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Abstract

This paper presents a comprehensive review regarding the published work related to
the effect of dust on the performance of photovoltaic panels in the Middle East and
North Africa region as well as the Far East region. The review thoroughly discusses
the problem of dust accumulation on the surface of photovoltaic panels and the
severity of the problem. Moreover, a survey of the most advanced cleaning
techniques is presented, and their applicability is evaluated. There are plenty of
techniques that have been used to remove the dust accumulated on the surface of
PV panels, and these include manual and self-cleaning methods. However, it is
concluded from the presented review that there is a strong need for developing
new cleaning methods especially for the Middle East and North Africa region, which
do not consume water and have low capital and operational costs with less human
intervention, especially for hot, arid, and dusty regions.
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Introduction

Renewable energy versus nonrenewable energy

Nowadays, the world energy consumption is soaring, and it is projected to increase fur-
ther in the upcoming decades. Nonrenewable energy sources such as fossil fuels pro-
duce about 80% of the world’s energy, thus leading to the rapid depletion of the
natural resources, and the pace of extraction is only set to increase, which may lead to
an inevitable energy crisis. Furthermore, environmental concerns are rising, as the ex-
traction and burning of fossil fuels emanates greenhouse gases into the atmosphere,
leading to global warming and its disastrous unpredictable effects [1]. Therefore, it is
extremely crucial to conserve energy and utilize available energy resources at max-
imum possible efficiency. For example, the Middle East region possesses more than
50% of the known oil reserves around the world; therefore, economic instabilities
around the world arise, which affect the whole geopolitical system. Overexploitation of
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these fuels is leading to the exhaustion of these resources. Accordingly, the current en-
ergy system cannot be maintained for more than two generations [2].

To avert an energy crisis and mitigate the effects of climate change, then it is exceed-
ingly important to steer away from traditional nonrenewable energy resources and shift
towards renewable energy on a wide scale [3, 4]. Moreover, in order to establish a sus-
tainable global development, with the global population boom and high living expenses,
it is increasingly vital to rapidly adopt renewable and cleaner energy sources, as the
main sources of energy and to improve energy efficiency and mechanisms that make it
attractive to utilize new technology. Renewable energy is the most promising solution
to the aforementioned problems, as the increasing popularity of renewable sources all
around the world has led to a remarkable contribution of closing the energy gap to a
good extent. A combination of volatile conventional fuel prices, global warming, and
pollution is a driving investment in electricity generation plants based on renewable en-
ergy, especially in Sunbelt countries. For instance, the oil crisis that occurred in the
USA during the 1970s was the main reason to focus on harnessing solar energy as a
main source of heat and power in order to be extensively used [5].

Solar energy and PV panels

Nowadays, the solar energy is considered as a promising renewable energy source; it is
regarded as one of the leading solutions for the world’s skyrocketing energy demand,
where nonrenewable sources of energy are rapidly depleting. It is projected that solar
energy is going to be the primary source of energy in the upcoming decades, replacing
traditional nonrenewable energy sources, since it is renewable, abundant, relatively in-
expensive, clean, and safe, in addition to its longer durability. Solar energy—harvesting
devices are becoming increasingly widespread due to their unlimited and infinite energy
source, their easy installation, maintenance, and the tremendous increase in the devel-
opment of the panel energy conversion efficiency [6]. It was found that the total energy
consumption on Earth in 1 year is likely equivalent to the incident solar energy on its
surface during just 1 hour [7].

Middle East and North Africa (MENA) and Far East

By 2050, the wind power will be the dominant power generation source, after which,
comes the solar PV panels as shown in Fig. 1. The solar PV panels could produce 25%
of the total electricity demand worldwide, becoming one of the most eminent and lead-
ing electricity sources. Accordingly, the electricity sector will be altered and will
undergo some rearrangement. Yet, managing the volume of decommissioned PV panels
and preventing the PV modules’ deterioration are necessary in order to grow the global
PV market share. This could be achieved using new methods to reduce material usage,
decay, and module deterioration in addition to introducing new techniques, which are
capable of reprocessing and recycling the PV panels at the end of their lifespan [8].

The MENA region is one of the most promising territories for the development of
solar energy due to its exceptional solar irradiation potential where most of the tropical
countries are taking advantage of this and starting to invest in the renewable energy
sector. The solar and wind energies are taking the lion’s share of the contributions to
the renewable energy sector [8]. Among the MENA countries are the Gulf Cooperation
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Fig. 1 Share of the different sources of energy in the global electricity generation (left) and installed power
(right) starting from 2016 up to 2050 (8]

Countries (GCC). The GCC is a regional political and economic union consisting of all
the Arabian countries bordering the Gulf except Iraq, namely: Kuwait, Qatar, Oman,
Bahrain, Saudi Arabia, and the United Arab Emirates. The GCC countries started
undertaking several efforts in investing in renewable energy sources in the 1970s. The
research and the prototype projects first started in Kuwait, followed by Saudi Arabia in
the 1980s; United Arab Emirates in the 1990s; Bahrain, Oman and Qatar in the 21st
century [9]. The first large solar energy project in the region was the full solar air-
conditioned British School in Kuwait using PV and solar thermal applications in the
1970s. This project was under the supervision of Kuwait Institute for Scientific Re-
search. Another project was conducted in Saudi Arabia in the 1980s by the King Abdu-
laziz City for Science and Technology organization (KACST), which is an independent
scientific organization that played a significant role in developing solar energy tech-
nologies throughout the Kingdom of Saudi Arabia since 1977. Another project con-
ducted by KACST is the Solar Village PV system 350 kW (2155 MWh) to provide AC/
DC electricity for remote areas in the period from 1981 to 1987. Through the same
period, KASCT and Energy Research Institute (ERI) conducted multiple projects con-
cerning developing of solar cooling laboratories in Saudi universities [9]. The United
Arab Emirates also started investing in renewable energy in the 1990s by Masdar Com-
pany. Another project of full PV operated fuel filling station was conducted at Al Hora
area in Manama, Bahrain in 1980 (with the aid of Bahrain Petroleum Company and
now the Sustainable Energy Unit) [9]. The reason behind the GCC passion for
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renewable energy extensive use is that these countries are blessed with an exceptionally
high solar irradiance and energy. For example, the annual average solar irradiance is
equivalent to 1.1 barrel of oil per millimeter squared [10]. Moreover, in the recent
years, investment in solar development in some African and Arabian countries such as
Egypt, Libya, Algeria, and Morocco, as well as the Far East region has increased, thanks
to numerous projects, whether under construction or upcoming projects [11]. The in-
stalled capacity of photovoltaics, the growth rate, and the target of installed power in
the future in the MENA region and the Far East are shown in Table 1. In the past few
years, the PV industry had witnessed dramatic changes, since China became the largest
producer for manufacturing of PV cells and solar modules, followed by Japan and India.
Furthermore, in 2017, China became the largest market regarding total installed PV
power capacity, when it succeeded to surpass the European Union in terms of total in-
stalled power [17]. In 2018, about 71% of the new PV electricity generation systems in
the world were installed in China [17].

Nowadays, most of the world’s efforts are focused upon improving the performance
of PV panels, in order to increase the PV energy production. Nevertheless, these efforts
are not quite sufficient. There is an increasing concern towards finding new means to
mitigate the factors that can reduce the efficiency of the PV modules. Among these

Table 1 Summary of solar capacity in some of the MENA and the Far East countries

Countries Installed capacity = Growth rate Target References

China 205 GW (2019) 1.022-205 GW 370 GW (2024) [12-14]
(2010-2019)

Japan 61.84 GW (2019) 359-61.84 GW 150 GW (2030) [12,15]
(2010-2019)

India 34.83 GW (2019) 0.065-34.83 GW 100 GW (2022) [12,16]
(2010-2019)

Korea REP 10505 GW (2019) 0.650-10.505 GW 308 GW (2030)  [12,17]
(2010-2019)

Thailand 29 GW (2019) 0.049 MW-2.98 GW 100 GW (2030) [12,17]
(2010-2019)

United Arab Emirates (UAE) 1.78 GW (2019) 0.011-1.78 GW 21 GW (2030) [12,18]
(2010-2019)

Egypt 1.64 GW (2019) 0.015-1.64 GW 229 GW (2030)  [12,19]
(2010-2019)

Pakistan 1.33 GW (2019) 0.009-1.33 GW 27 GW (2047) [12, 20]
(2010-2019)

Algeria 045 GW (2019) 0-045 GW 13.6 GW (2030) [12,17]
(2010-2019)

Saudi Arabia 0344 GW (2019) 0.002-0.344 GW 41 GW (2032) [12,21]
(2010-2019)

Morocco 0.206 GW (2019) 0.014-0.206 GW 2 GW (2020) [12,22]
(2010-2019)

Indonesia 0.198 GW (2019) 0.015-0.198 GW 6.4 GW (2025) [12,17]
(2010-2019)

Libya 0.005 GW (2019) 0.004-0.005 GW 0.5 GW (2025) [12, 23]

(2010-2019)
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factors is the soiling effect [24], which is caused by the accumulation of dirt and dust
on the surface of solar PV modules, especially in the MENA and the Far East regions.
The effect of dust accumulation on the surface of the PV panel is being given much
scrutiny nowadays, as it can dramatically decrease the energy production of solar mod-
ules [25].

The objective of this research is to emphasize the impact of dust on the performance
of PV panels installed in the MENA and the Far East regions. A summary of dust effect
on the performance of PV panels in some countries of the MENA and the Far East re-
gions is presented. Also, a review of the different cleaning techniques available in the
market is presented. Moreover, the feasibility and applicability of each system is exam-
ined based on the MENA region environment.

Dust accumulation

Dust accumulation on the PV panels is an area of growing concern for the reliability of
solar panels; dust mitigation of solar photovoltaics is a main aspect of maintenance re-
quired for enhanced and longer yield performance of PV panels. Wind sweeps dust and
dirt onto the solar panel surface, causing the dust to cover the entire panel, which will
impair the PV module production level because as the dust accumulates onto the
panel’s surface, it decreases its transparency by preventing the sunrays from reaching
the panel’s surface. Consequently, the output power and the efficiency of the PV panel
decreases resulting in decreasing the performance, as well as shortening the lifetime of
the solar panel [26-28].

Dust intensity around the world
The pattern of dust distribution and dust intensity around the world is illustrated
in Fig. 2, where the darker the region gets, the more significant the dust intensity
is. It was noticed that the MENA region countries are most affected when it comes
to dust mitigation, leaving regions such as parts of Asia as the next critically af-
fected places [29].

The MENA region is the dustiest in the world [30]; Iraq, Sudan, the Persian Gulf,
and Saudi Arabia experience the greatest number of rampant dust storms around the
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Fig. 2 Dust intensity around the world [29]
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world [31]. During the summer, most of the dust storms carried by the Shamal winds
are mainly reported in Iran, the Persian Gulf, Syria, the southern Arabian Peninsula,
and Iraq, while in winter, the Mediterranean parts of northern Egypt experience the
dust storms. Besides, the Mediterranean parts of northern Egypt, southern Egypt,
Jordan, western Iraq, Lebanon, and northern Arabian Peninsula experience dust storms
mainly during the spring season [32].

Dust frequency around the world

The Sahara Desert is famous for being the biggest mineral dust source in the whole
world, in the range of 60 to 200 million tons per year. It was found that the emitted
dust in the Sahara desert is about a whopping 400% as much as the dust percentage in
the Arabian deserts [33]. The MENA, North East Asia, and South West Asia are the re-
gions with the highest dust storm frequencies. The Northern Iraq region between the
Tigris and Euphrates rivers and along the Syria—Iraq border experience the highest dust
density in the Middle East [33]. The global pattern of dust frequency according to the
synoptic weather records for the period from 1974 to 2012 [34] is presented in Fig. 3.

Dust and sand storm paths in the MENA region

Dust and sand storm paths and source clusters in the MENA region are demon-
strated in [35]; there are six main sand and dust storm paths dominated by the cli-
mate in the MENA region [35]. In terms of dust storms paths, it has been
reported that frontal dust storms occur across Israel, Jordan, and the northern Ara-
bian Peninsula, while “Shamal” dust storms usually take place in Iraq, Kuwait, and
some parts of the Arabian Peninsula [36]. In terms of dust frequency [33], it has
been reported that the greatest number of dust storms overall occur in Iraq,
Sudan, the Persian Gulf, and Saudi Arabia. There is no doubt that the Sahara des-
ert is the major natural dust source on Earth, from which most of the North Afri-
can dust storms originate. This dust can be conveyed by excessively high wind
speeds for long distances over hot desert areas, reaching very high altitudes. Never-
theless, every year, countless tons of dust are carried away at relatively low alti-
tudes across the Atlantic Ocean to the Caribbean Sea and southeastern United
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Fig. 3 The global pattern of dust frequency according to the synoptic weather records for the period of
1974 to 2012 [34]
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States, as reported by the studies of the satellite images. On the other hand, the
Middle East region experiences anthropogenic dust sources in addition to the nat-
ural sources, which is 300% as much as the anthropogenic dust sources [33]. Due
to the changes in land usage during the previous decades, there has been a re-
markable increase in some anthropogenic dust sources such as Southern Sahel, the
Mediterranean coast, and the Atlas Mountains sources.

Causes of dust accumulation

The energy production of PV panels is profoundly affected by several factors, such as
the wind speed and direction, solar irradiance, shading, temperature, cleanliness, air
pollution, etc.. A slight change in the climatic conditions affects the solar irradiance as
well as the ambient temperature, thus, leading to differences in the output energy ob-
tained from the PV panels [37—40]. The dust, which can be measured in micron layers,
can accumulate over a certain period on the PV panels based on the environment, dust
type, location, and installation of the solar plant [41]. The PV panel’s tilt angle also in-
fluences the rate of dust deposition on its surface and it was found that a tilt angle of
26° is the optimum tilt angle for the solar panels located in the city of Hangzhou, China
[42]. A detailed view of the causes for dust accumulation is demonstrated in Fig. 4.

The solar panel’s efficiency is influenced by the size and the weight of the dust parti-
cles deposited on the panel’s surface. The relationship between the power losses from
the PV panel and the mass of the dust accumulated on its surface has been deeply in-
vestigated by plenty of studies [43]. It was concluded that there is a linear relation be-
tween the two variables; as the size of the deposited dust particles gets smaller, the
more the radiation on the PV module surface is blocked and, consequently, the more

prominent the decrease in the power output is [44]. Some types of deposited pollutants
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Fig. 4 A detailed view of the causes for dust accumulation [29]
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include ash, red soil, sand, silica, etc.. These pollutants are affected by various environ-
mental factors such as air temperature and humidity, along with the wind speed; these
factors play a significant role in altering the size, phase, physical and chemical proper-
ties of these pollutants, in addition to how it accumulates on the panel’s surface [45].
Air pollution may decrease the panel’s energy yield substantially, even if the PV panels
are exposed to the outdoor environment for a short period of time [46]. Several re-
searchers investigated the effect of changing the tilt angle on the soiling effect and the
efficiency of the PV panels [39, 47]. It was concluded that there is a relationship be-
tween the tilt angle and the soiling effect; the soiling effect increases as the tilt angle of
the solar panel decreases, or in other words, the soiling effect increases as the solar PV
panel becomes increasingly horizontal, as shown in Fig. 5 [47]. This analysis can be as-
sociated with the fact that gravity supports the dust removal process, while as the tilt
angle decreases, the effect of the gravitational force on removing the accumulated dust
declines. This accumulated dirt, due to soiling, causes shading of the PV modules, and
consequently, the obtained output power decreases. However, if the modules are

cleaned, the output power rebounds again [48].

Intensity of the dust problem in the MENA and the Far East regions

It is shown that most of the studies regarding dust accumulation and the soiling effect
on PV panels emerged mainly from Asia, as shown in Fig. 6. Saudi Arabia is reported
to be the country with the largest number of researches and studies that are investigat-
ing the soiling effect on PV panels, around the whole world [49].

There are two major reasons that could explain the dominance of Asia in dust accu-
mulation studies on the PV panel surface. First of all, Asia was responsible for a huge
chunk of all newly added PV installations, accounting for about a staggering 60% of
new PV installations all around the world [50]. Secondly, there are huge arid and semi-
arid regions in Asia [30, 51]; Asia is considered to be one of the most arid, windy, and
dusty environments in the world, where the interaction of dust with the clouds has a
great impact on Asia’s regional climate, and Africa is considered to be one of the worst
sand and dust accumulation regions on Earth and there are many proposals that sup-
port renewable energy collaboration between Africa and the European Union countries
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Fig. 5 Soiling losses at different tilt angles [47]
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Fig. 6 Contribution percentage of different continents to the studies of the impact of dust on PV
panels [49]
A

[52]. Unfortunately, there is a significant lack of corresponding studies in Africa, as the
share of studies conducted in Africa is roughly 12%. On the other hand, Europe is
ranked as the second continent in conducting dust accumulation studies, where the
share of published studies is around 23%, which is almost twice that of the surveyed
studies in Africa. However, this relatively small percentage of studies conducted in Eur-
ope, when compared with Asia is considered to be normal and of no surprise, since
Europe does not experience huge dust storms as compared with Asia and the MENA
region [52]. A summary of the effect of dust accumulation on the PV panel’s perform-
ance in different locations in the MENA and the Far East regions is presented in Table
2. The presented values of efficiency deterioration and power degradation are based on
actual measurements, and the variation in the presented values is due to the location
and time of measurement. The soiling effects are crucial and significant for the Middle
East, North Africa, and the Far East regions. It can be concluded, based on the data
presented in Table 2, that the problem of dust accumulation over the PV panels is quite
severe in the MENA and the Far East regions. The monthly deterioration in efficiency
in Egypt can range from 11 [53] to 17% [54, 55], which means that the PV panel effi-
ciency can drop by 50% in a period of 3 to 5 months, which indicates that it is neces-
sary to clean the PV panels, in order to preserve the efficiency and maintain a reliable
energy output. This immense deterioration of efficiency in Egypt holds for many other
countries in the MENA region as well as in the Far East (e.g., Pakistan). The monthly
deterioration in the PV panels’ efficiency in Pakistan due to dust accumulation can vary
from 16 [88] up to 57% [86], which is quite large and again indicates that more re-
search should be done to minimize dust accumulation over PV panels. The maximum
and minimum values for monthly reduction in the PV efficiency in different countries
based on Table 2 are presented in Fig. 7. It is clear that the monthly reduction is high
and sometimes can reach 65%. This will significantly affect the output energy obtained
and payback period. That is why it is important to clean the PV panels in a periodic
manner with less resources and low cost.

Soiling mitigation techniques
The soiling effect is now recognized as a threat that greatly affects the solar PV effi-
ciency, and cleaning of the PV panels should not be ignored, as it leads to a significant
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Table 2 Summary of selected reports of dust effects on the performance of PV panels in some
countries of the MENA and the Far East regions

Location Period of Observations Reference

study
Egypt: 6 months The decrease in efficiency for an amorphous silicon solar cell is [53]
Helwan 66% after 6 months without cleaning.
Egypt: 7 months Decrease in the PV output of about 17.4%/month. [54]
Helwan
Egypt: Beni 3 months The overall power capacity dropped by more than 50% [55]
Suef compared with the reference PV panel which was cleaned

regularly.

Egypt 21 days 5% reduction of the output for 15° tilt angle. [56]
Egypt All the performance parameters due to the dust accumulation on  [57]

the PV modules are degraded relative to that of the clean
module. Also, the worst-case performance is recorded for the ce-
ment-dust accumulation as the power is reduced by 67% com-
pared with the clean module and 40% reduction in efficiency.

Libya Feb-May 2011 The polycrystalline PV panel power output was reduced by 50%.  [58]
However, this reduction decreases in the range from 2 to 2.5% by
weekly washing.

Saudi Arabia 6 months The PV panels lost 40% of their efficiency. [59]
Saudi Arabia 1 month, 6 33.5% and 65.8% reductions in efficiency after 1 month and 6 [60]
months months, respectively.

Saudi Arabia: 6 months A power decrease of about 50% can occur in reference to PV [61]
Dhahran modules when they are left uncleaned for 6 months.

Saudi Arabia 1 year 7% efficiency reduction per month for PV panels [62]
Saudi Arabia, 2 months A power decrease of about 28% in a PV module. [63]
Madinah

Kuwait 6 days 17% of PV power is lost due to dust deposition on PV modules.  [64]
Kuwait 3 months A total soiling loss of 45.8% was noticed for the city Azda and [65]

42% for Sawda after 3 months of operation.

Kuwait monthly It was noticed that under the effect of dust accumulation in April, [66]
May, October, and December, the PV panel efficiency
experienced a significant decrease by 15.07%, 13.74%, 10.685%,
and 8.742%, respectively, compared with the PV panel cleaned on

a daily basis.
Qatar 1 month 15% PV energy yield decrease. Moreover, the soiling loss, can [67]
reach up to 68% without rain or cleaning after 234 days.
Qatar 8 months 50% degradation of power output was recorded due to an 8- [68]
month exposure without cleaning.
Qatar, Doha 140 days Efficiency loss of the PV panel over 80%. [69]
Irag: 2 weeks Leaving the system exposed to external conditions for 2 weeks,  [70]
Baghdad caused losses of 22% of its efficiency.
Iraq: 34 days Maximum losses of the output power due to accumulation of [71]
Baghdad dust on the fixed solar panels is about 31.4% and 23.1% at tilt
angles 30° and 45°, respectively.
Iraq: 1 month The dust accumulation on the surface of PV panel causes [72]
Baghdad decrease in the performance about 35-65% for 1T month
accumulated time.
Irag: Daily, weekly The average degradation rate for solar modules exposed to the [73]
Baghdad and monthly dust was 6.24% for 1 day, 11.8% for 1 week, and 18.74% for 1
month.
Iraq: 1 month Power output decreased by around 26% when the panels were [74]
Baghdad not cleaned for 1 month.
UAE 5 weeks The output power reduction after 5 weeks was about 10%. [75]
UAE 1 year 70% of PV efficiency degradation was recorded when the PV [76]

module was not cleaned for over a period of 1 year.
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Table 2 Summary of selected reports of dust effects on the performance of PV panels in some
countries of the MENA and the Far East regions (Continued)

Location Period of Observations Reference
study

Oman 3 months A decline in the productivity of the PV module up to 35-40% [77]

(Northern) after exposure to the weather conditions for more than 3 months

Adrar, Algeria 2 months The output power decreased by as much as 28.62% after [78]

exposure to the outdoor climate for 2 months.

Morocco, 9 days The soiling rate can reach up to 18% for a period of exposition of [79]

Rabat 9 days starting from 25 July 2016.

Morocco 1 week The soiling effect can reach up to 12% for the glass samples. [80]

However, the soiling effect can reach up to 35% after only 1
week for the mirror type.

Palestine 1 week 5 to 6% decrease in the solar panel efficiency [81]

Iran, Tehran 10 months Air pollution can reduce the energy output of solar module by [82]
more than 60% in Tehran.

Iran, Tehran 70 days A power reduction of 21.47% [83]

East China 1 week The average dust density is 0644 g/m?, and the dust reduces the [84]
output power of photovoltaic modules by 7.4%.

Indonesia, 2 weeks Reduction in power output was around 10.8% and a decrease in  [85]

Surabaya output power during cloudy conditions of more than 45%.

Pakistan 6 weeks Efficiency of the PV panel tilted at 33° decreased dramatically by  [86]
86%.

Pakistan, 3 months Monocrystalline and polycrystalline PV modules showed about [87]

Taxila 20% and 16% decrease of average output power, respectively.

Pakistan, 3 months The drop in efficiency due to dust accumulation on [88]

Bahawalpur polycrystalline PV modules was less in June and July when

compared with that in August. The average output power was
reduced up to 18% for August, 22% for June, and 16% for July.

Pakistan 24 h The modules mounted at a tilt angle of 20° showed a soiling loss  [89]
of 0.981% while the soiling loss decreases to 0.889% at a higher
tilt angle of 33.5°. On the other hand, the module mounted at 0°
tilt angle had the maximum soiling loss equivalent of 2.015%.

Thailand, 2 months The performance ratio of the PV panels due to accumulated dust  [90]
Bangkok was reduced by 1.6-3% after 1T month exposure to dust
accumulation. This ratio was reduced to 6-8% after 2 months
exposure.
India: Delhi 1 month After 10 days of no cleaning, the energy generation reduced by  [91]

15% of the generated energy when panels were properly
cleaned; after 15 days of no cleaning, it reduced by almost 25%
in the examined case. It was also observed that the dust
deposition in heavily polluted environment stick to the panel,
and dry cleaning alone is not sufficient.

India: Gujarat, 8 weeks The efficiency was reduced by 44% after 8 weeks of dust [92]
Surat accumulation, and the transmissivity was reduced by 50%.

India, 100 days It was found that the soiling loss during the non-monsoon days  [93]
Mumbai is reduced by 35-40%.

Nepal 5 months The efficiency of modules was reduced by 29.76%. [94]
(Kathmandu)

reduction in power and efficiency. Dust accumulation is a continuous challenge for
solar PV panels, particularly in desert areas. Mega Solar Parks and Ultra Mega Solar
Parks are sited mostly in the desert-prone areas for their sheer size, and they are likely
to be more vulnerable to dust accumulation, when compared with those in urban areas.
Soiling mitigation techniques of PV panels [95, 96] can be classified into two types of
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Fig. 7 Maximum and minimum monthly reduction in PV panel efficiency, due to dust accumulation for
some countries in the MENA and Far East regions

cleaning methods, which are manual cleaning and self-cleaning. A schematic diagram
of the different soiling mitigation techniques is presented in Fig. 8.

Manual cleaning of PV panels

Manual cleaning is accustomed mostly to water cleaning techniques by labor. The
cleaning techniques are chosen according to the location of the plant and the availabil-
ity of water resources. This method uses manpower in order to remove bird wastes,
and cemented dust from the surface of the PV panel. Besides, this method is considered
efficient if arranged according to a regular and proper schedule [97]. Nevertheless, this
method has several drawbacks. Not only does the manual cleaning of PV panels require
qualified, professional, and well-trained labor to remove the hard soiling, which makes
this method relatively costly [98], but also the labor safety, health considerations, and
government-related regulations, as well as the high cost of water, maintenance, cleaning
detergents and systems are several aspects that need to be considered thoroughly [98].

| Soiling mitigation methods W

Manual cleaning by labour ‘ Self-cleaning ‘

Passive Active Passive and active

’ Natural cleaning ‘ ‘ Water cleaning ‘ Antistatic coating with
\ mechanical vibrations

Super hydrophobic Mechanical
surface cleaning
T
Super hydrophilic Electrodynamic
surface screen
\
Mechanical
vibrator

Fig. 8 Different soiling mitigation techniques
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However, using the cleaning tools should be handled in a proper way or else, the PV
panel surface might be subjected to severe damage. Moreover, manual cleaning is not
adequate, in case the PV modules are located at high altitudes and unreachable areas.
Water cleaning is shown in Fig. 9. An example of labor manual cleaning is illustrated
in Fig. 9a, which is a water and time-consuming technique that is not always safe, as
the operator may damage the delicate material on the surface of the panel with excess
pressure of water or abnormal weight during cleaning. Therefore, self-cleaning methods
are developed to solve the challenges of labor cost and the difficulty of cleaning un-
reachable areas. Heliotex technology is shown in Fig. 9b [99], which is also a method of
cleaning the PV panel by automatically rinsing and washing the PV surfaces using pres-
surized water, in addition to being programmed frequently or whenever is necessary ac-
cording to the surrounding environment. Such techniques are difficult to implement in
Mega Solar Parks and Ultra Mega Solar Parks. The severity of the dust problem arises
and increases due to the lack of natural cleaning methods like rainfall and shortage of
water resources. Cleaning of the PV panels at such huge plants could prove to be cost-
effective and effort oriented, since it requires huge amounts of water and workforce; on
the other hand, it is difficult to find an abundance of clean water in the MENA region

countries and some countries in Asia [100].

Self-cleaning of PV panels

Self-cleaning techniques of the solar panel can be broadly classified into active
techniques, passive techniques, and a combination of both techniques, as demon-
strated in Fig. 8. An active technique is an active restoration cleaning method,
which utilizes external energy, such as water cleaning, mechanical cleaning, and
electrodynamics screen. On the other hand, a passive cleaning technique does not
make use of external energy. An example of passive cleaning is natural cleaning,
which uses rainfalls to wash away the dust accumulated on the surface of PV
panels. However, due to the shortage of rainfalls in many regions, two other pas-
sive techniques were developed, which make use of changing the morphology of
the PV module surface by using super hydrophilic or super hydrophobic coatings.

(b)

Fig. 9 Water cleaning of PV panels by a labor and b using the Heliotex technology [99]
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Another type of coating is the antistatic coating, which prevents the dust from
sticking to the surface of the PV panel without being repelled from the panel’s sur-
face. A combination of both active and passive techniques has been developed to
benefit from the advantages of both techniques such as using an antistatic coating
with mechanical vibrations [101]. The antistatic coating prevents the sticking of
dust on the PV panel surface, while the mechanical vibrator shakes the panel,
allowing the dust to fall off by the gravitational force from the panel’s surface.

Active cleaning methods

Mechanical cleaning Most of the mechanical cleaning systems use wipers and brushes.
They move either vertically or horizontally, based on the dirt location [102, 103]. The
mechanical cleaning systems can be activated either manually or automatically (e.g., ro-
botic cleaners by using electrical or electronic systems) [104]. Examples of dry cleaning
robots are presented in Fig. 10. The robot demonstrated in Fig. 10a removes the dust
from the PV panel’s surface by using brushes analogous to windshield wipers of motor
vehicles, while in Fig. 10b, it uses suction bots. The robot shown in Fig. 10c is a self-
powered cleaning-type robot that charges its battery using small PV panels. The weight
of the robots presented in Fig. 10 is suitable for the surface of the solar panels, and the
robots can be remotely operated.

The robotic cleaning of solar panels offers additional more integrated features over
the ordinary manual cleaning systems, such as quick response, high stability, and reli-
ability. They may be used whenever robust autonomous and unmanned control is re-
quired in addition to solving the labor problems. Nevertheless, the capital cost for
purchasing the robot itself is high, especially for large PV plants due to the usage of
various mechanical parts and the additional costs required for installing the system.
Maintenance costs of the hardware system such as gears and chains need to be taken
into account, when calculating the robotic cleaning system’s expenses; the maintenance
schedule should be performed according to a timely manner in order for the system to
work properly. As previously mentioned, since wipers and brushes are the cleaning
tools used in the vast majority of the mechanical cleaning systems, the PV panel might
be subjected to severe surface damage during cleaning. Therefore, without proper
maintenance, dirt and dust will accumulate on the cleaning tools and the other parts,
which contact the PV panel surface directly, and accordingly, the efficiency decreases

(2) (b) ()

Fig. 10 PV panel dry cleaning using robot with a brushes [103], b suction bots [26], and ¢ small solar cells
for charging its batteries and self-running [104]




Shenouda et al. Journal of Engineering and Applied Science (2022) 69:8 Page 15 of 29

[105, 106]. Moreover, an important aspect that needs to be considered is that the active
cleaning systems are electrically powered either from a frequently replaceable external
battery used for charging or from the PV system itself. However, the later condition will
decrease the output power of the PV system during the cleaning process leading to

high power consumption rates, especially in large PV systems [107].

Electrodynamic cleaning The dust electrostatic property was the main concept used
to develop the electrodynamics screen cleaning technique, which is known as electro-
dynamic screening (EDS). The electrodynamics screen cleaning technique was further
developed using the electric curtain concept by Masuda et.al [108]. This concept is
based on the movement of oppositely charged particles due to the dust electrostatic re-
actions. Therefore, once the dust settles on the panel’s surface, it keeps moving from
one edge to a neighboring one and so on until it is removed entirely from the surface
of the panel, as illustrated in Fig. 11. It was proved experimentally that during each
cleaning cycle, the EDS technique requires low energy consumption rate of less than 1
Wh/m? in order to remove the dust layer. This amount of energy resembles 0.1% of
the energy produced by a 1 m* PV panel. Moreover, it has been proven that the EDS
technique is capable of cleaning the solar panels swiftly; the dust layer can be removed
within a couple of minutes, achieving very high efficiencies under dry ambient condi-
tions [110]. Furthermore, this technique shows high flexibility, as it does not need an
external power supply or any additional cleaning detergents. The EDS technique con-
sumes a low amount of energy that is capable of restoring the surface of the PV panel
back to its default clean conditions achieving high efficiencies, which are greater than
90% [111]. It was found that the EDS technique is less effective for small dust particles
ranging from 0 to 5 um, while it demonstrated more enhanced performance for dust
particles that are larger than 20 pum [112].

Nevertheless, it was found that using the EDS cleaning method as an extra layer on
top of the PV panel reduces the intensity of sun radiation through its transparent
screen, thus, leading to a reduction in the panel’s efficiency, resulting from uncertain
durability consideration on ultraviolet radiations. Accordingly, the output power de-
creases by 15% [113, 114]. EDS is unreliable in wet conditions or cemented dust; how-
ever, it can be integrated with super hydrophobic coatings in order to achieve a better
cleaning effect on the panels in rainy conditions [115, 116].

wire electrodes

~

Fig. 11 Schematic diagram of the electrostatic cleaning system that uses a standing wave and gravity to
remove sand from a solar panel [109]
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Passive cleaning methods

A hydrophobic surface A hydrophobic surface is a surface having low wettability. This
property helps to repel water droplets and prevents them from sticking on the surface.
The ability of water droplets to roll off a surface while picking up the contaminants de-
termines the hydrophobicity of a surface, in addition to measuring the contact angle
between the surface and the water droplets [117]. Super hydrophobic surfaces have a
high capability of hydrophobic characteristic and high contact angles; therefore, rain-
falls or any other cleaning technique can easily remove any dust or dirt accumulation.
Besides, a super hydrophobic surface means a low hysteresis of the contact angle, in
which a water droplet can easily bounce on the surface of the PV panel while also re-
moving the accumulated dirt [118]. This will enlarge the effective area of the PV
module to absorb the maximum solar irradiance, in addition to increasing the probabil-
ity of the PV module surface cleaning conditions recovery [119]. Midtdal et al. [120]
found that the cleaning effect of this method could last for about 3 to 4 years. The
hydrophobic surface is made from polymer layers, which exhibit high initial transmit-
tance [121-125]. Unfortunately, some of these layers are characterized by having high
surface energy, which might increase the probability of dust accumulation. Moreover,
these layers often degrade more rapidly upon frequent exposure to ultraviolet radia-
tions, as compared with glass [116]. Furthermore, this hydrophobic surface might suffer
severe corrosion and severe damage upon exposure to certain chemical solvents found
in acidic rain and salty air [126].

A hydrophilic surface Hydrophilicity is the term used to express the complete disper-
sal of water or liquid on a substrate. A hydrophobic surface repels water droplets, while
a hydrophilic surface attracts them strongly. A hydrophilic surface is a surface having
high wettability, which is the opposite to hydrophobicity, as it expresses the
complete water dispersion on any surface [127]. A hydrophilic surface is similar to
a hydrophobic one, as both surfaces obtain their cleaning effect through rainfalls.
This means that applying super-hydrophilic coatings, showing high hydrophilic
characteristic capability, to solar modules located in arid and dry environments is
not sufficient to remove the decomposed dust particles, when compared with wet
environments [128]. In contrast to super hydrophobic surfaces, a hydrophilic sur-
face has lower contact angles, and the water droplets on a super-hydrophilic sur-
face forms flattened glob droplets that spread and go below the dirt particles and
carry them away [129], as illustrated in Fig. 12.

Table 3 presents a comparison that offers a broad view regarding the advantages
and disadvantages of the aforementioned soiling mitigation techniques. This com-
parison helps to find out which dust mitigation technique should be used for
cleaning the PV systems with respect to the initial cost, the surrounding circum-
stances and conditions of the site, site location, site installation purpose, and the
environmental factors such as atmospheric and ambient conditions. Table 4 com-
pares between the soiling mitigation techniques regarding the efficiency and applic-
ability in the MENA region and the Far East region, in addition to several
proposed improvements.
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Effect of the cleaning frequency on the efficiency of the panels

Proper estimation of when to start cleaning of solar panels is a compromise between
gross costs of cleaning the panels and how much reduction in efficiency of solar panels
can be tolerated. Shah et al. [154] studied the optimal time interval for PV cleaning in
the UAE climate. This study revealed that the output power of the panels that remain
uncleaned for 3 months decreased by 13% compared with the panels that were cleaned
daily. On the other hand, leaving the panel in a dusty environment for 10 days caused a
3% drop in the output power obtained. Meanwhile, the PV panels, kept uncleaned for
20 days and 30 days produced 5% and 7% less power, respectively. However, it was
found that cleaning the panels after 15 days is the most feasible cleaning frequency; the
losses were brought down to 4%. Hammad et al. [155] proposed a calculated cleaning
frequency of 12—15 days for PV panels in Jordan. Mohamed et al. [156] also monitored
the soiling losses for different time intervals from 3 days to 1 month, and it was found
that 8 days is the optimal cleaning frequency according to the cleaning and energy loss
cost. In [157], the influence of varying daily soiling rates, due to varying weather condi-
tions in Zimbabwe, was considered in decreasing the number of days between succes-
sive cleaning intervals. It was found that 15 days is the optimum cleaning frequency in
order to minimize the losses associated with both frequent cleaning and not cleaning.

Results and discussion

Deciding the optimum cleaning technique for the MENA and the Far East regions will
depend on several aspects. These aspects are the labor cost, as well as the availability of
water at a given region, the quantity of modules requiring cleaning, the PV panel’s ease
of reach; whether the modules are ground-mounted, installed on light posts or installed
on rooftops along with the needed frequency of cleaning. Many researchers proposed
the frequency of cleaning of PV modules, based on their geographical location, energy
wasted due to soiling, PV integration scheme, scale of the PV power plant, and cost as-
sociated with cleaning which is completely different in the two countries. Moreover,
selecting a cleaning method depends on whether the modules are installed in a heavily
rainy atmosphere and low dust intensity region or whether it is installed in a dry and
highly polluted region. It is strongly recommended based on numerous researches to

(a) Superhydrophilic surface (b) Superhydrophobic surface

Slow Speedy

Water goes beneath contaminant g—————— Water picks up
contaminant
Contammant P Water

l !

%/wa“

Fig. 12 The self-cleaning mechanism of the hydrophilic (left) and hydrophobic surfaces (right) [
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Table 3 Advantages and disadvantages of soiling mitigation methods

Techniques

Advantage

Disadvantage

Manual labor
cleaning

Natural cleaning

Water cleaning

Mechanical
cleaning

EDS

Super
hydrophobic
surface

Efficient in cleaning the PV panel

Free of charge (rainfalls)

1) Decreasing system temperature [133-
138]

2) Helps in reducing the reliability on
rainfalls (natural cleaning)

1) Helps in decreasing the temperature of
the system without using water as a
cleaning technique

2) The cleaning system is activated using
automatic brushes, wipers, etc. by
applying different sensors and controllers
such as (PLC, microcontrollers) [106, 141].
3) Reduces labor cost due to system
independency [107]

4) Fast response, high stability, and
reliability

1) Very fast cleaning action [115]
2) Low power consumption [142]
3) High flexible method

There is no need for an external source of
power.

1) Cleaning costs are high [130].

2) Severe damage or cracks resulting from
contacting the surface of the PV panel
directly, which could be minimized using
certain rubber foam and brushes [131]

1) Depends on the site condition and the
weather

2) Large dust particles more than 10 um can
be removed easier than the smaller ones (2—
10 pum) [132].

1) Requires a permanent supply system
[138]

2) Splashing and evaporation, resulting in
water loss [139]

3) Not suitable in dry regions

4) Requires power for concentration of
chemicals, refilling of the tank and using
pumps that reduce the system output [139]
5) High water consumption costs, in
addition to labor cost for manual system
6) Possibility of accumulating dirt if the
panel is wet due to the dew phenomenon
7) Presence of thermal shocks [140]

1) Accumulation of dirt on the cleaning
system

2) Requires maintenance

3) High initial cost and power consumption
4) Abrasive damage resulting from direct
contact with PV panels’ surface

1) Degradation on the plastic screen
resulting from uncertain durability
consideration on ultraviolet [116]

2) The solar panels’ output power is
decreased by 15% [115, 116].

3) Requires a dry ambient condition;
unreliable in wet conditions or cemented
dust [110, 115, 116]

4) Less effective for fine dust particles
between 0 and 5 um [112]

5) High initial cost

1) Accumulation of dirt on the PV surface
due to the high surface energy of the
polymer layers and the plastic screen may
degrade due to high UV exposure [116, 120,
143].

2) Layer deterioration due to the effect of
chemicals found in salty air and acidic rains
[126]

3) The site surrounding circumstances might
be responsible in accumulating more dirt on
the PV surface for a long time [144] and
whenever the coating is deteriorating [116,
143].

4) It takes less time to decay compared with
hydrophilic coatings.

5) Depends on rainfall

6) High initial costs in case of large-scale PV
systems
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Table 3 Advantages and disadvantages of soiling mitigation methods (Continued)

Techniques Advantage Disadvantage
Super hydrophilic 1) Does not require external power source 1) Accumulation of more dirt, whenever the
surface 2) Decomposing the organic dust using coating is decayed

the photocatalytic effect [128, 145-147] 2) Depends on rainfall

3) Low adhesion to dirt particles [148] 3) The initial costs are high in case of large-

4) Showing better performance recently scale PV systems.
than super hydrophobic surface [149]

Antistatic coating 1) Effective in harsh environments 1) Extra cost; the initial cost of the
with mechanical 2) Not water dependent mechanical vibrator is around 10% of the PV
vibrator [98] panel cost.

2) Requires maintenance every 6 months

3) Noisy

perform the cleaning cycle for the installed PV systems in the MENA region on a
weekly or biweekly basis [26, 37, 57, 61, 154—157]. On the other hand, the majority of
the PV systems in Europe are installed in rainy green regions, and the optimum pattern
for cleaning is less frequent than that in the MENA and the Far East regions. Generally
speaking, cleaning methods of PV panels using water have not been the focus of atten-
tion among the research conducted in Europe and America, due to the low dust inten-
sity and the huge amount of rainfall that facilitate the cleaning of the PV systems, in
addition to the accessibility of water resources that can be used in cleaning. However,
in regions experiencing low rainfall or having elongated periods of drought, especially
in Africa, this natural cleaning effect by rainfalls inevitably decreases and thereby, dirt
accumulates faster on the modules [158].

The imbalance between water supply availability and the soaring water demand for
the majority of the MENA countries and some countries in the Far East region is con-
stantly recurring on the long term and is expected to deteriorate further in the near fu-
ture. Nowadays, the current total water demand in the MENA region is almost 50%
below the water scarcity limit, which is 1000 m?/capita/year [159], which explains the
huge water supply gap. This gap is expected to grow to large extents, which shows the
importance of efficient water usage in the MENA region. Water resources per capita in
the region account for just one sixth of the global average, and they continue to dwin-
dle. This persistent water imbalance can be attributed to the region’s booming popula-
tion, robust economic growth, and global changes in the atmosphere, with drought
becoming increasingly frequent, unless major strict measures are implemented to in-
crease water supply and manage water demand [159]. Many countries in the MENA re-
gion practiced the supply management approach for many years. However, this
approach proved its inability to bridge the present water gap due to two reasons. The
first reason is that most of conventional water resources in the majority of the MENA
countries have been overexploited, and the second one is that the cost of nonconven-
tional water resources, apart from its environmental impact, has become very expen-
sive. Therefore, many experts regarded water demand management as the answer for
the water imbalance problem. However, if the current rates of population growth and
climatic changes in the MENA region continue to surpass its normal rates as expected,
it is projected that by 2050, the water demand will increase by 50%, thereby increasing
the water gap [159]. In addition to that, many countries in the MENA region have the
lowest renewable water resources in the world. The water scarcity threshold set by the
UN-FAO is 1000 m® of renewable water resources per capita per year. From 2000 to
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Table 4 A comparison between the different cleaning methods regarding efficiency, applicability,
and proposed improvements

Techniques

Method'’s efficiency and applicability in
the MENA and the Far East regions

Proposed improvements

Manual labor
cleaning

Natural cleaning

Water cleaning

Mechanical
cleaning

EDS

Super
hydrophobic
surface

Super hydrophilic
surface

Antistatic coating
with mechanical
vibrations

Effective in any condition and applicable.
However, the labor and water costs are
exceedingly high in the MENA region and
some regions in the Far East, such as
Pakistan and Iran.

Unpredictable and can be less effective
[150-152], not applicable due to the scarcity
of rainfalls in the MENA region and some
regions in the Far East.

Moderately effective, not applicable because
of the shortage of water in the MENA
region and some regions in the Far East

Effective and applicable but expensive.
Deterioration and malfunctioning could be
experienced due to the dew at the early
time of the day especially in the hot
countries; therefore, future research should
be done to examine the applicability of the
system in the MENA region and the Far East
region.

1) Highly effective in dry conditions [115]
2) This technique does not suit rainy and
relatively high humid conditions [115].

It is not highly effective in case of rainfalls
(moderate effect) [144]. Not applicable in
many countries due to the need of water,
which is scarce and expensive in the MENA
region and some regions in the Far East.

It is not highly effective in case of rainfalls
(moderate effect). Not applicable in some
countries due to the need of water, which
is scarce and expensive in the MENA region
and some regions in the Far East.

Effective and applicable

1) The cleaning costs decrease in case of
cheap labor resources.

2) The PV panel might be subjected to
surface deterioration, unless soft cleaning
systems such as brushes or wipers together
with gentle cleaning are used.

Changing surface property into either super
hydrophobic or hydrophilic in order to
enhance the cleaning effect using rainfalls.

1) Arranging cleaning schedule in suitable
timings along the day in order to avoid
thermal shocks on the PV panel’s surface
2) In order to save required energy during
water cleaning, an efficient water pump
might be preferred.

1) A proposed cleaning schedule is to be
arranged in proper timings during the day
or night in order to avoid thermal shocks
on the module’s surface.

2) The PV panel might be subjected to
surface deterioration unless soft cleaning
systems such as brushes or wipers together
with gentle cleaning are used.

3) In order to reduce the required energy
during water cleaning, a high efficient
motor might be preferred.

4) Periodic maintenance of the mechanical
parts and the cleaning system

1) The durability of the electrodynamic
screen technique layer is enhanced using
high weatherproof glass and polymers
[153].

2) The EDS layer power consumption rate
might decline, in case of using efficient
electronic control devices.

3) It can be integrated with super
hydrophobic and super hydrophilic
coatings, in order to achieve better
cleaning effect on PV panels in humid
regions.

1) The durability of the hydrophobic surface
against harsh weather conditions might be
enhanced using high weatherproofed
hydrophobic surface coating, polymer, or
glass [153].

2) Although the cleaning effect is
performed using rainfalls, the surface needs
to be washed with water upon necessity
during the dry seasons in order to get rid
of the increased dust accumulation.

Although the cleaning effect is performed
using rainfalls, the surface needs to be
washed with water upon necessity during
the dry seasons in order to get rid of the
increased dust accumulation.

Future research should be done in order to
reduce the noise level.
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2009, only 4 out of 21 countries in the MENA region exceeded this threshold (ie.,
greater than 1000 m> per capita per year as shown in [160, 161]). Moreover, 8 out of
21 countries are subjected to severe water stress conditions of having less than 200 m®
per capita per year. The water share per capita in 2020-2030 is expected to get more
even worse as have been indicated by [160, 161]. For example, the Gulf countries have
surpassed the threshold with an average water availability of less than 300 m® per capita
per year. In addition to that, no country is expected to have renewable water resources
above 1000 m® per capita per year [159]. This clearly indicates that the MENA coun-
tries are very poor in water resources; the current total water demand in the MENA re-
gion already exceeds the naturally available water supplies. Accordingly, the available
water is not sufficient for the sharp population growth and cannot be used for cleaning
purposes.

It can be inferred from the above that dust mitigation techniques of PV panels using
water are not feasible for the MENA region and some countries in the Far East due to
the scarcity of fresh water; water demand management approach will not be able to
solve the problem of water scarcity. Cleaning using water and detergents is the safest
method for cleaning of the glass surface of the PV panel, but such possibility is not ap-
plicable in scarce water regions. Therefore, new cleaning methods should be developed
that are not water dependent (i.e., based on dry cleaning), and at the same time, it
should not influence the surface texture of the glass surface of the panel (i.e., does not
scratch the surface). Cleaning a photovoltaic system is ultimately an economical ques-
tion. In order for the cleaning system to be feasible, the cleaning costs have to be cov-
ered by the improvement in efficiency caused by the cleaning process. In order to
calculate the economic viability of a cleaning method, two aspects must be taken into
consideration, namely, the amount of kilowatt hours that a PV plant must generate as
additional yield to recover the cost of cleaning and the percentage of additional yield
for the total production of the plant.

Accordingly, innovative methods for soiling detection and measurements [162, 163]
should be developed in order to alarm the PV plant engineers, when and where to clean
the panels. For example, not all the PV panels in the same plant are subjected to the
same rate of dust accumulation (e.g., the panels at the front rows are subject to more
dust than the panels at the rear side). Some recent researches proposed the use of com-
munication and data transfer for efficient cleaning methodologies (i.e, Smart Self-
Cleaning systems). These systems require the least human effort such that instructions
for cleaning of solar cell photovoltaic surfaces can be activated when required by using
Internet of things (IOT) [164, 165]. The innovation of Smart Self-Cleaning systems lies
within the implementation of the IOT-based model and autonomous cleaning unit
along with cloud-based Man-machine interface in order to make the system even
smarter and effective. This smart self-cleaning technique proved to be very effective for
a large solar farm located in semiarid areas, where frequent cleaning is required due to
sand deposition. Also, artificial intelligence (AI) techniques can play an important role
in soiling prediction. These techniques use artificial neural network (ANN) models to
predict the daily and the cumulative PV soiling loss based on the current
environmental data [166—168]. ANN models might also be used to model dust depos-
ition affecting transmittance of PV modules [169], forecasting output power [170],
studying the effect of soiling on energy production [171], and estimating the soiling
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losses based on the density of dust and particle size composition under artificial soiling
conditions [172, 173]. Recently, unmanned aerial vehicles (UAVs) are considered one
of the key factors that become increasingly used in order to replace the conventional
soiling inspection techniques that are time-consuming and expensive to implement.
UAVs are used in effective inspection of photovoltaic modules in order to predict ac-
curate losses resulting from dirt and dust accumulation. It also allows the quick collec-
tion of data especially for large areas, increases the measurement coverage, inspects
hard-to-reach installations in addition to being highly flexible and able to operate in
harsh environments [174, 175]. This saves time, lessens human intervention and re-
duces the workload in power plant operation. UAVs are economical in soiling detection
compared with dust sensors because it is a topographic detection rather than spot de-
tection; however, dust sensors are more accurate than UAVs. More research should be
performed to improve the accuracy of UAVs such that it can detect the soiling in centi-
metric or millimetric levels, also, correlating this soiling detection to the loss in panel
efficiency, such that accurate decisions of cleaning could be reached.

Conclusions

The current article provided a comprehensive literature and a critical review on the
problem of dust deposition, showing its negative effect on the surface of PV panels, as
well as the various cleaning techniques, challenges, and proposed improvements. There
are several parameters that can affect the percentage reduction in efficiency due to dust
accumulation on the PV panels over a certain period, such as the climatic and environ-
mental conditions, which include the wind magnitude and direction; ambient
temperature; amount of rain; humidity; seasonal variations; and dust characteristics
concerning size, shape, and mass; as well as the location and installation of the solar
plant. The deposited dust concentration on the surface of the PV panel affects the PV
panel’s performance by decreasing the energy production and therefore, lowering its ef-
ficiency. The MENA, North East Asia, and South West Asia are the regions with the
highest frequencies of dust storms in the world, such that the efficiency might decline
by 70% or more after a couple of months as mentioned earlier. Accordingly, cleaning
cycles every week or 2 weeks are deemed to be essential, due to the high density and
high frequency of dust as mentioned earlier.

This article offered a detailed review of the different cleaning techniques (i.e., manual
and self-cleaning methods). These various cleaning techniques have been investigated
and compared with an overall view, regarding their advantages, disadvantages, effi-
ciency, applicability, and several proposed improvements. This comparison helps to
find out which dust mitigation technique is the optimum one for cleaning the PV sys-
tems, with respect to the initial cost, the surrounding circumstances, conditions of the
site, site location, site installation purpose, and the environmental factors such as at-
mospheric and ambient conditions. Manual cleaning techniques seem to be energy-
intensive and time-consuming efforts, while the additional maintenance and energy
consumption always remain a point of debate for commercial application of self-
cleaning techniques. Recent researches began to introduce more innovative methods
for soiling detection and measurements such as the introduction of artificial
intelligence techniques, the use of drones, the use of sensors to detect the critical point
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for cleaning in addition to the use of communication and data transfer (e.g., smart
techniques for optimum and efficient cleaning methodologies).

Also, it is concluded that dust mitigation techniques of PV panels using water are not
feasible for the MENA region and some countries in the Far East region, due to the
persistent challenge of water scarcity and the imbalance between water supply availabil-
ity and the surging water demand. A combination of water demand management and
supply management measures together might be able to bridge the water gap; water de-
mand management should be given the first priority, especially, in the agricultural sec-
tor where it has the maximum impact. Nevertheless, if all demand management
options are implemented, it will not be able to fill the water gap. It should be accom-
panied by new water supply options coming from nonconventional water resources
such as seawater desalination and treated wastewater. These nonconventional water re-
sources will play a major role in bridging the water gap in the MENA region to some
extent. However, there will still be a noticeable water demand gap. Accordingly, there
is a heavy burden on researchers to find new effective cleaning techniques, that are not
water dependent and have low initial costs, as well as low running costs. Therefore, it is
highly recommended to decrease the use of water in dust mitigation and cleaning of
PV panels and search for more feasible cleaning techniques.

Cleaning of PV panels has become a defined challenge for researchers in the MENA
and the Far East regions. Scientists are trying to find a balance regarding the initial and
running costs of the PV system with its performance and durability. Researchers should
manage to carry out further comprehensive studies in order to decrease the reliability
on the conventional cleaning methods that use water in cleaning of PV panels. There-
fore, continuous efforts in this direction seem to be a positive step towards maintaining
the efficiency of the PV panels. Developing of artificial intelligence models as well as
smart cleaning systems that can determine the best and the most favorable cleaning
time and frequency based on the dust pattern is highly recommended, and more re-
search should be performed in this direction especially in the MENA and the Far East
regions.
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