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Abstract: This study explores the use of electrostatic cleaning to remove dust from the surface of
photovoltaic solar panels. First of all, existing systems used for dust removal from solar panels
were evaluated. Then, the effects of dust on the panel were investigated for Şanlıurfa province in
Turkey. In addition, the elemental content of the powder was analyzed. A new device for electrostatic
cleaning has been designed and implemented. The cleaning performance of this device has been
tested considering the electrode designs. The electric field value was determined by analytical and
numerical methods in the conventional model (parallel electrode) model. Electric field distribution
was investigated using Ansys Maxwell simulation software. The printed circuit boards of the
proposed model and the conventional model were produced. The traditional model with positive
and negative waveform is widely used in electrostatic cleaner studies. Dust removal efficiencies
and electrical losses for different frequency and voltage values were compared for both cards.
It has been shown that the proposed model can perform cleaning with high efficiency despite similar
loss variation.

Keywords: dust; dust removal; electrostatic; solar panel; solar energy

1. Introduction

With the increasing use of energy and climate change resulting from the use of fossil
fuel sources, there is growing interest in sources of renewable energy, which includes direct
use of the radiation from the sun through photo-voltaic cells (solar panels) [1]. However,
these are subject to degradation in their efficiency through factors including location, envi-
ronment, and weather conditions. Other conditions include dust accumulating on panels,
shading from structures such as trees and buildings, seasonal changes, meteorological
impact as snow, rain, cloud, and migration routes of animals (birds, etc.) near the pro-
duction site [2,3]. The contamination of panels caused by these factors affects the output
voltage of the panel and therefore the energy generation [4]. The impact of several of these
factors, such as panel degradation, location, and annual average sunlight, can be estimated
at the planning stage of a project stage. However, solar power plants (SPP) need data
monitoring [5]. This is particularly important in areas (such as the North Africa and Middle
East) with high accumulations of dust, which will cause significant loss of energy [6,7].
For example, an accumulation of 4 g/m2 of dust can result in a 40% reduction of electricity
generation [8]. In the last decade, the effect of dust and approaches to reduce the dirt and
grime on solar panels has been the subject of research. One study focused on the 2013–2015
period [9], with an update for 2012. The work was expanded and updated to cover 2016 to
2017 [10].

An electrostatic system was implemented in this study to determine the effect of
electrode design, voltage, and frequency. The study includes: (a) simulation analysis
and (b) experimental results. The study was undertaken in three stages: a literature
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review on atmospheric transported particulate matter and especially dust-induced panel
contamination and cleaning; the effects of atmospheric-transported particle material on
solar panels; an analysis by Finite Element Modelling (FEM); and the application and
evaluation of a dust removal system.

2. Dust-Induced Panel Pollution and Cleaning Systems
2.1. Dust-Induced Panel Pollution

The output of photovoltaic panels has been found to decrease by up to 85% due to
dust, sand, and algae-like substances that occur on their surface, requiring that they are
cleaned at regular intervals to maintain production values [11]. The effect of different
types of dirt on the surface on the output has been investigated [3]. The masking due to
contamination can be grouped into two categories: soft shading due to air pollution and
hard shading due to others [12]. Light transmittance changes with physical parameters
and the type of the dust, such as grain size, which causes changes to the performance of
the photovoltaic (PV) panel [13].

Dust consists of particles of various elements and sizes [14]. Some of the dust particles
cause particle clustering in the dust layer and can affect adhesion to solid surfaces due to
ionic charges [15]. As a result, the effort and power required to remove dust particles from
surfaces can increase significantly [15].

2.2. Cleaning Systems

Passive methods applied to cleaning solar panels include modification of the dust
layer to minimize surface adhesion, thereby assisting in the cleaning process [16]. Dust can
be removed by spraying the panels with compressed air, however, this can result in dust
hanging in the air and resettling [6].

The angle of inclination of the PV modules has a strong influence on dust accumulation,
and as the angle of inclination of the solar panel increases from horizontal (0 degrees)
to vertical (90 degrees), dust accumulation decreases [16]. Dust accumulation is highest
in the horizontal position due to gravity. The dust that accumulates on a vertical surface
will mainly consist of fine particles [16]. When a panel inclined at 30 degrees is cleaned
daily, weekly, and monthly, the highest output power is obtained from daily cleaning [17].
In addition, the accumulation of dust can be reduced by changing the angle of panels
early in the morning or late in the evening, but this is a laborious process [6]. The angle of
incidence also affects the voltage generated by the panel.

The effects of dust can be reduced and the performance of the solar panel increased
by coating the surface against contamination and by reducing the amount of light that
is reflected from the panel glass [18]. It has been shown that an increase in wind speed
increases the accumulation of dust on PV modules; however, increasing the height of the
modules above the ground reduces the accumulation of dust at increased wind speeds [18].
The height at which solar panels can be positioned is limited by the need for structural
support, cleaning, and precaution against high-speed winds [16]. Dust accumulation and
removal depends on a number of factors, including the force of the wind, gravity, rain,
the time of day, and the inclination of the solar panel [19].

A number of technologies have been adopted as cleaning methods for PV panels and
where conventional cleaning methods are inefficient or harmful, new methods are being
developed. Natural forces such as wind and rain will remove dust. Mechanical methods,
self-cleaning nano-film, and electrostatic tools are employed [19]. These are referred to as
active cleaning methods and are applied directly or indirectly to the solar panel [7,12].

2.3. Wet Cleaning

Wet cleaning is performed with ionized distilled water, which is preferred for this
task [20]. Cleaning PV panels with pure water has significant advantages; it completely
removes the contaminating particulate matter on the surfaces and does not leave residue,
which increases panel output voltage [20,21].



Sustainability 2021, 13, 9454 3 of 18

Cleaning with ionized distilled water has the following further advantages [20,21]:

• It has low conductivity, which increases the electrical occupational safety (electric
shock) of the employees during cleaning.

• It provides no nourishment to plants or unwanted weeds, which can cause shade on
the PV panels, as normal water would.

• It leaves not leave a residue, so there is no need for drying after the cleaning process.
• Cleaning does not damage the PV panel surface.
• It does not cause corrosion.
• Regular periodic cleaning increases the efficiency of the panels.
• It is commonly available.

Coating the panel surface with a hydrophobic material after cleaning prevents con-
taminants such as dust and pollen from adhering to the panels following rain fall on the
panel surface.

Mechanical methods have proven to provide excellent dust removal and are com-
patible with the environment; however, they are bulky and heavy due to the driving
components [22]. The water or other chemicals used in the wet cleaning system will dis-
solve the salts and other residues in the dust layers that have accumulated on the panel
surface and rinse away the remainder. For small-scale panel cleaning, hand washing (wet
method) is still preferred. For large-scale panels, cleaning is performed with hoses [23].
The effectiveness of cleaning of PV panels using water and surfactants using a system for
spraying and collecting water has been investigated [24].

2.4. Dry Cleaning Systems

Although dry cleaning methods are not as effective as wet cleaning technologies,
they do not require as much labor and water. In addition, although the glass surface
of the panel has greater hardness than any brush that may be used, dust particles can
scratch the panel surface in dry conditions [18]. Brushes of different material have different
effectiveness in removing dust particles, which varies according to the cleaning frequency,
weather conditions, and region [18]. A brush-disc configuration [25] showed that the
cleaning efficiency (increased to over 90%) of dry dust particles was independent of the
applied load.

In rainy dusty areas, PV panels are covered with a layer of mud, which requires
excessive cleaning [23]. In areas with little rainfall, the dry cleaning method proves to
be a cost-effective and self-sufficient process that does not require a water supply [23].
The efficiency of the brush-disc configuration can be increased in a humid environment
by using a higher applied load; the higher the sweeping force, the greater the cleaning
efficiency [23]. The efficiency of the PV panels cleaned with nylon brushes was compared
with uncleaned panels, and it was found that light transmittance increased in the cleaned
panels [18,25]. A nylon-brushed, flicker-free, multi-row cleaning system has been proposed
in which the water can be reused [26].

Dry cleaning using nylon brushes has been shown to have no significant or lasting
effect on the optical properties of the glass surface [18]. Deterioration of solar panel surfaces
where dust is removed by dry brushing in outdoor conditions is an important factor that
reduces the energy efficiency of solar energy systems [27].

2.5. Autonomous Cleaning Systems

Solar panel cleaning can also be performed by autonomous cleaning systems. Vehicles
or robots can inspect, clean, and monitor solar panels [28]. Many developments have
occurred in automatic cleaning systems since 2000, including electrostatic cleaning systems
developed for extraterrestrial missions [29]. In another system, a bi-axial tracking system
was used to reduce dust accumulating on the solar panel surface [30].

Robotic cleaning machines can reduce the amount of water used and increase the
efficiency of the panel by 15% [23]. However, machine operation and maintenance are
required and so the future labor cost is uncertain [31]. A tracking cleaning robot was
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designed to move in the horizontal plane, while the cleaning brush, detecting the panel
length in the vertical axis, would clean it [32]. The movement of the Gekko Solar robot [29]
is based on vacuum technology and cleans with a rotating brush and water. It can also
move flexibly in any chosen direction. Hector [29] is equipped with various sensors that
allow it to navigate autonomously day and night, and it does not require an external power
or water source to operate. Solarbrush [29] is a wireless robot that can move on the panel
similar to other products. Drones have been developed as autonomous cleaning systems
to clean the panels. Greenbotic’s robot cleans panels effectively with pressurized water
perpendicular to a wiper system and uses very little water [29]. It is possible that panel
cleaning can be more effective using robotic systems. In addition, the use of video can
facilitate cleaning the panel surface and remotely monitoring surface conditions [33].

2.6. Self-Cleaning Technologies

Self-cleaning PV technologies are based on nanotechnology materials. These remain
in research and development and are currently expensive to deploy. Self-cleaning methods
that prevent the accumulation of dust on the solar panel surface are seen as the best
method both in terms of preventing loss in efficiency and extending the life of the solar
panel [27]. FluroSurf and PTFE are fluorine-based hydrophobic anti-dust coatings [29,31]
that make the glass surface non-adhesive to dust and easy to clean. Cleaning can be
accomplished through simple washing with clean water or mild detergent and wiping
with a soft towel [29].

The effects of three types of rain repellent on the solar panels have been studied in our
previous paper [34]. In comparing panels with rain repellent on their surface to the panels
with no rain repellent, performance increased in the panels with rain repellent [34]. Recent
developments have emerged in coatings with superhydrophilic and superhydrophobic
materials that can operate in both dry and wet dusty conditions [29].

2.7. Surface Acoustic Wave (SAW) Technologies

SAW technologies are widely used for precision surface cleaning and particle channel-
ing applications [27]. SAW interactions can create gaseous micro-air flows by penetrating
into sloping panel surfaces, causing the surfaces associated with the acoustic areas to vi-
brate; this effect contributes to the cleaning of the surfaces and areas normally inaccessible
to other cleaning methods [27]. Although this cleaning (sweeping) technique is considered
as an advantage in energy consumption when evaluated for panel applications that con-
tinuously clean itself, a sound intensity of 90 dB that accompanies SAW is not a desired
feature for a continuously operating systems [27].

2.8. Electrostatic Cleaning and Electrode Design

A photovoltaic panel cleaning method has been developed based on moving wave
electric charge on small particles suspended in liquid [35], which can remove dust and
similar dirt (except algae) formed on the surface of solar panels [36,37]. One electrode
is charged with a very high negative voltage, and the other electrodes are positively
charged, causing the dust particles to be ejected from the panels [36,37]. In a different
mechanism, dust was removed by an electric curtain, with the distribution of the electric
field density [38]. This mechanism was analyzed as a Finite Element Model (FEM) using
the ANSYS software taking the electrode width as 0.5 mm and the electrode spacing as
1.3 mm [38]; the distribution of the electric field in the vertical direction and horizontal
direction was studied. In this system, the electric field density varies over the plate, creating
a force on the dust that moves it off the plate [38]. Figure 1 shows the alternative electrode
designs that were studied.
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Figure 1. Alternate electrode designs [38,39]: (a) Interdigitated, (b) Concentric.

Coating Alternate approaches to using electrostatic cleaning apply one- [40], two- [31],
and four-phase [39] low frequency and high voltage to parallel electrodes placed under the
glass plate of the PV panel. Whilst generally effective, performance was found to be poor
for extremely small dust particles. Figure 2 shows examples of the arrangement of elec-
trodes on the solar panel with the excitation states for one-phase (Figure 2a), three-phase,
and four-phase cleaning systems (Figure 2b).
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Figure 2. Multi-phase electrostatic cleaning methods [19,31]: (a) one phase, (b) three phases, (c) four phases.

Figure 3 shows the arrangement of electrodes on the solar panel. This consists of
parallel electrodes embedded between two transparent dielectric films. The top, sun-
facing layer is ultra-thin flexible glass (Corning Willow Glass) to protect the electrodes.
The electrodes are buried in a transparent film that bonds the top layer of glass to the glass
of the solar collector [41].
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The system in [42] was operated with a 1.2-kV, three-phase, pulsed voltage [42],
however, the performance could be increased by applying a higher voltage to reduce
the adhesion force and exploit the natural wind and greater regularity of use before dust
accumulates [31]. The effect of frequency on cleaning performance and power consumption
are described in detail in [31,42]. The electrostatic cleaning technology could potentially
increase the efficiency of solar power plants built at low altitudes in deserts [31,42]. Other
similar systems using three-phase high-voltage electrodynamic principles to remove dust
particles from solar panels have been developed [8,41].

Electrostatic cleaning, as an electrodynamic screen (EDS), is seen to have signifi-
cant advantages: it reduces the energy loss caused by the contamination on PV modules
and the use of freshwater resources required for conventional cleaning [41,43]. More-
over, it is effective at cleaning, removing more than 90% of the accumulated dust within
2 min without the need for water or other mechanical materials and can use energy being
generated by the panels [43]. An investigation of the optimal voltage to remove particles
determined 2.8 kVp-p for low voltage, while 11.8 kVp-p was sufficient to continually move
particles [44]. Dust transport was observed to decrease as the cycle frequency increased
from 0.5 to 10 Hz [44]; however, other studies determined the greatest transport rate
occurred at 1 Hz [45].

In another design [42,46], high voltage pulses were applied to the parallel electrodes.
The lower part of the electrodes was placed on a dirty PV panel and the electrodynamic
force was used to affect the particles under the lower electrode (Figure 4). This initiates
a downward movement of some of the particles along the inclined panel due to the
gravitational force passing between the electrodes and through the openings of the upper
screen electrode due to the electrodynamic force; the dust accumulated on the panel is
cleaned in this way [46].
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Figure 4. Schematic diagram of a detachable electrostatic cleaning device [46].

The shape of electrodes has been investigated [47] by comparing the performance of
planar, thick-toothed comb-shaped, and fine-toothed comb-shaped electrodes to remove
dust (Figure 5). Comb-shaped electrodes were found to provide better electric field distri-
butions compared to the common planar electrodes. Dust removal was not related to the
thickness and the shape of the electrode or the material of the insulation film [47].
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3. Effect of Atmospheric-Transported Particulate Matter on Solar Panels

PV panels located next to an unlicensed solar power plant site with a production
capacity of 1 MW, located in Akziyaret, Şanlıurfa province in Turkey, were used as a
test case. The production values were measured for a six-month period for one CWT270
60P PV panel that was cleaned monthly and for a second that was left uncleaned [14].
The open circuit voltage is 38.84V. The short circuit current is 9.10A. The contamination on
the panel surface had significant impact on the reduction in the performance of the panel.
The open-circuit voltage measured in the solar panel is given in Figure 6 [14].
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The contaminating dust was collected from the panel surface for analysis in the
HÜBTAM Laboratory at Harran University, and the type and amount of particles were
determined by energy dispersive spectroscopy (Figure 7). The particles comprised the
oxide forms of Si, C, O, Ca, S, Na, In, K, Mg, Al, and Fe. Images from a scanning electron
microscope (SEM) of the dust particles were used to determine the size and shape of the
particles. Figure 8 shows a typical sample of dust collected during May. The powder
contains a mixture of large and small particles. Dust particles have a complex shape.
For example, they can be spherical, ellipsoid, angled, etc. Regionally, the composition
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and amount of dust is not constant throughout the year; the particle size is large during
March, April, and May, smaller in June, July, August, September, October, and November,
and high in December [14].
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4. Electrostatic Cleaning Systems
4.1. D and 2D Numerical Analysis of Electrode Arrays

Ansys Maxwell, a computer-aided analysis software, is widely used in the numerical
solution of electromagnetic problems. From the modeling point of view, the electro-
static problem under consideration basically has a three-dimensional geometry. However,
it has been discussed to examine the results of both a 2D and a 3D analysis. Firstly,
the dimension to be designed for the machine geometry is selected, and the model is drawn.
Then, the voltage definition and the boundary conditions are defined to the energized
parts of the model. As model parameters, capacitance and electrostatic force definitions
are made. Mesh identification, although it may seem small in the program algorithm,
is very important for the machine to produce a sufficient solution. In order to increase
the sensitivity of the solution, a denser mesh is assigned by the user or the program to
the small sub-parts of the designed model. In these regions, the finite element mesh may
not be symmetrical, and the narrow angle-pointed corners in the mesh make the solution
difficult and also negatively affect the results obtained. Inside the solution area, the inside
mesh is defined. We did not restrict the number of elements. The finite element mesh is
automatically created in the system to be modeled before the analysis. After the first pass of
the analysis, Ansys Maxwell calculates the delta energy (%). Solver performs error analysis
over the completed solution to a file. The meshes are improved until the percentage energy
error is below the target percent error specified by the user. The solution continues until
the error criterion is met. As a result, important parameters (electrostatic force, electric
field, etc.) are obtained.

The distribution of the electric field around electrode arrays can be determined using
the Finite Element Method (FEM) and can be used to find the maximum electric field
in a complex system. The electric field between parallel electrodes can be determined
analytically using E = V/d as the uniform electric field between the plates of a parallel
plate capacitor, where d is the distance between the electrodes, and V is the applied voltage.
The electric field value is 6.47 × 105 V/m for an applied voltage of 11 kV when the distance
between the electrodes is 17 mm (Figure 9a).
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For example, in the 2D analysis of the electrode array, the total number of mesh
elements was 921,635, the energy error value was 0.02%, and the analysis time was 3.32 min.
In the 3D analysis, the total number of meshes was 1,772,735, the energy error value was
0.378%, and the analysis time was 24.04 min. Figure 10a,b indicate similar electric field
values were determined for 2D and 3D FEM.
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Due to the relatively large distance between the electrodes (17 mm) compared to
the area between them as plates of a capacitor, the distribution of the electric field is not
uniform, and the greatest value occurs in areas close to the electrodes, as seen in Figure 9b.
Note that there was close agreement in the results between the 2D and 3D analyses.
For example, the electric field value in the 2D analysis at 8.5 mm was 5.14 × 105 V/m and
the electric field value in the 3D analysis was 5.20 × 105 V/m for an applied voltage of
11 kV. The difference between the 2D and 3D analyses results was 1.28% and acceptable
for FEM analysis.

4.2. Experimental Electrostatic Cleaning System

An electrostatic cleaning system was designed to drive four channels of high voltage
transformers at a desired frequency (1 Hz–3 Hz) and voltage (3 kV–11 kV). Figure 11 shows
the (a) controller card, (b) the signal output, and (c) the experimental system.
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Figure 11. Electronic card images: (a) Printed circuit appearance and channel outputs, (b) Experimental system.

The system is designed to drive four channels at a desired frequency between 1 Hz
and 3 Hz and with an output voltage between 3 kV and 11 kV. Each channel gives a square
wave output, as in Figure 11b. The frequency and duration of the duty cycle can be set
for each channel. It can program each channel independently, as well as actively operate
four channels in the desired time interval. Even if the system is energized, it continues
to work from where it left off with the battery. The processor (STM32F411CEU6) works
by switching the high voltage set by the user with the help of an encoder or by using the
information received from the RTC chip. All the information can be followed in color on
the TFT LCD screen, and the sequence of operations is displayed. Details of the circuit
developed for these experiments are given in the Appendix A. The flow diagram for the
operation of the system is given in Figure 12.
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4.3. Test Results for Electrostatic Cleaning System

In measurements in Sanliurfa, a 270-W solar panel with dimensions of
1.64 m × 0.99 m = 1.624 m2 accumulated 16.24 g of dust during November, giving a
daily average accumulation of 10 g/m2.

Model electrode arrays were developed to investigate the cleaning efficiency when ap-
plied to the 270-W panels and had a size 0.20 m × 0.20 m = 0.04 m2. The equivalent amount
of dust xd that would accumulate during November was determined as Equation (1).

This is example 1 of an equation:

x d =
Ak × xm

Bk
(1)

where Ak is the surface area of the electrode array (m2), Bk is the surface area of the
270-W panel (m2), and xm is the mass of dust (g) that fell on the 270-W panel in November.
The amount of dust xd was determined as 0.4 g. Thus, 0.4 g of dust with size 100 µm–300 µm
was applied to the N1 model representing traditional straight electrodes with 17 mm
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spacing (Figure 13) and to the proposed N2 model with modified electrodes with 17 mm
spacing (Figure 14). The efficiency of dust cleaning was compared for 1 Hz, 2 Hz, and 3 Hz
and various voltages (Figure 15a,b). Power loss was compared for 1 Hz, 2 Hz, and 3 Hz
and various voltages (Figure 16a,b).
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The cleaning efficiency of panels is commonly expressed as the ratio between the
weight of sand on the panel before cleaning and that removed by the cleaning [25,31].

Although increasing the voltage initially increased the efficiency, this reaches a maxi-
mum value, beyond which no further increase was seen, and decreases in some instances.
However, higher voltages will result in an increased current, and there is therefore an
optimal value for cleaning efficiency and minimum power consumption. When the 11-kV
1 Hz value is compared in terms of power losses, the N1 model has a power loss of 14.4 W,
and the N2 model has a power loss of 16.8 W. When the panel is examined in terms of
cleaning efficiency, the N1 model is 65% efficient and the N2 model is 75% efficient. In-
creasing the frequency above 1 Hz resulted in lower efficiency, and this value is deemed
optimal. This is similar to the result from other studies [31,44], which concluded that 1 Hz
was preferable. The proposed electrode geometry of the N2 model was found to give a
significant increase to the efficiency of cleaning at the optimum voltage and frequency.
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5. Conclusions

The electrostatic cleaning of PV panels has many advantages, albeit some disadvan-
tages. The greatest advantage comes if electrostatic cleaning is built into the PV panel
so that it is self-cleaning. Initially the disadvantage will be the cost of replacing existing
cleaning techniques and retrofitting electrostatic cleaning panels to existing PV panels or
replacing the PV panels.

Further advantages of electrostatic cleaning come from the unattended cleaning,
lower cost, greater reliability, lower maintenance, no need for cleaning fluids (detergents)
or water, avoiding the use of abrasive materials, increased panel efficiency, and extended
life of the panels. Future research should include a detailed comparison between the costs
of existing cleaning methods and electrostatic cleaning.

The data on the data accumulation gathered in Şanlıurfa show that effective cleaning
methods for PV panels are essential in Turkey. Given that many areas in Turkey are already
designated as areas with a shortage of water, methods that do not rely on water will become
increasingly important, and electrostatic cleaning has an essential part to play. The results
are summarized and listed as follows.

• It is known that the particle size and density of the powder varies regionally. This will
also change the electrostatic cleaning performance. Regional dust conditions were
evaluated and 80% of the dust was cleaned.

• The variation of the voltage applied to the electrodes changes the panel cleaning
performance. The increase in the voltage, electrode distance, and electric field value
should be determined using the finite element method for prevention of arcing.

• The change in the shape of the electrode in the electrostatic cleaning system changes
both the cleaning performance and the power consumed.

It has been shown that the electronic card and the proposed electrode model can be
used for electrostatic cleaning. The airflow contribution to dust removal is mentioned
in [31]. In [39], dust removal from the solar panel by vibration is given. Both methods
make a positive contribution to dust removal. However, since there is no study that deals
with both cases, further work will include adding wind sensors to identify the optimum
cleaning conditions and use of piezoelectric material.
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International Mersin Symposium, Mersin, Turkey, 22–24 October 2020; pp. 326–338.

35. Masuda, S.; Washizu, M.; Iwadare, M. Separation of small particles suspended in liquid by nonuniform traveling field.
IEEE Trans. Ind. Appl. 1987, 23, 474. [CrossRef]

36. Biris, A.S.; Sanini, D.; Srirama, P.K.; Mazumder, P.K.; Sims, R.A.; Calle, C.I. Electrodynamic removal of contaminant particles and
its applications. In Proceedings of the Conference Record of the 2004 IEEE Industry Applications Conference, 2004, 39th IAS
Annual Meeting, Seattle, WA, USA; 2004; pp. 1283–1286. [CrossRef]

37. Hudedmani, M.G.; Joshi, G.; Umayal, R.M.; Revankar, A. A comparative study of dust cleaning methods for the solar PV panels.
Adv. J. Grad. Res. 2017, 1, 24–29. [CrossRef]

38. Guangming, W.; Dan, L.; Guangjian, X.; Tianlan, Y. The mechanism study of dust removal with transparent interdigitated
electrodes. Integr. Ferroelec. 2016, 171, 1–7. [CrossRef]

39. Kawamoto, H.; Uchiyama, M.; Cooper, B.L.; McKay, D.S. Mitigation of lunar dust on solar panels and optical elements utilizing
electrostatic traveling-wave. J. Electrost. 2011, 69, 370–379. [CrossRef]

40. Kawamoto, H.; Shibata, T. Electrostatic cleaning system for removal of sand from solar panels. J. Electrost. 2015, 73, 65–70.
[CrossRef]

41. Mazumder, M.K.; Horenstein, M.N.; Joglekar, N.R.; Sayyah, A.; Stark, J.W.; Bernard, A.A.; Griffin, A.C. Mitigation of dust impact
on solar collectors by water-free cleaning with transparent electrodynamic films: Progress and challenges. IEEE J. Photovolt. 2017,
7, 1342–1353. [CrossRef]

42. Kawamoto, H. Electrostatic cleaning equipment for dust removal from soiled solar panels. J. Electros. 2019, 98, 11–16. [CrossRef]
43. Mazumder, M.; Horenstein, M.N.; Stark, J.W.; Girouard, P.; Sumner, R.; Henderson, B.; Sharma, R. Characterization of electrody-

namic screen performance for dust removal from solar panels and solar hydrogen generators. IEEE Trans. Ind. Appl. 2013, 49,
1793–1800. [CrossRef]

44. Chesnutt, J.K.; Ashkanani, H.; Guo, B.; Wu, C.Y. Simulation of microscale particle interactions for optimization of an electrody-
namic dust shield to clean desert dust from solar panels. Sol. Energy 2017, 155, 1197–1207. [CrossRef]

45. Faes, A.; Petri, D.; Champliaud, J.; Jonas Geissbühler, J.; Badel, N.; Levrat, J.; Roustom, B.; Hessler-Wyser, A.; Wyrsch, N.;
Ballif, C.; et al. Field test and electrode optimization of electrodynamic cleaning systems for solar panels. Prog. Photovolt.
Res. Appl. 2019, 27, 1020–1033. [CrossRef]

46. Kawamoto, H. Improved detachable electrodynamic cleaning system for dust removal from soiled photovoltaic panels. J. Electrost.
2020, 107, 103481. [CrossRef]

47. Jiang, J.; Lu, Y.; Yan, X.; Wang, L. An optimization dust-removing electrode design method aiming at improving dust mitigation
efficiency in lunar exploration. Acta Astronautica 2020, 166, 59–68. [CrossRef]

http://doi.org/10.1016/j.elstat.2017.12.002
http://doi.org/10.1109/ISMA.2015.7373479  
http://doi.org/10.36306/konjes.654942
http://doi.org/10.1109/TIA.1987.4504934
http://doi.org/10.1109/IAS.2004.1348578
http://doi.org/10.21467/ajgr.1.1.24-29
http://doi.org/10.1080/10584587.2016.1162585
http://doi.org/10.1016/j.elstat.2011.04.016
http://doi.org/10.1016/j.elstat.2014.10.011
http://doi.org/10.1109/JPHOTOV.2017.2721462
http://doi.org/10.1016/j.elstat.2019.02.002
http://doi.org/10.1109/TIA.2013.2258391
http://doi.org/10.1016/j.solener.2017.07.064
http://doi.org/10.1002/pip.3176
http://doi.org/10.1016/j.elstat.2020.103481
http://doi.org/10.1016/j.actaastro.2019.10.004

	Introduction 
	Dust-Induced Panel Pollution and Cleaning Systems 
	Dust-Induced Panel Pollution 
	Cleaning Systems 
	Wet Cleaning 
	Dry Cleaning Systems 
	Autonomous Cleaning Systems 
	Self-Cleaning Technologies 
	Surface Acoustic Wave (SAW) Technologies 
	Electrostatic Cleaning and Electrode Design 

	Effect of Atmospheric-Transported Particulate Matter on Solar Panels 
	Electrostatic Cleaning Systems 
	D and 2D Numerical Analysis of Electrode Arrays 
	Experimental Electrostatic Cleaning System 
	Test Results for Electrostatic Cleaning System 

	Conclusions 
	
	References

