact on the
energy yield of photovoltaic installations,” Renewable Energy, vol. 36, no. 10, pp. 2717-2724, Oct. 2011,
doi: 10.1016/j.renene.2011.03.004.

[18] J. Kaldellis and M. Kapsali, “Simulating the dust effect on the energy performance of photovoltaic generators based
on experimental measurements,” Energy, vol. 36, no. 8, pp. 5154-5161, Aug. 2011.

[19] T. Khatib, H. Kazem, K. Sopian, F. Buttinger, W. Elmenreich, and A. S. Albusaidi, “Effect of dust deposition on
the performance of multi-crystalline photovoltaic modules based on experimental measurements,” International
Journal of Renewable Energy Research., vol. 3, no. 4, pp. 850-853, 2013.

[20] S. A. Sulaiman, H. H. Hussain, N. S. H. N. Leh, and M. S. Razali, “Effects of Dust on the Performance of PV
Panels,” World Academy of Science, Engineering and Technology., vol. 58, no. 2011, pp. 588-593, 2011.

[21] z. A. Darwish, H. A. Kazem, K. Sopian, M. A. Al-Goul, and H. Alawadhi, “Effect of dust pollutant type on
photovoltaic performance,” Renewable and Sustainable Energy Reviews., vol. 41, pp. 735-744, Jan. 2015,
doi: 10.1016/j.rser.2014.08.068.

[22] Kazmerski et al., “Fundamental Studies of Adhesion of Dust to PV Module Surfaces: Chemical and Physical
Relationships at the Microscale,” IEEE J. Photovoltaics, vol. 6, no. 3, pp. 719-729, May 2016, doi:
10.1109/JPHOTOV.2016.2528409.

[23] Mazumder et al., “Environmental degradation of the optical surface of PV modules and solar mirrors by soiling and
high RH and mitigation methods for minimizing energy yield losses,” in 2015 IEEE 42nd Photovoltaic Specialist
Conference (PVSC), 2015, pp. 1-6, doi: 10.1109/PVSC.2015.7355973.

[24] M. N. Horenstein, M. K. Mazumder, R. C. Sumner, J. Stark, T. Abuhamed, and R. Boxman, “Modeling of
Trajectories in an Electrodynamic Screen for Obtaining Maximum Particle Removal Efficiency,” |EEE
Transactions on industry applications., vol. 49, no. 2, pp. 707-713, Mar. 2013, doi: 10.1109/T1A.2013.2244192.

[25] Kim et al., “Effects of relative humidity and particle and surface properties on particle resuspension rates,” Aerosol
Sci. Technol., vol. 50, no. 4, pp. 339-352, Apr. 2016, doi: 10.1080/02786826.2016.1152350.

[26] M. El-Shobokshy and F. Hussein, “Effect of dust with different physical properties on the performance of
photovoltaic cells,” Sol. Energy, vol. 51, no. 6, pp. 505-511, Dec. 1993.

[27] S. Pulipaka, F. Mani, and R. Kumar, “Modeling of soiled PV module with neural networks and regression using
particle size composition,” Sol. Energy, vol. 123, pp. 116-126, Jan. 2016, doi: 10.1016/j.solener.2015.11.012.

[28] B. Weber, A. Quifiones, R. Almanza, and M. D. Duran, ‘“Performance Reduction of PV Systems by Dust
Deposition,” Energy Procedia, vol. 57, pp. 99-108, 2014.

[29] A. A. Hachicha, I. Al-Sawafta, and Z. Said, “Impact of dust on the performance of solar photovoltaic (PV) systems
under United Arab Emirates weather conditions,” Renew. Energy, vol. 141, pp. 287-297, Oct. 2019,
doi: 10.1016/j.renene.2019.04.004.

[30] E. Adigiizel, E. Ozer, A. Akgiindogdu, and A. E. Y1lmaz, “Prediction of dust particle size effect on efficiency of
photovoltaic modules with ANFIS: An experimental study in Aegean region, Turkey,” Sol. Energy, vol. 177,
pp. 690-702, Jan. 2019.

[31] A. Gholami, I. Khazaee, S. Eslami, M. Zandi, and E. Akrami, “Experimental investigation of dust deposition
effects on photo-voltaic output performance,” Sol. Energy, vol. 159, pp. 346-352, Jan. 2018,
doi: 10.1016/j.solener.2017.11.010

[32] T. Chang, “Output energy of a photovoltaic module mounted on a single-axis tracking system,” Appl. Energy,

Int J Elec & Comp Eng, Vol. 11, No. 5, October 2021 : 3671 - 3681



Int J Elec & Comp Eng ISSN: 2088-8708 O 3681

(33]
[34]

[35]

(36]

[37]

(38]

[39]

[40]

vol. 86, no. 10, pp. 2071-2078, Oct. 2009.

A. Al-Mohamad, “Efficiency improvements of photo-voltaic panels using a Sun-tracking system,” Appl. Energy,
vol. 79, no. 3, pp. 345-354, Nov. 2004.

H. Qasem, T. R. Betts, H. Miillejans, H. Al-Busairi, and R. Gottschalg, “Dust-induced shading on photovoltaic
modules,” Prog. Photovoltaics Res. Appl., vol. 22, no. 2, pp. 218-226, Feb. 2014.

J. Tanesab, D. Parlevliet, J. Whale, T. Urmee, and T. Pryor, “The contribution of dust to performance degradation
of PV modules in a temperate climate zone,” Sol. Energy, vol. 120, pp. 147-157, Oct. 2015,
doi: 10.1016/j.solener.2015.06.052.

A. Sayyah, M. N. Horenstein, and M. K. Mazumder, “Energy yield loss caused by dust deposition on photovoltaic
panels,” Sol. Energy, vol. 107, pp. 576-604, Sep. 2014.

D. Goossens, “Wind tunnel protocol to study the effects of anti-soiling and anti-reflective coatings on deposition,
removal, and accumulation of dust on photovoltaic surfaces and consequences for optical transmittance,” Sol.
Energy, vol. 163, pp. 131-139, Mar. 2018.

S. Said and H. Walwil, “Fundamental studies on dust fouling effects on PV module performance,” Sol. Energy,
vol. 107, pp. 328-337, Sep. 2014.

E. Abdeen, E. S. Hasaneen, and M. Orabi, “Real study for Photovoltaic system performance in desert environment-
Upper Egypt-case study,” in 2016 Eighteenth International Middle East Power Systems Conference (MEPCON),
2016, pp. 843-847.

J. Kaldellis and A. Kokala, “Quantifying the decrease of the photovoltaic panels’ energy yield due to phenomena of
natural air pollution disposal,” Energy, vol. 35, no. 12, pp. 4862-4869, Dec. 2010.

Experimental study of the impact of dust on azimuth tracking solar PV in... (Mohamed A. M. Abdelsalam)



