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Abstract: Solar photovoltaic (PV) deployment is rapidly expanding around the world. However, the
soiling factor has an impact on its performance. Saudi Arabia has high solar irradiation and plans
to diversify its energy mix for electricity generation by deploying more solar PV across the country.
However, it is located in an arid and desert environment, making it a challenging project due to dust
accumulation on solar modules. The soiling and PV performance in Saudi Arabia are examined in
this paper. Furthermore, it highlights several mitigation techniques that can be used to maintain PV
performance through preventive and restorative measures. Furthermore, this study looks into the
size and characterization of dust in Saudi Arabia, as well as the entire life cycle of dust accumulation
on PV modules. In this review study, the performance of solar PV systems is evaluated under soiling
in different regions of Saudi Arabia. Depending on the local environment and other factors, the PV
performance has been reduced by somewhere between 2% and 50%. A single sandstorm reduced the
module power output by 20%. As revealed in Dhahran, the PV module was exposed to an outdoor
environment and not cleaned for 6 months resulting in a power drop of more than 50%. It is strongly
advised to clean PV panels once a month or fewer to maintain a high-performance system. However,
in the event of a dust storm, it is advised to clean the system immediately to avoid a major decline in
PV performance. The bi-facial PV solar panels technology associated with solar trackers and utilizing
robotic cleaning systems have maximized the received solar irradiation and minimized the soiling
loss efficiently. The most common elements found in dust particles are primarily derived from the
natural desert. It has been noted that the composition and sizes of dust particles depend heavily on
the location of the PV module. It is concluded that dust accumulation and cleaning costs are not a
significant barrier to large-scale, cost-effective solar PV deployments in Saudi Arabia, particularly
in the central region, which is considered a high-suitable region for utility-size PV plants due to
many factors. The results of this study are essential for enlightening the PV engineering community,
investors, and the research community about how soiling may affect regions with significant solar
potential, such as Saudi Arabia, and what potential soiling mitigation strategies may be considered to
maintain high-performance solar PV projects.

Keywords: soiling; losses; dust characteristics; dust size; Saudi Arabia; PV performance; mitigation
techniques; robotic cleaning; tracking system; Bi-facial PV

1. Introduction

Solar photovoltaic (PV) is growing at an extraordinary rate which brought the global
total to approximately 942 GW, including both on-grid and off-grid capacity by the end
of 2021 [1]. Solar PV growth continues to break records, with annual additions reaching
162 GW by 2022 as shown in Figure 1 [2].

Saudi Arabia is an oil-dependent country and relies entirely on fossil fuels to generate
electricity. Thus, as a part of Saudi Arabia’s 2030 vision, the country is targeting to diversify
the energy mix used in electricity generation and increase the share of renewable energy
and natural gas to around 50% each by 2030 [3].
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Figure 1. Annual solar PV capacity additions by application segment, 2015-2022 Source: IEA, Annual
solar PV capacity additions by application segment, 2015-2022, IEA, Paris https:/ /www.iea.org/data-
and-statistics/charts /annual-solar-pv-capacity-additions-by-application-segment-2015-2022, (ac-
cessed on 1 October 2022). IEA. License: CC BY 4.0 [2].

The motivation for this research is that Saudi Arabia plans to develop several solar
PV projects to supply its existing energy portfolio with clean energy sources, primarily
from solar PV. The deployment of solar PV across the country is associated with many
challenges including the soiling impact. Several grid-connected solar PV farms have been
developed or are under planning and development stages. For example, with an installed
capacity of 1.5 GW, a grid-connected PV power plant in Sudair, Saudi Arabia’s central
area, is considered to be one of the biggest solar PV facilities in the world and the largest
of its kind in the country [4]. Around 185,000 households will be powered by it, and it
will decrease 2.9 million tons of emissions annually. In 2019, a 300 MW solar PV project
developed in Sakaka was connected to the grid as Saudi Arabia’s initial project utilizing
renewable energy [5]. 91 MW solar farm is under construction in Layla, Riyadh province
which is expected to be fully operational by 2024 [6]. Known as Faisaliah Solar Power
Project, a giant PV plant of 2,600 MW installed capacity is proposed for the Makkah region
and is being developed by the Saudi Ministry of Energy in phases [7]. Figure 2 highlights
the status of solar PV projects in Saudi Arabia, including operational, under construction,
and planned solar PV projects with their power capacities [4,5,7-9].

The intermittent nature of solar radiation complicates energy management, particu-
larly in maintaining the production/consumption balance within an electrical grid [10,11].
Moreover, the output power of solar PV is influenced by various internal and external fac-
tors including the amount of solar irradiation [11-15], the type of PV technology [14,16-18]
tilt angle [13,14,19,20], shading [21-24], ambient and module temperature [24-30] and dust
accumulation [14,31-38].

In the case of Saudi Arabia, which is located in an arid and desert environment solar
PV farms become very challenging projects due to dust accumulation on solar modules.
Figure 3 illustrates the global distribution of ambient air pollution which can be greatly
influenced by sand storms mostly in areas nearby deserts where PM2.5 refers to fine
particulate matter with a diameter of 2.5 microns or less [39].
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Figure 2. The current status of Saudi Arabia’s solar PV projects, along with their respective
power capacities.
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Figure 3. Modeled annual median PM2.5 concentrations, as shown on a map of the world, in ug/ m3
Reprinted from WHO, Ambient Air Pollution: A Global Assessment of Exposure and Burden of
Disease, WHO, Exposure to ambient air pollution, 33, Copyright (2022) with permission from
WHO [39].

The objective of this study is to review the soiling and PV performance in Saudi Arabia.
It highlights the soiling challenges in utility-scale PV projects, current solutions, and future
perspectives in Saudi Arabia. The findings of this study are crucial for informing the
research community, investors, and PV engineers on how soiling may influence countries
with great solar potential, such as Saudi Arabia, and what potential soiling mitigation
strategies might be taken into consideration.

e  The following are the primary contributions of this research study: it offers a critical
review of the soiling impact on solar PV performance in arid and high solar irradiation
regions such as Saudi Arabia for the first time.

e  The results and recommendations concluded from this study are essential for enlight-
ening the PV engineering community, investors, and the research community about
how soiling may affect regions with significant solar potential, such as Saudi Arabia.

e It describes in detail various soiling mitigation techniques and highlights the benefits
and drawbacks of each technique, as well as which one is best suited for maintaining
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high-performance solar PV projects in such a hot and arid country. Current solar PV
projects in Saudi Arabia that have recently been implemented have been considered
and discussed.

e  This study will encourage researchers to focus more on the need for energy diversi-
fication and to broaden research on the effect of dust on PV modules in developing
countries like Saudi Arabia, which has a high potential for solar energy deployment
but has got limited research on these topics to date.

The structure of this research study is as follows: The life cycle of dust deposition on
solar panels is described in Section 2. Section 3 presents a detailed review of the soiling
impact on solar PV in Saudi Arabia. It deals with soiling sources and the PV performance
under soiling besides the dust particle size and composition in Saudi Arabia. In Section 4,
several mitigation techniques along with their advantages and disadvantages are reported.
Then, Section 5 discusses and investigates the implications of the research based on the
findings. Finally, Section 6 draws meaningful conclusions from this study.

2. Dust Formation Life Cycle on PV

The definitions of dust vary depending on how the study is applied in the literature. In
this study, dust is referred to as solid inorganic particles that are produced as a result of rock
weathering. The dust particle size has a diameter smaller than 500 um. Figure 4 depicts the
entire soiling process initiated by dust generation, including dust particle transportation
and dust deposition on PV panels, where some particles adhere and others rebound or are
removed and resuspended.
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Figure 4. Dust accumulation life cycle and interrelated factors.

In general, dust particles are generated from desert storms, industrial emissions,
vehicle exhaustion, construction sites, volcano eruption, pollen, air pollution, plant material,
and other anthropogenic sources [40].
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Global dust originated from different regions in the world which is mainly from desert
zones. Some of the major source regions are Arabian, and Saharan parts of North Africa,
Peninsula Eastern and Western China, Central Asia, South America, and Australia. The
atmospheric dust concentration of the Middle east is mainly from desert dust.

The phase of dust deposition on a PV surface depends on the particle matter and wind
speed. Based on the transport mechanism, the deposition of particles can be categorized
into three groups dry, wet, and shadow [41]. The dry mechanism took place when airborne
particles migrated to the ground surface, whether on people, vegetation, animals, or other
objects. Dry refers to the process, not the characteristics of the surface, that controls the
transfer of particles to the surface. Wet deposition is the interaction of particles with
atmospheric water. Shadow deposition is an intermediate mechanism between dry and
wet which has been attributed to cloud or fog droplets [41].

Soiling is a major issue that can degrade the PV performance. In addition, there
are many factors influencing dust settlement on PV modules including: site characteris-
tic, dust properties, wind, temperature, humidity, tilt angle, surface orientation and PV
surface property.

Electrostatic, van der Waals, and capillary forces all contribute to the adherence of dust
to a PV surface. Electrostatic force results in an adhesive force when the particles are moist
and close to one another. In the atmosphere, the dust particle hits each other and generates
an electric charge that results in the accumulation of more dust on the PV panels [42,43].

Minor dry dust particles adhere over a dry PV surface due to the van der Waals force,
which is considered the main force between a solid surface and a dry particle. In the dust,
the soluble matter dissolves in the condensation droplets then during the daytime they
will dry again and leaves a solid material bond between dust particles and the PV panel
surface that could be hard to remove. Even in the absence of the cementation mechanism,
the surface condensation causes capillary adhesion [44-47]. The adhesion forces (capillary,
van der Waals, electrostatic, and gravitational) all exist almost everywhere, but the strength
of their adhesion depends on the climate and the physical and chemical characteristics of
the dust particles.

3. Soiling Impact on Solar PV in Saudi Arabia

Saudi Arabia, which occupies the majority of the Arabian Peninsula and spans an area
of around 2 million km?, is situated in southeast Asia. Rahman et al. [48] studied the dura-
tion of sunshine and the yearly global horizontal irradiance (GHI) over 41 cities in Saudi
Arabia. Results indicated that the yearly sunshine duration is 3248 h, while the GHI varies
between 1.63 MWh/m?2/ year (at Tabuk, a northwestern region) and 2.56 MWh/ m?/ year
(at Bisha, a southwestern region). Figure 5 shows the annual average of GHI for the long
term obtained from the SolarGIS database [49]. The minimum yearly GHI is above the
average GHI in several leading counties in solar PV. Additionally, the GHI and sunshine
patterns follow the trend of energy demand. The most advantageous renewable energy
source for Saudi Arabia is solar energy, particularly during the summer when electricity
demand is at its highest and is mostly driven by air conditioning systems [12,50].

3.1. Soiling Generation Sources

Saudi Arabia is located in the Arabian Peninsula which is recognized as one of the
major sources of dust generation worldwide [51-53]. Due to Saudi Arabia’s location, which
falls inside the desert and arid areas whose precipitation rate does not surpass 50 mm,
the country’s atmosphere is mostly impacted by desert dust. The sandy regions in Saudi
Arabia are represented by the Empty Quarter (Rub” Al Khali), Al-Dahna, and Al-Nofuth
deserts, which spread in most provinces and cover more than 30% of the country [54,55].
The Empty Quarter, the largest desert on the Arabian Peninsula and one of the largest
sand deserts in the world, dominates most of southern and southeast Saudi Arabia. It is
regarded as the main local source of dust.
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Figure 5. The annual average of global horizontal irradiance. Reprinted from Solar resource maps of
Saudi Arabia, The World Bank, Source: Global Solar Atlas 2.0, Solar resource data: Solargis, Copyright
(2022), (CC BY 4.0) [49].

Other primary remote sources of dust in the country are the Iraqi Desert, for the
northern and eastern parts, and the Saharan Desert, for the western region of Saudi Arabia.
Furthermore, the sources of dust in the country are the eastern regions of Yemen, the eastern
part of Syria, and the plateau of eastern Jordan [52,56]. Due to the poor vegetation cover,
loosened soil, and lack of wind cohesiveness, sandstorms have increased. Regarding the
seasons, the major spread of dust storms is observed during the spring [54,56] and summer
seasons [52,55].

With 30 years of data, Labban and Butt [55] studied the relationship between dust
storms and meteorological parameters in Saudi Arabia. Results showed that sand and dust
storm events have the lowest correlation with precipitation and the highest correlation
with wind speed and temperature. Ground station Qaisumah (318 events) and Ahsa
(313 events), both in eastern Saudi Arabia, reported the largest number of sand storms per
year. In contrast, the lowest number of annual sand storms (10 events) occurred in Alwejh
and Alkhamis located in the western and southern regions, respectively, followed by Taif
(12 events) located on the western side of Saudi Arabia. According to the seasonal analysis,
Qaisumah (198 events) recorded the spring storm peak while Al Ahsa, which lies in the
east, reported the summer (90 events) and winter (60 events) storm peaks. On the other
side, the ground station in Gizan (51), which is situated South of Saudi Arabia, reports the
autumn peak.
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3.2. Solar PV Performance under Soiling in Saudi Arabia

The performance of solar PV may be affected by two factors in soiling circumstances.
The first factor is the dust particle’s size. Second, the accumulation of dust on the solar PV
surface, which affects the optical property [57]. In the atmosphere, if the dust particle is
greater than the solar irradiation wavelength then the radiation will scatter and will lead to
solar irradiation reduction. Therefore, dust particles will create a layer that can cause solar
irradiation to be absorbed or reflected. As a result, the module’s performance will decline
due to a drop in transmittance.

Several studies in the literature have examined the impact of soiling on solar PV
performance in several countries with high solar irradiation and soiling exposure, including
Morocco, India, Oman, Pakistan, Nigeria, and the United States.

In [33], the authors provide a comprehensive, detailed description and elaboration of
the evolution of soiling research in the solar energy field from 1942 to 2019. In [34], the
authors represent an updated survey on the effect of soiling on PV performance, as well
as a summary of the key contributions of this phenomenon in both Morocco and India,
and concluded that soiling can dramatically reduce the amount of solar energy received
by the panel. The authors in [35] have studied and investigated the soiling effect on solar
PV performance in six cities in Oman for one year. The reduction in PV output efficiencies
for the studied cities reached from 5.5% to 18%. In Lahore, Pakistan, the authors in [36]
observed that the soiling rate was around 0.8% per day for a 30° tilted panel which is among
the highest soiling rates reported for various urban locations throughout South Asia and the
Gulf region. Another more recent study examined the effects of soiling in Nigeria [37], the
authors investigated the effects of dust on four different PV technologies (Monocrystalline
Silicon, Polycrystalline Silicon, Cadmium Telluride, and amorphous Silicon). The findings
reveal significant losses, with a yield loss of 78.3% and efficiencies declining by 78% for
amorphous Si, 77% and 77% for cadmium telluride, 70% and 71% for polycrystalline, and
68.6% and 71% for monocrystalline Si.

The authors in [38] studied the soiling losses for solar photovoltaic systems in Califor-
nia, USA. Overall, soiling losses averaged 0.051% per day, with 26% of the sites experiencing
losses greater than 0.1% per day. Soiling losses were greater at sites with small tilt angles
(<5°).

In reference [58] a PV panel’s performance was evaluated after several months of out-
door exposure in Dhahran, KSA. They discovered that the PV panel’s efficiency degraded
on average by 7% per month.

The authors in [28] report a power loss of about 11.5% in a PV module after only 72 h
of outdoor exposure in Riyadh’s central region. A study by Salim et al. [29] examined
the long-term soiling effect on a PV system near Riyadh and found that after 8 months of
soiling, the solar modules’ performance had decreased by 32%.

In Thuwal, western region, the authors in [44] examined the effect of the soiling on
solar PV for outdoor exposure for a week. Due to the dust accumulation on the first day;,
they found that the transmittance reduction was 2%. They claim that the dust adhesion was
high the first time due to the surface electrostatic force. Figure 6 shows the transmittance of
the samples which decreases over time as a result of the continuous dust accumulation in
a week of exposure (the x-axis denotes the wavelength in nm and the y-axis denotes the
glass transmittance in percentage).

In [30], Said and Walwil investigated how dust accumulation affected the glass cover
of PV modules in Dhahran, Saudi Arabia. After 45 days of outdoor exposure, the results
exhibited that the dust deposition was 5 g/m?, the transmittance reduction was 35% and the
total transmittance reduction was 20%. Consequently, the power reduction was about 6%
in 5 weeks of exposure. The PV power output of the dusty modules concerning exposure
time is shown in Figure 7. The result is determined by dividing the weekly average daily
peak power output of clean modules by the weekly average daily peak power output of
dusty modules, and it represents the normalized weekly average daily peak power output
of dusty modules.
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Figure 6. Soiling and its consequence on transmittance over one week of exposure. Reprinted
from Solar Energy, 135, Al Shehri A et al., Impact of dust deposition and brush-based dry cleaning
on glass transmittance for PV modules applications, 320., Copyright (2016), with permission from
Elsevier [44].
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Figure 7. Normalized weekly maximum power output of dusty modules. Reprinted from Solar
Energy, 107, Said, Syed A.M. et al., Fundamental studies on dust fouling effects on PV module
performance, 331., Copyright (2014), with permission from Elsevier [59].

Figure 8 shows that, on average, the short circuit current has decreased by 13% after
5 weeks of exposure to the outdoors. For different exposure periods, the tilt angles of the
PV modules are investigated. It has been observed that the likelihood of removing some
dust particles would be increased by the high tilt angle. Figure 9 shows that increasing the
inclination angle decreases the amount of accumulated dust on the glass and improves the

glass transmittance.
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Figure 8. At noon, the I-V curves of the dusty and clean modules. Reprinted from Solar Energy, 107,
Said, Syed A.M. et al., Fundamental studies on dust fouling effects on PV module performance, 332.,
Copyright (2014), with permission from Elsevier [59].
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Figure 9. Dust deposition with tilt angle for various exposure periods. Reprinted from Solar Energy,
107, Said, Syed A.M. et al., Fundamental studies on dust fouling effects on PV module performance,
333., Copyright (2014), with permission from Elsevier [59].

Moreover, the authors have tested and compared the anti-reflective coated glass with
no coated plain glass and found that the coated glass showed less reduction in transmittance
due to the roughness of the surface.

In Rumabh, near Riyadh city, the authors in [60], investigated the soiling impact on
power loss for different solar PV technologies. The panels are oriented at a tilt angle of
15° concerning the zenith and are mounted 16° due south. The soiling loss rates of all the
technologies examined over a 30-day period ranged from 2% to 18%. Figure 10 depicts the
soiling losses of the different PV technologies. Concerning the rate of dust accumulation,
there is a strong seasonal pattern with losses of around 16% in April (dustiest) versus only
around 2% in July (least dusty). The soil weight on glass samples for each month has
been investigated under two positions: tilted to 15° and horizontal orientations. Figure 11
shows the soil weight for each month under the two orientations as a function of the
weeks of exposure. In summary, the accumulated soil weight correlates well with the dust
accumulation loss which has been modeled by the following simple exponential:

L(t)=1—¢"
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The coefficients are the value of a that best fits measured data by reducing the square
of the difference between the modeled and measured values for the month and technology
type. The properties of the model are:

Ls(0) =0and Ly — last — o

Adinoyi and Syed, in [31], studied the performance of six modules outdoors in
Dhahran, the eastern part of Saudi Arabia. The modules were tilted at Dhahran latitude of
26° and faced south. They have noticed that there is dust suspended in the atmosphere
which can scatter the solar irradiation in addition to the dust accumulated on solar PV
modules. The maximum power was recorded around noontime on a cloudless day, with a
radiation intensity of 800 W/m? or greater. Figure 12 demonstrates the power decreasing
continuously due to soiling. In March, a single sandstorm reduced the module power
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output of solar PV modules by 20% whereas in November, due to rainfall the power output
for all the modules increased to their highest values. Though from December to March a
weekly cleaning routine has been applied to all modules, therefore the power outputs of
the modules remained high. The power outputs started to decrease again as there was no
further cleaning from April. They concluded that if the PV module is exposed to outdoor
conditions and not cleaned for 6 months, the power output will experience a drop of more
than 50%. They also noticed that the decrease in power output is relying on the frequency
and density of the dust not only on the duration of the exposure.
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Figure 12. Daily peak power output (monthly averaged). Reprinted from Renewable Energy, 60,
Adinoyi M. et al., Effect of dust accumulation on the power outputs of solar photovoltaic modules,
634., Copyright (2013), with permission from Elsevier [31].

As illustrated in Figure 13, the solar tracker has improved the PV module perfor-
mance by halving the dust effect. At noon time PV module delivers its maximum power.
The maximum differences between the output of the two modules occur at sunrise and
sunset times.

Through field exposure of solar modules in Arar, north of Saudi Arabia, the author
in [61] has reported a decrease in both the short circuit current and the open circuit voltage
by 2.78% and 0.863% per day respectively due to dust deposition. Furthermore, a strong
correlation is observed between the tilt angle and dust accumulation on the glass cover of a
PV module.

In Madinah city, western Saudi Arabia the researcher in [62] has investigated the
impact of dust on IV characteristics and the efficiency of solar PV. The output power
loss reached 28% if dust accumulated up to 60 days of outdoor exposure. They have
concluded that even though rainfall has partially cleaned the module and minimized dust
accumulation, it cannot be counted on it for cleaning the modules since the rainfall is
occasional at Madinah during the year.
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Figure 13. The hourly power output of the solar tracker versus fixed stand. Reprinted from Renewable
Energy, 60, Adinoyi M. et al., Effect of dust accumulation on the power outputs of solar photovoltaic
modules, 635., Copyright (2013), with permission from Elsevier [31].

A recent study In [63], investigated the performance of clean and dusty solar PV
installed in Rabigh, the eastern part of Saudi Arabia. It has observed a significant drop in
solar PV performance when the thickness of dust accumulation is increased. It is concluded
that a cleaning system must be considered for PV panels in Rabigh to maintain a high-
performance solar PV system.

3.3. Dust Particles Size and Composition

According to several studies, the size and composition of dust vary from site to site
around the world. This can have an impact on dust accumulation and PV module perfor-
mance [58,64-66]. In rural locations, plants and vegetation as well as wind-blown dust
compounds are the main sources of dust particles, whereas, in urban areas, construction
sites and vehicle exhaust are the major sources.

Most of the dust studied from PV modules in Saudi Arabia’s neighboring countries,
including Qatar, the United Arab Emirates, and Kuwait is caused by wind-blown dust
containing calcite, dolomite, quartz, and feldspar. Moreover, since these countries border
the sea, sea salts can be found [46,67].

Because dust particle size and composition vary depending on location, a thorough
investigation of the soiling mechanism using analytical tools such as XRD, XPS, and
scanning electron microscopy (SEM) analysis is required to find more suitable cleaning
solutions for PV modules. Several studies have found that the particle composition can
vary even within the same location [46,59,66].

Said and Walwil, in [59], investigated various dust particles collected from solar PV
surfaces in Dhahran city. The highest concentration was discovered to be oxygen, followed
by silicon, calcium, iron, and sulfur. Calcite and quartz compounds account for more than
60% of dust particle content. In general, the study found that dust particles have a spherical
shape. They discovered that the majority of the particles have a size of less than 2 um and
can scatter solar irradiation.

Mehmood et al. [66] investigated the characteristics of dust that accumulated on PV
modules in the same location. They discovered that the dust particles were not evenly
distributed. It also has a small amount of Na and a large amount of Ca. Si, C, Fe, and
Mg are the other elements. It has been discovered that there is no standard size for dust
particles. Figure 14 below depicts the size distribution of the dust sample.
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Figure 14. Size distribution of the dust sample. Reprinted from Solar Energy, 141, Mehmood U. et al.,
Characterization of dust collected from PV modules in the area of Dhahran, Kingdom of Saudi Arabia,
and its impact on protective transparent covers for photovoltaic applications, 205., Copyright (2017),
with permission from Elsevier [66].

SEM morphological analysis of the dust sample reveals that the tiny dust particles
accumulated in clusters of about 1-2 um (Figure 15a). Due to the opposite charges’ ex-
istence, Figure 15b shows that small particles are joined to large particles. Moreover,
Figure 15¢ shows that flake-like particles which are rich in Ca and Si are also presented in
the dust sample.

Figure 15. SEM images of dust samples: (a) dust sizes (b) Adhesion to large particles, and
(c) Flake-like particles. Reprinted from Solar Energy, 141, Mehmood U. et al., Characterization
of dust collected from PV modules in the area of Dhahran, Kingdom of Saudi Arabia, and its im-
pact on protective transparent covers for photovoltaic applications, 205., Copyright (2017), with
permission from Elsevier [66].
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In addition, Adinoyi and Said [31] presented a study on the impact of soiling on solar
PV performance in Dhahran city. They studied the performance of six modules exposed to
the outdoor condition. The SEM revealed that the dust has irregular particle sizes. Using
Energy Dispersive Spectroscopy (EDS), the results show that O2 makes up the majority of
the dust composition (an average of 58%), followed by calcium, carbon, and Sulphur.

Similarly, [45] investigated the dust accumulated on the surface of the protective glass
of PV modules in Dammam, Saudi Arabia, which was collected every two weeks. The
SEM images of the soiling on a PV protective glass test surface were studied. The average
particle size was 1.2 um. The little dust particles become adhered to the giant particles as a
result of the forces created by charges acting on the various materials. The morphologies of
the dust particles varied, and some had flake-like structures, while others had sharp edges
and round corners. In general, Si, Ca, Mg, Na, K, S, O, and Fe were the most common
elements detected in dust particles regardless of size.

It can be concluded that the most common elements are oxygen, calcium, silicon,
magnesium, and iron, while the dominant components are quartz, calcite, and dolomite,
which are primarily derived from natural desert particles. It should be noted that the
composition and sizes of dust particles depend on the location of the PV module.

4. Mitigation Strategies

Several mitigation techniques have been discussed in literature aiming to mitigate the
challenge of PV soiling [44,46,68-74]. The cleaning techniques including manual, natural,
automated, and self-cleaning are illustrated in Figure 16.

Mitigation
Techniques

cleaning

‘ Super ‘
Water hydrophobic
Plane
‘ Super ‘
l Mechanized hydrophilic
plane

lectrodynamig
screen

. . Automated .
anual cleanin atural cleanin Self cleaning

Gravity

Figure 16. Dust mitigation techniques [69].

4.1. Manual Cleaning

In this case, the solar PV will be scrubbed and washed using rags and brushes to
restore cleanliness as shown in Figure 17. This approach is effective in removing the hard
soiling and cementations. However, it may cause an abrasive effect on solar modules
due to the direct brushing method. Moreover, this technique is considered an expen-
sive method mainly due to intensive labor requirements and a large amount of water
necessity [69,71,74,75]. This technique is only suitable for low-scale PV plants and will be
very tedious and challenging for workers due to the PV sensitivity and the height where
the module is installed [76].
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Figure 17. Manual cleaning [76].

4.2. Natural Cleaning

Natural phenomena, including wind, rainfall, and gravity, have an impact on removing
the dust from solar PV modules. Rainfall is an effective natural cleaning process that can
recover the performance of solar PV modules. The droplets that stay on the PV module can
cause adhesiveness on the module. The light rainfall tends to collect flying dust particles
and accumulate on the surface which leads to a decrease in the efficiency of the PV system.
In arid areas, this phenomenon is not regular and cannot be relied on [69,75].

Wind eliminates the dust particles from the PV module surface. Some factors play a
role such as the speed of the wind, direction of the wind, and module tilt angle. The wind
is a natural phenomenon like rainfall and being dependent on it for cleaning the modules
is not a good option especially when it is a low-speed wind since it will accumulate dust
on the PV surface and then deteriorate the system performance [42,77].

4.3. Automated Cleaning
4.3.1. Water-Based Cleaning

It is the most commonly used method of mitigating dust from solar PV surfaces [35,40].
Highly pressurized water (with detergent sometimes) is used to clean the surface and can
efficiently remove dust accumulation. However, water scarcity is an issue, especially in
arid and semiarid areas where solar irradiation is high. Moreover, for the hot PV panels
using water for cleaning could cause a thermal shock due to the water being cooler than the
PV surface. Moreover, when the PV panel surface is wet after cleaning, it may attract more
dust particles. Such drawbacks could be avoided by regulating the timing of cleaning [41].

4.3.2. Mechanized Cleaning

A variety of mechanical automated cleaning methods which include mechanical
wiping, robotic cleaning, drone brushing, blowing, and vibrating are utilized to clean the
PV module surface. These techniques minimize labor intensity and utilize automation
systems. At large-scale solar plants, robotic cleaning devices can move on their own to
clean solar panels, as illustrated in Figure 18 [44].
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Figure 18. Solar cleaning robot [78].

A quick, efficient, and water-saving cleaning solution for PV modules in solar power
plants is a tractor-mounted hydraulic arm as shown in Figure 19. It is made to be simple
and operated by a single person. Additionally, it is designed to be compact and portable
so that it may fit in places other cleaning equipment cannot and operate well in tight sites.
Moreover, it is easy to maneuver, park, and operate [45].

Figure 19. Tractor-mounted hydraulic arm [79].

Drones are an emerging technology in the solar PV sector due to their long-range
monitoring, efficient data logging, inspection reliability, and ease to control and access. It
is considered an alternative to fixed robotic and manual cleaning approaches. Recently,
drones have been utilized in monitoring, inspection, and cleaning of solar PV panels as
presented in recent research [80-82] A recent study [82] examines the efficiency of several
PV cleaning techniques for potential retrofitting into drones. The authors found that brush
and microfiber based-cloth wipers are the best-suited options for drone-based solar PV
cleaning due to their low weight, small size, and ease of use. Several commercial drones
are available for cleaning utility-scale solar PV farms. For example, Cleardron uses sensor
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fusion, computer vision, and artificial intelligence to detect and clean PV panels [83]. It
contains a glass cleaning device and a detachable container with cleaning fluid. Hercules
10 Spray drone [84] developed by Drone Volt equipped with a spray system and powerful
pump which spray up to 3 L per minute as shown in Figure 20. Furthermore, Aerial Power
which makes use of a drone’s downward airflow to clean the PV panel is a fast and waterless
cleaning method [85]. The key shortcomings of drones include the short flight period and
the required recharging time which could be overcome by customizing the power source
and optimizing the cleaning cycles. Using a drone for PV cleaning has various advantages
including its autonomy, and mobility, and is utilized on-need basis, hence eliminating
high-cost fixed installations as in robotic cleaning techniques. Additionally, based on
the cleaning approach utilized, drones can also offer a water-free cleaning method [82].
Cleaning solar panels with drones is currently in the research and development stages.

Figure 20. Solar panels cleaning using a spray drone [84].

The piezoelectric technique is used in the vibration technology to provide vibration
that cleans the module surface. With this method, the power efficiency of PV modules can be
restored to about 95% [73,86]. A programmable logical controller (PLC) and microcontroller
are used to run the wiper and brushes to clean the module. Similarly, the robotic cleaning
technique uses automation for module cleaning.

The drawbacks of these techniques include electrical energy requirements and the
high initial cost of such automatic systems. Additionally, the mechanized systems required
regular maintenance. The cleaning efficiency of the technologies is uncertain and may
prove to be not quite efficient in the case of high soiling case [75].

4.4. Automated Cleaning
4.4.1. Super-Hydrophobic Plane (SHOP)

This technique uses a chemical coating or screen layer that repulses dust particles back
into the air. It helps water-shedding without the energy needed as shown in Figure 21 [87].
SHOP has a low wettability, which makes it less likely for liquid droplets to adhere to
the surface. This helps to remove dust particles when it rains, enhancing efficiency and
improving cleanliness. SHOP is working more efficiently with rainfall to make this cleaning
effective [75]. The lifespan of this technology is limited and when subjected to a lot of
ultraviolet (UV) radiation, it may crack. The efficiency of using SHOP is still unconfirmed,
especially under various atmospheric conditions [69,71,75].
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Figure 21. Super Hydrophobic Coating on PV panel [87].

4.4.2. Super Hydrophilic Plane (SHIP)

Hydrophilicity can be expressed as contrary characteristics of hydrophobicity. SHIP is
a preventive approach that has a strong pull on the water while SHOP resists water [88].
The hydrophilic state of a module, represented by the contact between the liquid and solid,
can be achieved through the development of the module’s roughness. Hydrophilic surfaces
are created using titanium oxide nanofilm and glass surface fabrication via nanopatterning.
Water droplets on the hydrophilic surface are flattened and widely spread across the surface,
whereas water droplets on the hydrophobic surface do not spread and are mostly sphere
shaped on the surface [71]. The difference in contact angles between the droplet and the
surface for both hydrophilic and hydrophobic is shown in Figure 22.

Hydrophobic surfaces Hydrophilic surfac

Figure 22. Contact angle for hydrophilic and hydrophobic planes. Source: IOP Conference Series:
Materials Science and Engineering, Preliminary Tests for Ti-Mo-Zr-Ta Alloys as Potential Biomaterials,
IPO, DOI: 10.1088/1757-899X/374/1/012023, IPO. License: CC BY 3.0 [89].

The water droplet on the hydrophilic surface spreads and goes beneath the dust
particle, carrying it away, whereas the spherical droplet on the hydrophobic surface rolls
and picks up the dust particle [90]. When the surface coating begins to deteriorate due to
prolonged UV exposure, the hydrophilic surface can cause more dust accumulation.

4.4.3. Electrodynamic Screen (EDS)

An electrodynamic screen is a preventive method that utilized an electrostatic field
to prevent dust deposition on a PV module without the use of water or mechanical parts.
The EDS can restore over 90% of module performance in 2 min in dry, arid, and desert
environments [71,91]. EDS is a fast method of cleaning that needs a high voltage supply to
create an electrical field. The cross-sectional view of EDS is illustrated in Figure 23 [74,92].
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Figure 23. Electrodynamic screen cross-section view. Reprinted from Renewable and Sustainable
Energy Reviews, 22, Sarver T. et al., A comprehensive review of the impact of dust on the use
of solar energy: History, investigations, results, literature, and mitigation approaches, 698-733.,
Copyright (2013), with permission from Elsevier [73].

In a recent study [92], EDS removed more than 80% of lightly deposited dust, however,
when the dust strongly adhered to the panel, the cleaning system performed poorly. The
microcontroller with sensors is used to operate the EDS system. Though, UV exposure
has the potential to degrade the screen. High voltage was required for EDS, which could
reduce generation efficiency by 15% [75]. Moreover, it has been demonstrated that it is
ineffective for wet or cemented dust particles.

5. Discussion

In Saudi Arabia, desert dust is a major source of dust deposition on solar PV. This
is mainly due to the geographical location of Saudi Arabia which fall within arid and
semi-arid region. There are local dust sources including the Empty Quarter in the South
of Saudi Arabia besides remote sources including the Saharan desert which affect mainly
the western part of Saudi Arabia. The dust accumulation on solar PV modules depends on
various factors including the site location, precipitation, duration of exposure, wind speed
and direction, and panel tilt angle. From the literature review, it has been observed that
the dust accumulation on solar PV mainly increases as the duration of exposure increases,
especially in spring months where the seasonal analysis indicates that the spring sand and
dust storms peak which accordingly deteriorates the PV performance. Depending on the
local environment and other factors, the PV performance may be reduced by somewhere
between 2% and 50%. A single sandstorm reduced the module power output by 20%. As
revealed in Dhahran, the PV module was exposed to an outdoor environment and not
cleaned for 6 months resulting in a power drop of more than 50% [31].

According to previous studies it has been observed that the high tilt angle will improve
the probability of removing dust particles especially the large ones from solar modules.
However, this might reduce the output power as a result of missing the optimal tilt angle
which is supposed to yield the maximum output power. Therefore, it is important for PV
systems designers to select an optimum tilt angle that will minimize dust accumulation
and achieve the maximum amount of power available.

On the other side, compared to the fixed solar system, the solar tracker has been
demonstrated to reduce dust accumulation on PV panels and could boost PV performance
by reducing the dust effect by 50%. In our previous work in [15], grid-connected solar
PV systems with six tracking technologies were investigated and compared for Makkah,
Saudi Arabia. The results show that the two-axis tracking system can produce 34% more
power than the fixed-axis tracking system. In addition, the vertical axis with continu-
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ous adjustment demonstrated significant technical and economic performance and was
recommended as the best tracking system for Makkah city’s western region. Therefore,
utilizing such a tracking system could minimize dust accumulation and enhance the system
performance, especially for the potential 2.6 GW solar PV project in Faisaliah Solar Project
which is proposed for the Makkah region.

Seven solar PV technologies were tested in the central region under the same condi-
tions and their soiling loss rates varied. This is primarily due to variations in the module
properties, specifically the front cover’s texture.

In the context of mitigation strategies, self-cleaning techniques like superhydrophobic
planes and superhydrophilic planes rely on water to adequately clean the PV module. Due
to the limited yearly precipitation, it is not recommended to adopt this type of technology
in Saudi Arabia.

The authors of [60] calculated the levelized cost of energy (LCOE) of cleaning cost for
the Rumabh site in the central region for both manual and machine-assisted cleaning. They
found that the LCOE for machine-assisted cleaning is 50% less than for manual cleaning
which improves the overall LCOE by more than 1%. Al-Jawah, in [93], developed a decision
framework to assess PV power plant cleaning alternatives in Riyadh, Saudi Arabia. The use
of sprinklers, physical labor, and a PV panel cleaning robot was found to be the optimum
cleaning methods, respectively. Cleaning was suggested when the cleaning threshold (the
difference between clean and dusty panels) reached 3%, 8%, and 8% using sprinklers,
manual labor, and the robot, respectively. The author claimed that a site with higher solar
irradiation and higher dust accumulation is preferred to more than one with low solar
irradiation and lower dust accumulation.

Currently, the 300 MW Sakaka solar PV project which has an LCOE of US Cents
2.3417 /kWh (a world record-breaking as in February 2018) has a single-axis automatic
tracking system (from East to West) [5]. Moreover, the project employs a tractor equipped
with large brushes and water pumps for the cleaning system. Each row of modules will
be cleaned every 10 days on average to avoid soiling loss. The cleaning strategy in this
project has successfully maintained the average soiling losses below 1% [94]. The tractors,
however, require both manpower and water to operate. The tracking system used in this
project will help minimize dust accumulation while also improving PV performance by
tracking the path of the sun throughout the day. Additionally, with a very low LCOE, it
undoubtedly shows that investing in tracking and cleaning systems is feasible.

Regarding the 1.5 GW Sudair solar PV project in the central region, a bi-facial PV
solar panels technology will be employed while the solar modules will be equipped with a
tracking system. In addition, an automatic robotic cleaning system will be operated. This
project has recorded a significantly low LCOE of US cents 1.239/kWh (2nd lowest cost
globally for PV power generation as of April 2021) [95]. It is expected to be operational
by the end of 2022. Compared to the other 6 types of PV tested under soiling in [60], the
bi-facial PV solar panels technology has demonstrated the lowest observed soiling loss.
This is due to the fact that the back side of these panels is not subjected to soiling losses.
Moreover, Sudair PV project is utilizing a tracking system and a robotic cleaning system
which will maximize the received solar irradiation and minimize the soiling loss efficiently.

Giving to considerable studies conducted in Saudi Arabia and other arid regions,
including Bahrain [64], Oman [65], and a desert environment [66], it is strongly advised to
clean PV panels once a month or fewer to maintain a high-performance system. However,
in the event of a dust storm, it is advised to clean the system immediately to avoid a
major decline in PV performance. However, planning the cleaning cycles can be aided by
real-time soiling assessment and dust forecasting.

According to several studies and actual solar PV projects, dust accumulation and
cleaning costs are not a significant barrier to large-scale, cost-effective PV deployments in
Saudi Arabia, particularly in the central region, which is considered to be a high-suitable
region for utility-size PV plants owing to its favorable high solar irradiance, proximity to



Energies 2022, 15, 8033

21 of 25

populated areas, mild slope, and proximity to major roads, grid lines, and urban areas, as
determined by our previous study in [12].

6. Conclusions

When installing solar PV in an arid region with high solar irradiation, as in Saudi
Arabia, one of the challenging problems is soiling. Dust accumulation has the potential
to significantly reduce the performance of solar PV modules. The majority of the coun-
try is subject to desert dust, which is frequently produced by either domestic (like the
Empty Quarter in the South and Southeast) or overseas (like the Saharan desert in North
Africa) deserts.

This review began by describing the process of dust formation on solar PV panels.
The sources of soiling in Saudi Arabia were then investigated. A detailed review of the
literature was conducted for related studies investigating the performance of solar PV
under soiling from various regions in Saudi Arabia. Furthermore, the effect of PV panel
orientation on soiling losses and power output was highlighted in this review. Various
mitigation strategies have been thoroughly described, with the benefits and drawbacks of
each technique highlighted.

The study leads to the following conclusions:

1. Due to Saudi Arabia’s location in a dry, low-precipitation zone with vulnerability to
dust storms, the investment in cleaning solutions is advised and worthwhile given
the significant influence that soiling has on solar PV performance.

2. Soiling will not prevent the widespread deployment of PV plants in Saudi Arabia and
other arid regions if the proper cleaning methods are used.

3. The recommended cleaning cycles of PV panels for the central region in Saudi Arabia
and similar soiling environments are every month or less to avoid a substantial loss in
PV performance. Other regions may experience different soiling exposure which may
need different cleaning frequencies.

4. Inthe event of a dust storm, it is recommended that the system be cleaned as soon as
possible to avoid a significant decrease in PV performance.

5. Regarding the fixed solar PV modules, the tilt angle has a strong influence on accu-
mulated dust density. The high tilt angle has improved eliminating dust particles.
Nevertheless, this might reduce the output power as a result of missing the optimal
tilt angle. Therefore, PV systems designers have to adjust the tilt angle optimally
aiming to minimize dust accumulation and attain the maximum amount of power.

6. It is recommended that Saudi Arabia consider the solar tracking system because,
compared to a fixed solar PV system, the solar tracker reduces dust deposition on PV
panels and improves PV performance.

7. The solar PV projects have shown a considerably low levelized cost of energy for the
central region of Saudi Arabia. It makes use of bi-facial solar panels and is equipped
with a tracking system and a robotic cleaning mechanism.

8.  Self-cleaning strategies, such as superhydrophobic and superhydrophilic planes, could
help to further lower the frequency and cost of cleaning. They do, however, need
water to clean the PV module adequately. Due to the low yearly precipitation in Saudi
Arabia, this type of strategy may be inappropriate to consider.

Future research should consider the following directions:

1.  Using artificial intelligence and other techniques to forecast dust storms is a promising
strategy that will aid plant operators in making plans for the best cleaning operations
for solar PV modules.

2. The selection of the appropriate cleaning and mitigation techniques should be aided
by a deeper understanding of the dust properties and characteristics in the study area.

3. The development of soiling prediction models is crucial for feasibility studies and
future solar PV plant bidding initiatives.

4. More research is needed to determine how environmental factors such as humidity,
wind direction, and wind speed impact the efficiency of solar PV systems.
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One of the study’s limitations was the limited research on the soiling effect on solar
PV performance in Saudi Arabia. They have primarily targeted only several cities in Saudi
Arabia’s Central, Eastern, and Western regions. Furthermore, dust size and characterization
studies in Saudi Arabia were insufficient to comprehend the nature and characteristics of
dust particles throughout the country.
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