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ABSTRACT Solar Photovoltaic System (SPV) is one of the growing green energy sources having immense
penetration in the national grid as well as the off-grid around the globe. Regardless of different solar
insolation level at various regions of the world, SPV performance is also affected by several factors:
conversion efficiency of PV cell technology, ambient temperature and humidity, soiling and seasonal/weather
patterns. The rise in PV cell temperature and soiling is found to be detrimental issues regarding power
plant performance and life expectancy leading alterations in the levelised cost of energy (LCoE). In this
paper, authors present a short glance about factors affecting the performance of photovoltaic modules and
re-discuss their usability in cleaning intervention decision-making models. With some highlights on the
essence of cleaning to mitigate the soiling issues in PV power plants, this paper presents the existing cleaning
techniques and practices along with their evaluations. The need for an optimal cleaning intervention by using
advanced scientific tools rather than by visual inspection is drawing the attention of PV experts. The authors
finally suggest a schematic of a decision-making model which involves the use of probable parameters, data
processing techniques and machine learning tools. The implementation of data science and machine learning
in a solar PV panel cleaning system could be a remarkable advancement in the field of renewable energy.

INDEX TERMS Solar photovoltaics, green energy, performance, soiling, cleaning system,machine learning.

I. INTRODUCTION
Globally, low carbon dioxide (CO2) emission from energy
conversion has been amajor concern and the use of renewable
energy is expected to be a prime solution. According to
the Sustainable Development Scenario developed by Inter-
national Energy Agency [1], it has been projected that till
2050, 32% of carbon emission shall be reduced by making
the use of renewable energy sources replacing the fossil fuels.
Hydropower and renewable energy sources are themajor con-
cerns for energy experts to promote green energy. As reported
by Key World Statistics (2019), out of the total global
energy production in the year 2017, hydropower has a share
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of 4,197 Twh; wind electricity has a share of 1,127 Twh and
that by solar electricity of 444 Twh [2]. The demand side has
equal importance as the production, when renewable energy
comes into a picture. Many political and technical challenges
are expected to arise, while replacing non-renewable energy
sources. In order to double the share of renewable energy, its
end use in the industrial sectors: mainly in manufacturing,
is considered to be a crucial step [3]. The harvest action of
wind energy and solar energy are the two strengths in the
field of renewable energy to meet the expected plant capacity
in the future. The applicability of solar PV system is almost
everywhere in the globe due to accessibility of sunlight,
which is a major advantage over the wind energy system,
where power generation is characterised by a largely varying
source, wind. Solar PV is expected to be one of the renewable
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energy sources having a 25% share in total energy demand as
forecasted in the year 2050 by deployingmore than 8,500GW
capacity [4]. The forecasted generation capacity of Solar PV
in the future entails that there will be a rapid installation
of PV plants, more than 10-fold rise in comparison to the
present scenario. The operation of the projected capacity of
PV plants will be a challenging job, mostly regarding its
reliable, economic, and sustainability. As of 2020, the largest
solar farm in operation, Tengger Desert Solar Park has a
peak generation capacity of 1,574 megawatts [5]. The use
of uncultivable and unused landscape has been a focal point
to the energy investors and governments for the installation
of new PV plants.

A photovoltaic cell is the smallest unit which harnesses
solar energy into the electrical energy. The energy conversion
efficiency of a solar cell is dependent on semiconductor tech-
nology involved during the manufacturing process. Silicon-
based technology is the most commonly used technology
whose conversion efficiency ranges from 5 to 15% [6]. With
the rapid development of thin-film semiconductor technol-
ogy, the conversion efficiency of solar cells is increasing.
Every solar module has its specified output power at Stan-
dard Testing Condition (STC); however, the exact operating
condition of solar cell differs from that specification and
results in varying output power. The performance of solar
cells might also differ by some other site-specific influ-
encing parameters like temperature, humidity, dust density,
air mass, panel orientation. Additionally, these parameters
might differ drastically in different seasons. Different forms
of precipitation, clouding, and wind also affect year energy
production from solar plants. Despite these factors, soiling
is considered to be one of the major issues which block
solar cells and reduces energy conversion efficiency directly.
Moreover, dust accumulation most often leads to cell tem-
perature rise resulting in the decrement in the efficiency
indirectly. Various studies have concluded that there lies a
negatory effect of soiling on the output of solar panels mostly
explained reduced solar intensity and rise in cell tempera-
ture [7]–[11]. The effect of performance degradation in turn
affects the economics of larger PV plants more prominently
thereby increasing the LCoE. Different dust preventing as
well as cleaning technologies have been evolved ever since
PV plants have come into its use. Robotic cleaners, electro-
static removal, self-cleaning layer, automated water cleaning
are the current technologies which have been practised so
far and the selection of appropriate cleaning mechanism is
a crucial task for the specific plant size and location. Beside
the cleaning mechanism, the essence of the optimal time for
cleaning is a concern which needs to be dealt with since visual
inspection for decisionmaking of cleaning shall not be appro-
priate in terms of energy economics. With the advancement
of data science and machine learning, their application for
decision making for cleaning operation can be a major leap
in the advancement of solar PV energy systems. Such an
optimized cleaning decision would certainly help to reduce
the LCoE.

This review paper reflects a complete capsule covering
from the existing product/idea based solar photovoltaic panel
cleaning systems to the prospects that could optimize the
cleaning procedure. The paper contributes a cleaning interval
scheduler schematic, which can be a starting point for further
research in the domain of PV systems. With regard to the
articles reviewed, the suggested decision-making framework
encompasses the requirement of technical as well as cost-
based parameters in an automated solar PV panel cleaning
system. This study first introduces the trend of solar photo-
voltaic power generation in the global context. In Section 2 of
this article, an idea is presented about the influencing parame-
ters for a particular PVmodule and some of which can be use-
ful while determining the cleaning intervention. Section 3 is
mainly focused on the review of different types of cleaning
mechanisms adopted in the current scenario, in addition to
which, the evaluation along with their pros and cons are
discussed in the subsequent section. As stated in Section 5,
the authors suggest machine learning implementation for
the advancement of the solar PV cleaning system. Finally,
in Section 6, the major conclusions are enlisted.

II. SOLAR PHOTOVOLTAIC SYSTEM AND ITS
INFLUENTIALS
Solar Photovoltaic system consists of PV modules connected
appropriately to form the solar arrays, and the combination
of solar arrays form the generating unit. The solar generating
unit can be a single module to a large solar farm sizing
thousands of megawatts depending upon the requirement.
Solar Photovoltaic system is operated to its maximum power
point, the point where adjusted photovoltaic voltage with
output current gives the maximum power output in that
particular instant, and the technology is normally termed
as Maximum Power Point Tracking (MPPT) system. The
generated power is fed into the control system, most often
known as the charge controlling device, which controls the
flow of electric current (power) to the different loads. Charge
controllers balance the generation and demand in an optimal
way such that loss in the system is minimized and provide
an environment to operate equipment safely. In order to feed
AC load, PV systems are provided with the inverter which
changes the nature of current from direct current (DC) to
alternating current (AC). A typical solar photovoltaic system
with different kinds of loads: dedicated load, battery energy
storage system and interconnection with grid supply, are
collectively shown in Figure 1. Photovoltaic Systems with
these various loads are controlled with the programmed pri-
oritization by a control system embedded within the inverter
unit. Different constraints are also shown along with the
same figure which affects the output power of the generat-
ing unit. These constraints mostly include: the surrounding
temperature [12]–[17], humidity [18]–[22], solar irradiance
[12], [23], [24], panel orientation [25]–[28], dust [29]–[36].
Nonetheless, some variationsmight be observed in all of these
environmental factors collectively due to seasonal changes
and weather perturbations [23], [37]–[39].
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FIGURE 1. A typical block diagram of Solar PV system.

In this section, the underlying reasons for the deviation
of the output power are explained along with the deductions
made from the experimental observations done in the respec-
tively referenced research. Out of these factors, the tempera-
ture of the solar cell is found to be a prominent factor harming
energy harvest action from PV cells. Some of the researchers
suggest different cooling methods of PV modules to be an
effective solution [13], [40]. Similarly, soiling is considered
to be another major issue in efficient solar PV operation.
Accumulation of foreign particles over the panel surface not
only block the entering solar radiation but also increases
the cell temperature thereby having a double effect. Soiling
issues can be addressed by cleaning the panel; however,
the effective way of cleaning is still a major concern.

A. MANUFACTURING TECHNOLOGIES AND
CONVERSION EFFICIENCIES
Theoretically, the solar irradiance that strikes on the PV cells
is called as the input power. Whereas the output power can
be defined as the multiplication of its developed current
and induced-voltage as per cell’s impedance at a particular
instant. The ability to convert input solar energy into electrical
energy is known as conversion efficiency of that particu-
lar solar cell. Based on a different semiconductor substrate,

doping material, manufacturing processes used, solar cells
can be characterized into different types such as monocrys-
talline, polycrystalline, thin-film amorphous, perovskite,
organic or plastic solar cell [41] and the conversion efficiency
varies accordingly. As per a study [42], the efficiency of a
cell can be increased significantly by doping some amount
of organic polymers as luminous-down-shifting (LDS) mate-
rials. It was found that the application of LDS technology
reveals that there can be an increase of 10-20% efficiency
in Cd-Te devices having CdS buffer layer whereas the most
commonly used silicon wafer-based technologies are bene-
fited up to 0.5 -3% [42], [43]. Table 1 shows various kinds
of PV technologies with their respective efficiencies. Among
all technologies listed, mono and polycrystalline technology
have more than 40%market share due to material availability
and economic constraints [44]. In recent advancement of
thin-film technology, solar cells having higher efficiency are
commercialised with the pricing in the same range that would
have cost for conventional wafer-based technology [45].

B. ENVIRONMENTAL CONDITIONS AND PV
PERFORMANCE
A particular PV module is characterised based on Standard
Testing Condition (STC) [46], and is considered to be a
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TABLE 1. Different solar technologies with their efficiency [6].

reference point from which the performance would deviate
concerning the environmental factors it is subjected to. The
atmospheric condition and the radiation profile vary from
place to place, and the performance of a solar PV plant in
a particular place is solely dependent on such environmental
constraints. The changes observed in temperature, humidity
and solar radiation vary either of parameters: short circuit
current (Isc) or open-circuit voltage (Voc) or Fill Factor (FF)
which in turn happen to decrease the maximum power point
from STC characterization. Solar radiation is the source of
energy harvest action, which is composed of energy carrying
photons thereby releases electron from PV cells through the
photoelectric effect. The intensity of the solar radiation enter-
ing into the PV cell determines the output current so as the
output power. The solar energy input to the PV cell is mea-
sured in the term of a watt per meter square area, often termed
as Solar Irradiation. Solar irradiation varies from place to
place and mostly for a particular place, it varies along the
time of day. With the increase of solar irradiance, both short
circuit current parameter and open-circuit voltage parameter
increases resulting in the increase of maximum power point
[24]. However, the change in short circuit current is found to
bemore prominent than that to open-circuit voltage [12], [23].
Despite specific air mass of any particular place, the resultant
solar irradiation also varies with the number of atmospheric
particles: dust and water vapour content present [19]. Besides
this, the orientation and tilt angle of the solar module also
affects the amount of incident light intensity falling upon it
and it is suggested to face the module at an optimal angle
defined by the latitude of the site minus ten degrees [25].
Even though the optimum tilt angle might vary seasonally or
monthly according to the location, the feasibility of a two-
axis tracking system must be done before implementation
[26]. Subsequently, the temperature of the solar PV cell is one
of the performances determining parameters. The ambient
temperature to which the PV modules are exposed, does not
have a direct impact on the performance metrics of PV cell,
rather the rise in the cell operating temperature concerning
laws of thermodynamics explains it. The PV cell parameters:
open-circuit voltage (Voc), short circuit current (Isc) and fill
factor (FF) vary almost linearly with the temperature varia-
tion explained by the decrease in the bandgap [14]. However,
it is seen that the decrease in the power of PV cell is mostly

explained by the decrease in Voc and FF with the increasing
temperature [47]. Similarly, high humid environment also
has an adverse effect in PV cells performance. From the
experimental results obtained in [21], it is found that the short
circuit current (Isc) decreases significantly with high relative
humidity and which is explained by the current leakage due
to increased moisture content. Additionally, water vapour
contents in high humidity cause the scattering of solar radi-
ation and as a consequence, the performance of the module
reduces with the reduced short circuit current [48]. According
to the experimental observation made at Karachi, Pakistan
(305K) [18], with the increase of humidity by 25%, the
output power seems to be reduced approximately by 29.92%.
Likewise, from a case study of Sohar City-Oman, significant
reduction of 44% was seen in the output current, when RH
was increased from 67% to 95% [20]. Although, places with
high wind velocity seem to provide a better environment for
PV energy harvest action, as it reduces relative humidity and
lowers the cell temperature [19]. The above-discussed param-
eters: solar radiation, ambient temperature, relative humidity,
do also exhibit variations during different seasons of the year
as well as due to weather perturbations like precipitation,
change in wind pattern and cloudiness. Spectral gain/loss of
PV cell technology (a-Si and CdTe) with stronger sensitivity
at shorter wavelength can be seen with several percent with
the seasonal variation [37]. From a study of Sohar-Oman
[49], increment of solar intensity by 101.6% was seen in
the summer season in comparison to the winter. Adversely
panel temperature was reduced by 97.6% due to decrease in
ambient temperature during the winter. Similarly, in a study
of seasonal effect in a si-PV technology [38], the change of
about -3% in temperature effect, 16% in spectral effect and
2.5% of irradiance effect was seen in summer as compared to
winter season.

C. SOILING ISSUES
Atmospheric dust and soiling both happen to reduce the
performance of solar module. However, soiling is found to
be more degrading one. Atmospheric dust is likely to absorb
the solar radiations which would otherwise hit on module
surface whereas soiling is an issue caused by the deposition
of dust and other opaque particles over the module surface.
Hard shading and soft shading are the two kinds of shading
caused by soiling effect. Hard shading is a phenomenon
where small patches of accumulated particle block the PV
cell and cause a reduction in Voc of the module, whereas
soft shading is the uniform deposition of soiling particles
all over the solar module, causing a reduction in Isc [7],
[50]. Researches have concluded that soiling issues can be
a detrimental factor reducing energy harvesting capability
of solar power plant [51]. An average of 1% with a peak
of 4.7% in two-month observation period was observed in
the United States [52], 40% degradation in 6 months in
Saudi-Arabia [53], 11% decrease in efficiency in the tropical
climate of Thailand [54], 29.6% in Kathmandu, Nepal and
from 33.5% - 65.8% reduction in efficiency from a study
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conducted in Egypt [55]. On long term perspective, soiling
can result in degradation of the expected life of PV modules
and seasonality in spectral response [8]. The impact and rates
of soiling differ tremendously place to place in a different
part of globes. Places with low rainfall, high dust density and
relative humidity are likely to have particles accumulating for
a long time and result in poor energy harvest action from PV
plant [56]. Similarly, as the size of soiling particle goes on
increasing, the efficiency of the solar panel decreases [57].
According to a case study of 186 PV sites in USA, it has
been observed that by cleaning a solar PV plant half the way
of dry summer without rainfall, 0.81% to 4.7% improvement
can be seen in energy harvest action throughout a year, and
up to 9.8% by implementing an automated cleaning system
[9]. To coverup, the losses experienced by PV plants due to
soiling issues, different solar panel cleaning techniques have
been implemented. The subsequent section explains about the
recent technologies that have been evolved for performance
restoration of PV plants by cleaning modules constituting
them, and different market-based products have also been
highlighted.

III. CURRENT TECHNOLOGIES AND PRACTICES
OF SOLAR PANEL CLEANING
Megaprojects of energy generation from Solar PV panel can
be built in semi-arid or desert which receives plenty of solar
radiation throughout the year. But with higher possibility
comes a bigger challenge. In these deserted places having
a higher concentration of atmospheric dust with seldom
rain, soiling in the surface of the panel is inevitable. For
maximum harvesting of energy from solar cells, cleaning
of these panels is a must. Different manual and automatic
technologies are available for cleaning of the solar panel.
Cleaning expenses in a solar plant accounts for almost half of
the O&M cost.

A. CURRENT TECHNOLOGIES
Rainwater has been a medium for a long time for cleaning
of solar panels. Harness of energy from sunlight is more
from a clean panel which in return generates more electric-
ity. With the advancement in material science and robotics,
manual cleaning of the solar panel is slowly being eradicated.
Much new technology like EDS, Robots, cleaning kits is
available to clean a panel effectively. Some of the prac-
tices and technologies are discussed in the sub-sub sections
below:

(i) Manual cleaning: Different tools and techniques are
available to clean the solar panel manually by an opera-
tor. A cleaning kit is the most common manual cleaning
tools which include multiple extension poles, carrying bags,
brushes, cloths, hose connections, and more [58]. Many com-
panies produce manufacturing brushes and hose system for
cleaning of the solar panel and can be found readily in the
market. Figure 2 shows manual cleaning of the solar panel
in Kathmandu University Hospital with a cleaning kit by an
operator. Thismethod efficiently cleans a panel but increasing

FIGURE 2. Manual hand cleaning system.

the size of the solar plant size, it will be impossible to clean
manually as it increases O&M cost drastically requires large
manpower.

(ii) Piezoelectric system: Piezoelectric actuators are being
used in various optical adjustments, biomedical manipula-
tion, space explorations and other areas due to higher torque
to volume ratio, flexible structure and high positioning preci-
sion. The piezoelectric system is being used in the cleaning of
solar panels. The acoustic piezoelectric system with water as
a cleaning agent, spread 0.1 to 1 mm depth of water around
the surface of the solar panel cleans during the rarefaction
cycle of the compressionwaves. A vacuum is created in liquid
during the rarefaction called an ultrasonic cavity, and this
cavity cleans the panel by sucking the dust present in the
solar panel surface. for the medium of air, the mechanism
is similar to change in the cleaning medium only. Linear
Piezoelectric actuator based solar PV panel cleaning system
has a proper pressure force between the wiper and solar
panel is adjusted where the actuator can drive the wiper to
effectively clean and wipe a dust layer by vibrating the dust
away from the solar panel’s surface [59], [60]. Figure 3 shows
a linear piezoelectric system

(iii) Electric curtain system: Places with dry dust can
be dealt with a phenomenon explained by the application
of suitable electric field to the dust particles residing on the
module surface. This phenomenon of charging dust particle
is an electrostatic concept where charged dust particles are
bound to form a standing wave-type electric curtain [61]
such that at any point there exists an electric field with an
amplitude and a direction oscillating at the imposed fre-
quency. Frequency of oscillation is set in such a way that dust
particle moves along the line of an electric field to one of the
edges of the module thereby cleaning the surface. Uncharged
particles failing to form the electric curtain are soon charged
through either polarisation or electrostatic induction pro-
cess and hence removed from the module [62]. An Electro-
Dynamic Screen (EDS) is one of a kind which uses the same
principle of standing wave-type electric current. High voltage
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FIGURE 3. Linear Piezoelectric system [61].

three phase electric source is used instead to form a travelling
wave with strong translational energy [63]. The application of
different phases to the substrates of a module and respective
lines of force is visualized in Figure 4.

FIGURE 4. Electrodynamic screen [64].

This kind of cleaning mechanism requires dry module
surface which would avoid any vapour based bonding of dust
particle with the module and it has been suggested to use
such systems where humidity is extremely low and almost
negligible precipitation. From a study based on concentrated
solar power plants, it has been reported that its applicability
is limited to the places where relative humidity is less than
60% and such system is expected to have 90% efficiency
in regaining the reflectance lost due to soiling [65]. The dry
condition as such of MARS is suitable for the application of
this technology [64].

(iv) Self-cleaningmechanism:A translucent self-cleaning
nano-film can be coated to the surface of a solar panel to avoid
deposition of dust in the panel. The self-cleaning nano-film is
made of super hydrophilicity material or super-hydrophobic
material. In the super-hydrophilicity method, the rainwater
gets scattered throughout the solar module and cleaning the
dust. Thus, this method is not popular and various research
is going on. In case of super-hydrophobic material, the water
droplets quickly fall off carrying dust particles with them like
in the leaf of a lotus plant. Various researches are going on

to realize superhydrophobic surfaces by forming microstruc-
tures or nanostructures. Usage of these materials in the sur-
face of the solar panel would be questionable as solar farms
are situated where seldom rains are present. Thus, in the
case of solar panel, these materials need to be studied in
depth [66], [67].

(v) Robotic system: The robotic system is the most
demanded technology in comparison with all other tech-
nologies being discussed above since it has a wide range
of applicability in small as well as large PV systems. The
robotic system consists of actuators, drives, gears having
some movement above the module surfaces, and is a virtual
operator which cleans the module even much better than
manual hand cleaning. Advancement in 3D printing, nan-
otechnology is aiding to make very complex robots which
can operate as efficiently as a human would do the work.
The recent development in the field of automation is making
the cleaning job even easier so that complexity between the
robot and the operator is reduced. Integration of automa-
tion in the robotic system has given the ability for a robot
to self-decide and perform an action when needed lower-
ing the human-machine interfacing time and humanitarian
aid for the entire cleaning operation. The use of microcon-
trollers and programmable logic controllers to ease the solar
panel cleaning process can be seen in most of the robotic
cleaners [68], [69]. The fuzzy logic controlled algorithm
discussed in [70], [71], deals with the fuzzification of the
solar irradiance value and the output current value such that
defuzzification would result in decision making whether to
clean or not.

The rising topic Internet of Things (IoT) in the techno-
logical field can give a substantial turn in the solar panel
cleaning process. Distant monitoring of the PV system can
be achieved by employing required sensors which shall feed
the real-time data to the operator through the cloud. Such
an IoT enabled system reduces the cost for inspection and
cleaner team can go with their robots only at the time of
need. With the application of IoT, even site visits can be
avoided such that human intervention in cleaning process
shall only be limited to the supervision of completion. This
can be achieved by employing decision making automation
with pre-installed robots mounted over the solar array/s. This
idea has been demonstrated in the prototyping of a system
named after Smart Solar Photovoltaic Panel Cleaning Sys-
tem as depicted by Figure 5 [72]. This system consists of
two major units: Robotic and Autonomous unit, functioning
cleaning and decision making respectively. The autonomous
unit takes solar radiation as an input parameter and gen-
erated power as an output parameter and compares with
the calibrated model to decide whether to perform clean-
ing action or not. Consequently, robotic units act as the
slave unit and perform the cleaning as commanded by the
autonomous unit. The whole system can be supervised by a
person located at any part of the world if only both the clean-
ing system and the supervisor are in the access to internet
connectivity.
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FIGURE 5. Smart solar photovoltaic panel cleaning system [72].

B. CURRENT PRACTICES
Cleaning of any PV glass surface is done in two ways: either
using water with water solvent cleaning agents and without
water using special brushes. Most of the cleaning practices
involve the use of a robotic system with either of the above
two practices. Whereas, some of the PV sites with abundant
water resources are cleaned by the sprinkled water time to
time to avoid the soiling issue. The selection of cleaning
mechanism is dependent on geographical location, seasonal
variations and weather perturbations, plant size, array config-
urations and others, so that the economics of cleaning process
sticks in a good agreement with that of the worth achieved
after cleaning.

(i) Water-based robotic cleaning systems: Water-based
cleaning systems use water as their primary component as
their cleaning agent. The water-based cleaning system is best
suited in an urban and tropical climate where water is abun-
dantly available. Water-based cleaning is the best cleaning
system in terms of cleaning efficiency. It can remove hard
stains and bird excrements from the surface of the panel.

The Serbot Swiss Innovations developed a cleaning mech-
anism for mobile deployment onto SPV panels which are
shown in Figure 6 (a, b). This system cleans through the
rotating brush and demineralized water. The robot moves in
the solar panel with vacuumed feet which are rotating on
two trapezoid-shaped geared belt drives. This system can
be radio controlled and is easy to move from one place
to another. Whereas, for a larger application, ‘Gekko Solar
Farm’ has been used, which is designed for utility-scale solar
farms [73], [74].

Similarly, Greenbotic’s robotic cleaning system (GB1) is
a wireless and rechargeable robotic cleaning system for SPV
panels. It comprises rotating cleaning brushes perpendicular
to the axis of the panel and a wiper system, such that not
only does it clean the panel, but also clears the dirty water
residing over the module surface. Hence, it is found to be
effective for all types of dust and bird droppings [75]. Hector
is a wireless mobile robot carrying water solution tank, which
can navigate itself throughout the modules without human
intervention [76]. Many other systems like these are available
in the market with similar techniques of using a robotic
system with water to perform the cleaning action. The only

difference in these systems is their usage of water delivering
and swiping method and the movement along with the panel.
Based on their specification, there applicability in different
types of array configuration and different sizes of power plant
is determined accordingly.

(ii) Waterless robotic cleaning systems: Though water-
based cleaning is most effective cleaning method, in dry
places like the desert where water is not available and the
soiling in the surface of the panel is only due to dust accu-
mulation, it is effective to use water-less cleaning technol-
ogy. In waterless cleaning technology, a brush typically dust
repellent is rotated or moves along the surface of the panel
to swipe the dust away. This method is efficient in dry
places. The robots cleaning without the use of water is less
complicated as it does not store water and doesn’t need to
pump high-velocity water into the panel and the robots are
consequently of lightweight. Solar Brush is an example of
a robotic cleaning system for SPV panels without the usage
of water. The robot ‘solar brush’ walks over the solar PV
panel up to an inclination of 35 degrees. It is wireless and
rechargeable. It is having a cleaning brush which swipes the
dust. With the increasing advancement in drones, companies
are also introducing cleaning system by drone, which is very
applicable and handy for streel light solar panel.

Aerial Power’s SolarBrush drone is targeting desert regions
of the world to introduce their product of drone cleaning
technology [77]. Similarly, Boson solar farm cleaning robot
shown in Figure 7, is a fully automatic robot that can clean
the surfaces of the panel without the use of water. This is an
IoT connected system which cleans the panel at night with
its solar-powered unit. This robot also features gap spanning,
i.e., it can overcome the problem of other robots that get
struck in gaps of the panels in a solar farm. Also, an automatic
cleaning feature is added in this system for making the system
reliable [78]. Many other products are available in the market
with waterless techniques to clean the panel with more effi-
cient ways by the usage of dust repellent or attracting brushes
and wipers.

(iii) Automated water sprinkler system: Places with an
abundant amount of water can have a system that performs
a routine cleaning system making the use of water alone.
Automation regarding the routined cleaning shall be required
to perform cleaning time to time such that no soiling particles
or bird excreta are allowed to stay for a long time. These
systems virtually create a rain-like an environment in the solar
plant as hoses spray the water directly in the panel, the panel
due to its inclination washes the dirt along with water to earth
due to gravity. It automatically washes and rinses the solar
panels by nozzles attached to the solar panels. These systems
consist of a controller which automatically provides wash and
rinse cycles, the controller programming can be changed as
per seasonal requirements. Figure 8 shows a nozzle spray-
ing high-velocity water into solar panels. This type of fully
automated system was first designed and introduced by
Heliotex [79].
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FIGURE 6. Gekko solar robot, and (b) Gekko solar farm robot [73], [74].

FIGURE 7. Boson robotic panel cleaning system [78].

IV. EVALUATION OF DIFFERENT EXISTING SOLAR PV
PANEL CLEANING SYSTEMS
With various technologies and practices available to clean the
solar panel, it is necessary to choose the right one based on
environment, seasonal and weather patterns and dust density
level to ensure the selected method to be economically and
technically feasible. Manual cleaning is feasible in small
plants which are on the ground level and easy to reach. Man-
ual cleaning for street poles requires a skilled operator having
high manpower cost. Similarly, in large solar farms robotic
system is considered to be best as it requires less manpower
and has high efficiency in cleaning. Solar farms in a tropical
regionwhere it is wet and humid having plenty of rainfall may
install waterless robotic system as the dew in the solar panel
at morning can act as a cleaning agent. So, is also useful for
desert areas where the soiling is only of dust particles. How-
ever, sites which are prone to sticky specks of dirt and bird
excretes, might require water and cleaning agent to clean the

FIGURE 8. Automatic water sprinkler [79].

panel effectively. In such places, water-based robotic cleaning
is found to be more appropriate. In case of desert and places
like the surface of Mars (for dry areas) having few module/s
for the special purpose can have EDS and piezoelectric based
systems which are featured with light weighed and have a
compact structure. The different solar panel cleaning tech-
nologies evolved so far has been structured in Table 2, which
also details the features, effectiveness and the disadvantages
respectively.

V. DISCUSSION AND RECOMMENDATIONS
With the rapid development of a robotics system for the solar
panel cleaning, the essence of optimal cleaning instant has
been a research interest for the PV experts. The scheduling
of solar panel cleaning is the challenging task for the smooth
operation of PV plants. It is even more essential, if the plant
size is in the range of hundreds and thousands of megawatts.
The investment made for cleaning purpose must have a good
rate of return in terms of restoration of energy harvesting
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TABLE 2. Evaluation of different solar PV panel cleaning system.

capability of the solar cells thereby decreasing the LCoE.
Cleaning decision made just concerning the visual inspection
by a human being might not be effective in terms of power

plant economics and plant health. With the advancement in
the field of data science and machine learning, their appli-
cation in some of the parameters associated with the power
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TABLE 3. Methodologies for the decision-making model.

FIGURE 9. Average accuracy classification for random forest
technique [81].

production from the solar arrays, can be proven as the most
advanced scientific tool to decide the cleaning intervention of
the solar power plant.

A. SCHEDULING OF SOLAR PANEL CLEANING
INTERVENTION
According to the study done for solar pumping system
of 600 Wp in [81], it is found that the logistic regression
model can give greater than 90% system accuracy for tempo-
ral resolution smaller than 300 seconds whereas for greater
than 300s, complex tools like the random forest (RF) or arti-
ficial neural network (ANN) are needed. In the same system,
the combination of the array voltage, the array current and
the module temperature with Random Forest model gave the
most accurate classifier (90%) which can be visualized by
Figure 9. In a research done at 100 MW Solar PV plant at
Saudi Arabia, an optimal cleaning interval of the plant is
evaluated using simple exponential loss model [82] where
the minimization of the total cost (cost of energy loss due to
soiling plus cost of cleaning) over the value of energy sold
during that interval [82] is achieved. The cleaning interval
from this technique is evaluated by finding the abscissa of
the point of intersection between the line plot of the value
of energy represented by either of the black, blue or purple
(depending on the cost of cleaning) line to that of soiling as
represented by the red line in Figure 10. Likewise, an analysis
done in Chile suggests that, an optimal cleaning program can
be designed from a robust statistical representation of power
generation characteristics of a PV plant using correlation of

FIGURE 10. Cleaning interval based on Cost of Energy (CoE) [82].

FIGURE 11. Cleaning interval based on soiling accumulation [83].

the obtained data from the real PV plant to that of ideal power
based on geographical data.

In an experiment performed in the Southwestern United
States [83], cleaning schedule is optimized as shown
in Figure 11 by using the Soiling Ratio (Sr): defined by the
ratio of the short circuit currents of naturally soiling PV cell
to that of intended to be cleaned cell. Along with the use
of precipitation data, the corrected Sr ratio over the time
is drawn as per the changes obtained in the consecutive
instances.
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FIGURE 12. Suggested model for scheduling the cleaning intervention.

B. SUGGESTED SCHEMATICS FOR MACHINE LEARNING
IMPLEMENTATION IN PV CLEANING SYSTEM
Machine learning’s ability to inherit certain behaviour,
the tendency of the dataset and the ability to classify or predict
the similar behaviour that it has learned through, with high
confidence makes it most suitable to cater this particular

problem. Table 3 presents the different methodologies to
design a decision-making model.

(i) Data Selection: There are several parameters asso-
ciated with the efficiency of a solar photovoltaic module
as discussed in the previous sections. Module Temperature
(Tpv), Ambient Temperature and Humidity, Dust Density,
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Air mass are the influencing parameters. Array Voltage (Vpv)
and Array Current (Ipv) are the output parameters whereas
Solar irradiance (Gpv) is the measure of solar energy input
and termed as the input parameter. The more the parameters
included, the more accurate the model might be and conse-
quently, the more sophisticated and costly the system shall
be. In the study performed at middle east countries [80],
[83], due to different soiling conditions at different months
of a year, it is experienced that seasonal meteorological
data have paramount importance in determining the cleaning
intervention.

(ii) Data Processing: Before casting the calibration model
for the decision making, it is necessary to process the data
collected which seems to be erroneous. Time series is the
simplest data processing tool which takes each input of a
parameter as a single entity, whereas simple featuring defines
a set of data inputs as a statistical interpretation (mean,
mode, median, variance) and groups the multiple numbers
of data having a common feature to a single one. Principal
Component Analysis (PCA) is complex than the other two,
and mostly used if there are a large number of parameters
included, where accuracy is a must. Similarly, there are
more complex data processing techniques which can be used
suitably.

(iii) Model Selection: Logistic Regression is one of the
simplest calibrationmodelling techniques used which defines
the linear relation between the parameters. According to the
quality of the processed data, parameters involved and accu-
racy required, various complex tools ofmachine learning like:
support vector machine, artificial neural network, random
forest, transfer learning and deep learning can be tested and
best among them shall be implemented.

(iv) Evaluation of Performance: Once different machine
learning models in a combination with the various data pro-
cessing tools have been tested, evaluation is done to select the
best combination among all, which is solely dependent on the
system accuracy, costing, energy consumption and computa-
tional time, particularly as per demanded by the specification
of the solar photovoltaic system.

Figure 12 is the suggested model to schedule a cleaning
intervention using a machine learning tool, additionally with
cost worth analysis. Regardless of using every parameter
included in the dotted box, only selected parameters through
optimisation techniques of feature extraction are selected for
the calibration and decision-making process. The robustness
of the model is solely dependent on the accuracy index as
per the requirement of the solar power plant and the location
where it is situated. Most of the plants situated in the Middle
East countries where soiling is themajor issue are compulsion
to have a detailed prerequisite before designing the cleaning
system. The larger the system is, the more accurate the model
has to be, and the more complex tools of machine learning
need to be implemented. Beside the cleaning intervention
determined from the ML tools alone, it is suggested to use
the cost worth based model [82], additionally to achieve the
expected LCoE.

VI. CONCLUSION
This review discusses the effects of various parameters on the
solar photovoltaic panel, and various cleaning systems that
are developed and being used up to the present days. The key
points of the topics discussed are:

1. The rise in cell temperature and soiling of the module are
the two major issues of the PV systems.

2. Places with extensive temperature rise can be dealt with
by active and passive cooling techniques, whereas soil-
ing can be dealt with by cleaning the surface of modules.

3. Cleaning can be achieved by natural rainfall, manual
hand cleaning, water jet/sprinklers and most effectively
by robots.

4. Standing wave-type electric curtain system can be
applied in the areas with water-scarce, like for solar
panels in Mars.

5. To obtain optimum cleaning instant for a particular case
scenario, machine learning application can be imple-
mented to develop a decision-making model with the
use of parameters affecting the performance of PV plant:
solar irradiance, output power, temperature, humidity,
air mass, dust density, seasonal and weather patterns.
The complexity and accuracy of the system are defined
mainly by power plant size, vulnerability to soiling,
seasonal patterns and weather perturbations.

6. For distant solar farms with no rainfall and prone to
frequent sand/dust deposition, the IoT based cleaning
system with a pre-installed robot in the solar array [72]
can be used, which shall avoid the multiple site visit
costs.

It is suggested that for the large solar farms, solar panel
cleaning shall only be done, if the efficiency is reduced below
the critical level and the investor must make sure that the
investment made on the cleaning purpose have a tolerable rate
of return. Further research and development on a decision-
making model considering cost worth evaluation are essential
for the evolving solar panel cleaning technology.

ABBREVIATIONS
SPV Solar Photovoltaic
PV Photovoltaic
LCoE Levelised Cost of Energy
CO2 Carbon dioxide
GW Giga Watt
MW Mega Watt
Twh Terawatt hour
STC Standard Test Condition
MPPT Maximum Power Point Tracking
AC Alternating Current
DC Direct Current
LDS Luminous Down Shifting
CNT Carbon Nano Tubes
CdTe Cadmium Telluride
CIS Copper Indium Selenide
ISC Short Circuit Current

VOLUME 8, 2020 135959



N. Khadka et al.: Current Practices of SPV Panel Cleaning System and Future Prospects of Machine Learning Implementation

VOC Open Circuit Voltage
EDS Electro-Dynamic Screen
O&M Operation and Maintenance
3D 3 Dimensional
IoT Internet of Things
RH Relative Humidity
ANN Artificial Neural Network
Sr Soling Ratio
Tpv Module Temperature
Gpw Solar Irradiance
Ipv Array Current
Vpv Array Voltage
PCA Principal Component Analysis
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