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ABSTRACT: Renewable energy is abundantly available from the sun, wind, and tidal sources on mother
Earth. Solar power is emerging as one of the cleaner and major form of energy generation globally.
Developing as well as developed nations are using rooftop as well as ground mounted solar power plants
as a dominant alternative to thermal power generation, which is being considered as the major contributor
to air pollution worldwide. Around the world, Solar PV energy generation is now an affordable alternative,
but achieving maximum efficiency remains challenging due to multiple factors. Dust, dry leaves, bird
excreta, and air pollutants might be considered as significant factors that impact the solar panel efficiency.
Accumulation of dust particles not only decreases module output but also increases the solar panel
temperature by up to 10%, which further decreases power output over time. Various studies concluded that
the efficiency decreases by around 30-40%, and the accumulation of moss could reduce the output power
by up to 86%. Further, many studies have revealed that regular cleaning is very important to avoid
efficiency losses. The present study discusses the design and development of an automated mechanical
system that can be fitted or retrofitted to existing or newly installed PV Solar Panel(s) for cleaning
applications with minimal water requirement. Specifically designed and programmed to automatically
operate/function as per the present conditions for optimum cleaning of the solar panel surface on a regular
basis. It will enable the PV Solar Panel to function at maximum efficiency. This system can be mounted on
any off grid and on grid solar power plant. The system will be best suited for the standalone installation of
PV Solar Panels.
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1. Introduction

In most of the developing countries, the coal based conventional power plants are used for the
production of electricity, which are responsible for releasing Green House Gasses (GHG) and other
pollutants into the environment [1,2], which are attributed to be responsible for climate change [3]. Among
the various renewable energy sources are wind, tidal power, hydropower, and geothermal. Solar energy is
the most prominent and is being considered as the best alternative renewable energy source for reducing
CO; footprints and saving the environment [4]. It can minimize carbon emissions up to 800-900 g CO>
equivalent per kWh of electricity generated from grid systems [5,6]. The use of Photovoltaic (PV) solar
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panels has been increasing worldwide to reduce harmful gas emissions from fossil fuel burning in power
generation [7]. Solar photovoltaic panels are being used as an electrical power source for many applications,
including industrial, agricultural, and domestic and commercial use. Globally, solar PV energy generation
is becoming a popular option in both developed as well as developing nations. India has also adopted PV
solar panel installations as one of the major renewable energy generation options. In recent years, Asia has
accounted for the maximum growth in the renewable energy sector. At the global level, it is predicted that
PV installations could reach up to 2840 GW by 2030 [8]. At the UNFCCC 2021 Paris summit, India
declared its ambitious targets of cutting its emissions to net zero by 2070, and to cut down its emissions
from the energy sector by 50% up to 2030. And to meet this target, India has a plan for the generation of
450-Gigawatt (GW) energy through PV solar panels by 2030. India now has 276.783 GW of installed power
generation capacity, of which 69.5% comes from thermal energy, 15.2% from hydropower, 2.1% from
nuclear energy, and approximately 13.2% from renewable sources [2].

Solar panel efficiency depends on the intensity of sunlight falling on the panel and its rate of conversion
into electricity. Due to advances in solar PV fabrication technologies, efficiency has increased from 15%
to 20%, although it remains low compared to other energy sources. The performance of a photovoltaic
system is significantly impacted by various meteorological factors, including temperature, humidity, and
solar radiation. Certain factors, including wind speed, have the potential to inflict harm on the PV structure
[9]. However, other factors such as the accumulation of foreign particles, bird excrement, sand particles,
snow, acid rain, and dry leaves can significantly degrade panel efficiency. In the tropical region, the
decrease in solar panel efficiency due to the accumulation of dust or dust soiling on the panel is a common
problem in the various reported studies [10]. Limited robotic system based solutions have been reported in
the literature. [11]. Dust build up, or soiling, has a significant impact on photovoltaic system performance.
Figure 1 shows the factors affecting dust soiling on solar panels.
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Figure 1. Factors contributing to dust soiling on solar panels.
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Dust and dirt particles accumulate on PV panels, reducing overall power output. Large-scale PV
systems are affected by the accumulation of dust on their surfaces. Due to the accumulation of dust, the
temperature of the solar panel increases by up to 10%. The study concluded that the efficiency decreased
by around 30—40%, and accumulation of moss could be other factor that could reduce the efficiency up to
86% [12]. The output power reduction of the PV solar panel system can vary as per the geographical
location of its installation and the surrounding climatic conditions. 40% degradation in 6 months was
observed in Saudi Arabia. Similarly, 11% decrease in efficiency in Thailand and a 33.5-65.8% reduction
in efficiency in Egypt were reported [13]. The dust buildup on photovoltaic solar panels might cause a 50%
reduction in the system’s effectiveness. Therefore, regular monitoring and cleaning of solar panels surfaces
are highly recommended to protect PV module output efficiency.

In addition to the rooftop photovoltaic solar panel installation for power generation, there are off grid
solar installation which include solar lamps, lanterns, solar pumps, street lights, rural home lighting, solar
cooking, security cameras, efc. The government of India has launched various schemes and offered
substantial subsidies to promote its use and installation; however, these installations are still not very
popular due to various challenges and limitations, including a drop in panel efficiency due to dust
accumulation, as discussed. Table 1 provides details of various off-grid solar installations in India. Reported
challenges & limitations associated with the off-grid solar installation include Social & Economic Issues
(Initial investment cost & higher O&M; poor maintenance and reliability issues; damage & theft) as well
as other Technical issues, including dirty solar panels due to the accumulation of dust & bird droppings.

Table 1. Various Off-Grid Solar Installations in India [14].

Applications No. of Units/Capacity Installed in India (Millions)
Solar Lamps/Lanterns 9.12M
Solar Pumps 0.65M
Solar Street Lights 1.05M
Solar Home Lighting Systems 1.85M

Figures 2 and 3 depict the implications of different dirt on solar PV power generation, efficiency, and
substantial financial losses [15,16]. Thus, there is a need for regular cleaning and monitoring of solar panels.
It is important to maintain its efficiency and power output through various cleaning methods.
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Figure 3. Financial Losses due to dirty Solar Panels [15,16].

2. Literature Review

Numerous techniques and methods are used to clean photovoltaic cells, such as chemical, mechanical,
manual, and electrostatic methods. Some of the most significant and modern techniques for PV cleaning
that are now in use will be covered in detail and discussed.

Automation is used in mechanical cleaning. A precise controller manages the system with the
assistance of sensors. The research team in Nigeria dubbed natural cleaning—which includes wind, rainfall,
and gravity forces due to the inclinations of the PV modules and arrays—ineffective during the dry season
[17]. Conventionally, the panels were cleaned manually with water after a fixed interval, which is the
simplest and most popular cleaning practice. The use of cloth and soap, along with water, to physically
clean solar panels was also reported. However, the process is labor-intensive and proven expensive in large-
scale PV systems. The study by Ref. [18] reported the average daily restored capacity of 7% due to daily
cleaning of the module from the end of April to the beginning of June. Similarly, the applications of the
solar IC curve of the solar panels are also studied [19,20].

Ref. [21] reported the use of a washing tractor, which includes brushes, a semi-automatic arm, and an
integrated water delivery system, for cleaning solar installations in Kuwait. The cleaning approach was
successful since it maintained the standard level of power production cost; however, excessive water
consumption is undoubtedly a drawback, given the value of water as a resource in the arid region. Ref. [22]
used an automated water spraying system to clean the PV array. The PV system was able to regain an
average of 2.68-7.69% of its total capacity. Ref. [23] employed high-volume, low-pressure water jets to
clean an 8-kW photovoltaic system that was mounted in a carport in Saudi Arabia. This water-based
cleaning method demonstrated its advantages over vibrating machine cleaning, helping to recover 27% of
the entire capacity. Without the need for human intervention, the system’s integrated PLC controller
initiates the cleaning process. However, the extensive use of water resources is a matter of concern in this
region. Electrodynamic dust shield devices for PV panel soiling mitigation were reported; however, they
were not demonstrated due to damage to the electrodes caused by high-temperature conditions in Qatar
[24]. Ref. [25] reported the encouraging preliminary results, under field circumstances that houses the EDS
electrodes, however experimental results show that it can only be attained with a sufficiently high ED’s
activation voltage.
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At the international level, most research has focused on the foundations of electronic and robotic
devices. To implement the built-in microcontroller’s instructions for automatically cleaning the surface of
the PV array under test, Ref. [26] demonstrated a cleaning robot that uses a rotary brush and water spray to
clean the solar panel surface. Also, the use of low-cost microcontroller, sensors, DC motor, use of [P camera
to monitor the solar panels and dust, IoT-enabled solar cleaning devices [27], a solar panel cleaning self-
powered robot with an air blower, microfiber brushes, and dust sensors [28]; However, the systems were
bulky and complex to operate for long periods, and such devices are not feasible in remote and rural areas,
hill stations, etc.

As shown in Figure 4, the firms like Heliotex and hyCLEANER are providing similar cleaning
solutions with minimal cleaning time. This approach uses more power than any of the previously listed
cleaning techniques, and maintenance is required for the mechanical parts. It is noticed that when using
water, the weight of the mechanical devices in direct contact with the brushes may cause the cleaned panels’
surfaces to be scrapped.

Figure 4. Heliotex automatic solar panel cleaning system [29].

The use of surface acoustic waves (SAW) is reported for the dust removal from PV panel surfaces,
however it is unable to clean tiny dust particles [30]. Table 2 provides the salient features and limitations
of the existing system.

Most of these cleaning systems are mostly established in developed nations. The EU countries have
designed the systems to protect from cold conditions, snow, etc. Therefore, there is a need to designed and
developed a simple electro-mechanical cleaning devices for PV solar panels predominantly for the stand
alone PV Solar Panel installations, considering the drawbacks and limitations of the existing technologies
and methods use for panels cleaning.

This paper presents a design and development of low-cost, energy-efficient, intelligent electro-
mechanical dust cleaning system for photovoltaic panels that will address the local roof top solar cleaning
issues. The first part of this research article deals with the detailed literature review of existing solar panel
technologies, the second part deals with design aspects of the electro-mechanical solar cleaning system,
and the third part deals with the prototype development and its efficiency testing with respect to time,
followed by a conclusion. The novelty of the system lies in its simple operation and the possibility of
customization based on the panel size.

3. Materials and Methods

ABS (Acrylonitrile Butadiene Styrene) was selected for the 3D-printed housing and arm components
because of its high impact strength, mechanical stability, and resistance to UV-driven brittleness in
comparison to poly-lactic acid) PLA, while remaining lightweight to avoid adding mechanical load on the
panel frame. All structural parts were designed and printed at 100% infill density for the load-bearing
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brackets, and 40—-60% infill for enclosures. Further, the finished housing was designed in order to be field-
serviceable and facilitate ease of replacement in case of damage, supporting the low-cost, sustainable design
goal of the system. The poly crystalline silicon solar 80 W PV panel was selected for this study. The rated
capacity was approximately 70—80 W per panel, and the current maximum power (Imp) values were around
3.5-4.0 A.

The prototype was developed using 3D printing with ABS material, printed in Autodesk Inventor
Professional version 2023 and designed with the intention of cleaning the solar panel while removing bird
droppings, moss, dust, and oil. To achieve this, we used two supporting arms that injected water from a pin
injector at the start of the operation. Both arms move in synchronization with one another to facilitate
maximum panel surface cleaning. Further, the roller brushes fitted within the arm help clean sticky dirt,
such as bird droppings and plant oil, and the rubber wiper fitted on the edges of the arm swipes water and
dirt from the panel surface. The system is designed to be lightweight to reduce water consumption and
environmental impact. Its automatic operation is facilitated by a simple electric motor and rail guide,
allowing for remote operations and increased efficiency. The majority of the components are designed using
Autodesk Inventor Professional software. The system draws water from an integrated 2-litre water tank
mounted on a frame below the panel. At the preset default operating setting (one cleaning cycle
approximately needed 150 mL of water), the tank can support about 12—13 cleaning cycles without refilling,
depending upon the environmental conditions requirement the cleaning frequency schedule daily-weekly-
forth nightly-monthly can be preset. Tank capacity can be increased for isolated remote installations where
frequent refilling of the tank may have logistical limitations.

The Figure 5 depicts the electronic and mechanical components used for the system. The Figure 6
shows flow chart of working mechanism arms, which are positioned at the diagonally opposite corners of
the solar pane for maximum surface area coverage. Time-based cleaning schedule set by an algorithm uses
the Real Time Clock (RTC). Ref. [31] reported that, on dry days, periodic cleaning of the PV is needed
once a week; however, in conditions where dust accumulation is severe, cleaning must occur once a day.
The cleaning process starts automatically at the pre-set time and scheduled frequency using the RTC. At
first the 12 V DC pump mounted on the top middle of the solar panel sprays a preset quantity of water
across the surface of the panel. Simultaneously, the stepper motor M1/M2 connected to the first/second
arm, and the DC motor M1/M2 directly connected to the cleaning roller brush placed beneath the arms,
rotate at 45° and 360°, respectively. The movement of both arms is programmed to enable synchronized
movement without colliding with one another, and to reach the final rest positions on the respective edges
of the panel. i.e., at the starting position. The solar panel’s surface is cleared of dust, tree leaves, bird
droppings, etc., by the revolving brush. The complete cleaning operation duration can be change and preset
accordingly depending upon on the climatic and surrounding conditions. A 12 V, 2.5 AH rechargeable
battery is used to power the system.
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Figure 5. Components used for the system.
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Figure 6. Flowchart of Solar cleaning.

Cost-effectiveness and payback: The cleaning contract services in the region typically cost in the range
of USD 100-100 per cleaning visit for a small-to-medium rooftop array, a recurring operational expense
that scales with the frequency of cleaning required. The prototype developed in this study, built from 3D-
printed ABS components, a 12 V DC pump, low-cost stepper/DC motors, and a microcontroller-based RTC
timer, has an estimated bill-of-materials amounting to tentative cost of ~USD 60—80 per unit. The cost will
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be further reducing in case of dedicated facility and mass scale manufacturing. And it will be more relevant
and helpful in calculating the actual pay-back period. However, a more extensive field studies based techno-
economic analysis, including maintenance and component-replacement costs, is identified as future work
to arrive at a more precise and accurate value.

4. Results and Discussion

Comparative Analysis of Cleaning Techniques: Table 2 provides a comparative overview of different
solar panel cleaning technologies, highlighting the advancements and efficiency of various methods:

Table 2. Comparison of various solar cleaning techniques.

Cleaning Technique Method Efficiency Sustainability References
Mechanical Cleaning Brushes, Air Blowers High Moderate [32]
Water-Based Cleaning Water Sprays Moderate Low [33]
Electro-Mechanical Cleaning Automated Systems Very High High [34,35]
Innovative Technologies Drones, Robots High High [36,37]

This analysis underscores the shift towards more automated and environmentally friendly cleaning
solutions that not only maintain but also enhance the operational efficiency of solar panels. By embracing
these future directions, the solar panel industry is poised to make significant impacts on energy efficiency,
operational costs, and environmental sustainability. These advancements will set new standards in the
industry, fostering a more robust and ecologically responsible approach to solar energy production. Therefore,
there is a need to develop and test simple electro-mechanical cleaning devices for PV solar panels.

It comprises an automated mechanical arm that can be fitted or retrofitted diagonally opposite the
installed PV Solar Panel to cover the maximum panel area. An automated mechanical PV solar panel
cleaning system as depicted in Figure 7 comprising of an Automated Mechanical Arm Cleaner (AMAC)
with (a) Two mechanical arms with rubber blades on edges and rotating brushes with or without holes for
water sprinkling arrangement and circumferential fibers throughout its length for cleaning, (b) A
mechanical arrangement to mechanically integrate or interconnect two AMAC’s using worm gear, pinion
joint arrangement, etc. and (¢) Two interconnected AMAC’s fixed to two diagonally opposite corners of
solar panels for cleaning, (i) A stepped gear motor for providing angular movement to the AMAC’s, (ii) A
motor to rotate the rotating tubes while cleaning, (iii) A small water pump with nozzle (connected to a water
tank) for sprinkling water onto the panels, (iv) A power source (like battery which is charged solar power
or any other external source) for providing necessary power supply to motors, (v) A controller to—(a)
Control the pump for sprinkling pre-determined amount of water on the panel after receiving signal from
controller (either programmed-timer based or sensor based) to automatically operate/function by as per the
preset schedule frequency/conditions (either in morning daily or any preset time) and (b) Control the motor
for operating the hollow rotating tube with fibers. Figure 8 provides the PCB circuit details.

The novelty of the system is the design specification of the wiper, an attachable solar cleaning module.
The novel arrangement of the cleaning mechanism to cover the maximum panel surface area and sensor-
enabled auto start option enable this system to be unique in design. The cleaning system is targeted for the
standard panel sizes, which may be adopted and replicated for other sizes with necessary engineering
modifications. Salient Features of this system are simple and easy design, and its employees 3 cleaning
steps; Ensures automatic, assured, and regular cleaning without any human intervention; Can be integrated
with new or retrofitted to old PV panel. Conservation of natural resources—minimum water usage;
Optimum Cleaning as per Pre-Set required condition.
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Technical Adaptation for Different Photovoltaic Module Sizes

For compatibility with different standard PV module formats, the cleaning unit has been designed as a
modular frame-mounted assembly. Adjustable corner brackets and telescopic or interchangeable arm
members can accommodate module length and width, while guide-rail travel limits are set based on the
active glass dimensions rather than the external frame alone. The arm sweep angle and wiper length must
be selected so that the brush and rubber blade overlap the complete active area without excessive contact
pressure at the glass or frame. Replaceable brush sections and repositionable water-jet nozzles can maintain
uniform cleaning coverage when the module width changes. For a larger module or a multi-module array,
additional rail-supported cleaning modules could be mechanically linked; the required motor torque, gear
ratio, rail stiffness, battery capacity, and pump flow will be changed as per the size of the panel. Limit
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switches or position sensors will change as per the size of the panel. These minor modifications allow the
present diagonal two-arm concept to serve as a base module that can be replicated across different standard
panel sizes and expanded to support arrays.

Figures 9a,b and 10 depict the comparative studies undertaken using two identical solar panels with
the same rated capacity, mounted side by side at the same tilt and orientation at the CSIR-NEERI Nagpur,
India spanning over both dry and intermittently overcast days. One panel was cleaned daily on a fixed
schedule, while the other panel was left as is (uncleaned) to accumulate dust naturally. Power output was
logged at fixed intervals throughout the day using the panel’s inverter/data-logging setup, and daily
efficiency was computed as the ratio of measured to rated output under the corresponding irradiance.

The energy output and panel efficiency of solar panels can fluctuate noticeably before and after
cleaning. Figures 9a,b and 10 portray the generating capacity, efficiency, and power gain improvement
increased after the cleaning.

On a small number of days in Figure 10, the uncleaned panel shows marginally higher efficiency than
the cleaned panel. This is attributed to natural cleaning effects (light rainfall or wind-driven removal of
loose surface dust on those specific days), day-to-day variations in irradiance and temperature between the
two panel locations, and normal measurement variability in the logging equipment, rather than any
underperformance of the cleaning mechanism itself. Over the full monitoring period, the cleaned panel’s
average efficiency remained consistently higher than the uncleaned reference, consistent with the soiling-
loss trends reported in Section 1.
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Figure 9. (a) Power Generation Performance during the daytime of the Cleaned and Un-Cleaned Solar Panel; (b) Power
generation efficiency: cleaned versus uncleaned panels.
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Figure 10. Solar panel cleaning Performance at lab level.

Targeted Applications: In addition to solar streetlights, illuminated hoardings, traffic signals and solar-
powered pumps, this system can be useful for cleaning the off grid standalone solar home-lighting units, rural
electrification systems, solar lantern charging stations, telecommunication towers, remote weather and
environmental monitoring stations, security and surveillance cameras, railway and highway signaling systems,
navigation beacons, emergency power units, water-treatment and water-pumping stations, agricultural
irrigation systems, solar-powered battery charging facilities, electric-vehicle charging shelters, parking and
pathway lighting, and small off-grid power plants serving schools, health centers and remote communities.
Its compact, programmable, and water-efficient design is particularly suitable for installations located in dusty,
remote, or difficult-to-access areas where frequent manual cleaning is inconvenient.

5. Conclusions

The accumulation of dust on photovoltaic cells negatively impacts its electrical output. The location of
the gathered dust’s source determines its type, size, form, weather, and other properties. The buildup of
dust reduces the quantity of solar radiation that reaches the photovoltaic cell. Moreover, accumulated dust
on the surfaces may lead to scratches, hasten corrosion, and reduce its longevity. Therefore, cleaning these
solar PV panel’s surfaces on a regular basis is technically essential for achieving better efficiency.
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The best cleaning methods for each PV system are found to be dependent on a range of factors,
including the PV’s size, design, location, availability of water, type of dust ingredient, and other features.
This sustainable cleaning technology can be fitted/retrofitted to the Solar Panel(s) for cleaning purposes
with a lower water requirement. This sustainable technology can be programmed to function remotely and
automatically at the pre-set input condition for optimum cleaning of the panel surface for increasing its
power generation efficiency. Further research should be done to create artificial intelligence models for
dust accumulation and characteristics, according to the authors’ suggestions. Building on the short-term
outdoor comparison presented here, the authors plan a longer-term field deployment of the device on an
operational rooftop and ground-mounted PV installation for a minimum of 6—12 months to study its
cleaning efficacy in varied climatic-seasonal as well as in different soiling conditions. This trial will help
quantify the actual water requirement per cleaning cycle and the wear and tear on components (brushes,
wiper rubber, motors) under continuous operating conditions in the field. This enables to evaluate the more
precise payback period and will also assess integration with sensor-based (soiling-triggered) activation as
an alternative to fixed timer-based scheduling.

The future of this work will focus strongly on integration with existing solar panels. The system can
be made IoT-enabled to monitor the solar parameters remotely. There is potential for further integration of
electro-mechanical cleaning systems with other maintenance and monitoring technologies. Additionally,
the development of more sustainable, eco-friendly cleaning methods is anticipated, aligning with broader
goals of reducing environmental impact and enhancing the sustainability of solar power installations.
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