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Cleaning  
without water
Electrostatic Cleaning of Photovoltaic  
Modules in Desert Environments

1.	 Introduction

The global demand for renewable energy sources has surged 
over the past few decades, with sustainable electricity 
generation accounting for 31 % of the world‘s total energy 
production of 2020 [1]. Photovoltaic (PV) energy, in particular, 
has emerged as a promising alternative to fossil fuels, offering a 
clean and abundant source of power. However, the widespread 
use of PV modules has brought to light a significant issue: 
the accumulation of micro-particles on the surface of PV 
modules, particularly in arid regions such as deserts. 

In such areas, sand deposits on the glass surface of PV modules 
lead to a major reduction in energy output within months of 
outdoor exposure [2]. Despite these challenges, desert regions 
remain lucrative sites for energy generation due to their vast 
geographical area, abundant sunlight, and favourable weather 
conditions. Governments and private investors in Europe and 
China have invested heavily in large-scale energy projects in 
desert areas, such as the Noor Complex in Morocco and the 
Tengger Solar Park in China, among others [3]. 

The problem of sand deposition on PV modules in such areas 
is generally addressed through costly and environmentally 

harmful water-based cleaning 
processes. These methods require 
frequent cleaning, transportation, and 
numerous workers [4]. Mechanical 
cleaning methods also pose challenges, 
as they often result in scratching the 
glass surface [5]. 

This paper presents a novel approach to 
address the issue of sand contamination 
on PV modules by utilizing electrostatic 
forces to remove micro-particles 
from the surface of PV modules. The 
proposed electric cleaning method aims 
to facilitate the waterfree operation 
of PV modules in subtropical regions. 
This approach offers a sustainable and 
cost-effective solution to a pressing 
environmental and economic problem. 
This study provides an overview of the 
challenges associated with PV module 
maintenance in desert regions. It also 
presents a novel approach to mitigate 
the impact of sand deposition on PV 
module performance.

2.	 State of the Art

The deposition of airborne particles 
such as sand and dust on photovoltaic 

modules, poses a persistent challenge to the efficiency of 
solar energy. Numerous studies have quantified the adverse 
impact of surface contamination, reporting energy losses of 
up to 50 % within months of exposure under severe soiling 
conditions [2]. Consequently, the mitigation of soiling has 
become a critical research focus within PV research. 

Conventional cleaning methods primarily rely on manual or 
automated water-based washing [4]. Although operationally 
simple, such methods are increasingly recognized as 
unsustainable in desert environments due to high water 
scarcity, logistical costs, and adverse environmental 
implications. Mechanical cleaning alternatives, such as 
brushes or wipers, offer partial relief but risk physical abrasion 
to the module surface, leading to optical damage [5]. 

These limitations have motivated the search for waterless, 
minimally invasive, and energy-efficient cleaning solutions. 
Recent advances have led to two categories of water-free 
approaches: passive and active systems. Passive systems rely 
on material surface modifications that inhibit dust adhesion or 
promote self-cleaning. Coatings featuring super hydrophobic, 
oleophobic, or photocatalytic properties have demonstrated 
potential in laboratory and field conditions. TiO2-based 
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coatings, in particular, can degrade organic contaminants 
and enable partial self-cleaning through photocatalytic action 
and hydrophilicity [6]. However, their long-term performance 
under persistent sand exposure and extreme thermal cycling 
remains inconsistent, with degradation and diminished 
transparency frequently reported. Furthermore, passive 
coatings cannot easily remove larger or heavier sand grains 
that dominate soiling in desert environments. 

Active systems, on the other hand, try to physically detach 
particles from the PV surface. Among these, electrostatic 
cleaning has emerged as a particularly promising concept. 
Early implementations, such as traveling-wave electrostatic 
devices and oscillating field mechanisms [7], demonstrated 
effective particle removal without the need for water or 
mechanical contact. The technique holds promise for 
scalable, automated employment. Nevertheless, the existing 
work also reveals significant unresolved challenges. Firstly, 
the interaction between electrostatic forces and the diverse 
physical properties of desert sand has not been sufficiently 
characterized. Secondly, environmental influences, 
particularly humidity, substantially affect charge transfer 
mechanisms through the formation of thin water films on 
particle surfaces, yet the threshold humidity values governing 
this transition remain largely undetermined. Thirdly, the 
development of transparent conductive electrodes that 
maintain PV optical efficiency and also function effectively 
as electrostatic actuators poses a complex materials challenge. 
Although transparent conductive films (TCFs) such as SnO2:F 
have been proposed, their relative performance, durability, 
and cost-effectiveness in field conditions have not been 
sufficiently evaluated. Finally, economic analyses of large-
scale electrostatic cleaning implementations remain scarce, 
with few studies reconciling the trade-off between cleaning 
efficiency and system cost over the module lifecycle. These 
gaps indicate that, while electrostatic cleaning represents 
a promising advancement, experimental validation and 
economic assessment are lacking.

This leads to the research question of this study: Can a 
water-free electrostatic cleaning system using a transparent 
conductive film electrode be engineered to effectively remove 
diverse desert sand particles while maintaining PV module 
efficiency and demonstrating economic feasibility for large-
scale deployment?

3.	 The Electrostatic Cleaning Method

3.1	 Assessment of Forces Impacting  
Sand Particle Deposition on PV Modules

On glass surfaces, the deposition of dust particles is influenced 
by three forces: the adhesive force ​​F​ A​​​, the gravitational force ​​
F​ G​​​ and the electrostatic force ​​F​ E​​ ​[8]. If an ideal spherical sand 

particle is assumed, ​​F​ A​​  ​can be described using the equation 
[9]:
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where ​A​ is the Hamaker constant, which varies for each 
material, ​r​ is the particle radius and ​​Z​ 0​​​ is the separation 
distance between the surfaces of the electrode plate and the 
particle. Israelachvili‘s (1992) simplified version of the Lifshitz 
theory of van der Waals forces can be used to describe the 
Hamaker constant using the equation [10]:
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It describes two bodies made of different materials interacting 
via a medium. The first term of the equation describes the Debye 
and Keesom interactions, while the second term describes 
London dispersion interactions. The glass of PV modules is 
mainly composed of noncrystalline amorphous SiO2 [11], 
commonly known as silica, while desert sand is primarily 
made up of trigonally symmetric SiO2 [12], commonly referred 
to as quartz. In practice, photovoltaic cover glass is typically 
toughened soda–lime glass, which contains minor amounts 
of Na2O and CaO in addition to SiO2. These additives slightly 
modify the permittivity ​ε​ and refractive index ​n​, and therefore 
may influence the resulting electrostatic forces. However, for 
the purpose of theoretical estimation, the properties of pure 
amorphous silica (​​ε​ 1​​  ≈  3.8​, ​​n​ 1​​  ≈  1.5​) are used as a reasonable 
approximation [10],[13]. Quartz has ​​ε​ 2​​  ≈  1.5​, ​​n​ 2​​  ≈  1.6​ [14], 
[15]. The medium between the two bodies is air with ​​ε​ 3​​  ≈  1​,  
​​n​ 3​​  ≈  1​. The letter ​k​ corresponds to the Boltzmann constant 
and ​h​ corresponds to the Planck constant. The temperature ​
T​ is assumed to be 300 K, as the permittivity values were 
determined at this temperature. Furthermore, 300 K is 
close to the IUPAC standard temperature. ​​f​ e​​​ is the electronic 
absorption frequency in the ultraviolet spectrum. Given the 
relationship of 

𝐹𝐹A =
𝐴𝐴𝐴𝐴

6𝑍𝑍2
0

(1)

𝐴𝐴 =
3
4
𝑘𝑘𝑘𝑘

(
𝜀𝜀1 − 𝜀𝜀3
𝜀𝜀1 + 𝜀𝜀3

) (
𝜀𝜀2 − 𝜀𝜀3
𝜀𝜀2 + 𝜀𝜀3

)

+ 3ℎ 𝑓𝑓𝑒𝑒
8
√

2

(
𝑛𝑛2

1 − 𝑛𝑛2
3
) (
𝑛𝑛2

2 − 𝑛𝑛2
3
)

(
𝑛𝑛2

1 + 𝑛𝑛2
3

)1/2 (
𝑛𝑛2

2 + 𝑛𝑛2
3

)1/2
{
(
𝑛𝑛2

1 + 𝑛𝑛2
3

)1/2
+
(
𝑛𝑛2

2 + 𝑛𝑛2
3

)1/2
}

(2)

𝑓𝑓𝑒𝑒 =
𝑐𝑐

𝜆𝜆
(3)

𝐹𝐹G =
4
3
𝜋𝜋𝜋𝜋3𝜌𝜌𝜌𝜌 (4)

𝐹𝐹G⊥ = 𝐹𝐹G · cos(𝜃𝜃) (5)

H2O(𝑙𝑙) + H2O(𝑙𝑙) ⇌ H3O+(𝑎𝑎𝑎𝑎) + OH− (𝑎𝑎𝑎𝑎) (6)

𝐹𝐹E = 𝐸𝐸 · 𝑞𝑞 (7)

𝑞𝑞 =
2
3
𝜋𝜋3𝑟𝑟2𝜀𝜀𝜀𝜀 (8)

𝜀𝜀 = 𝜀𝜀0𝜀𝜀1 (9)

0 = 𝐹𝐹E − 𝐹𝐹A − 𝐹𝐹G⊥ (10)

𝐸𝐸 =

√√√ 𝐴𝐴𝐴𝐴

6𝑍𝑍2
0
+ 4

3𝜋𝜋𝜋𝜋
3𝜌𝜌𝜌𝜌 cos (𝜃𝜃)

2
3𝜋𝜋

3𝑟𝑟2𝜀𝜀0𝜀𝜀𝑟𝑟
(11)

TiO2 + ℎ𝑣𝑣 → e− + h+
vb (12)

h+
vb → h+

tr (12’)

O2 + e− → O –
2 (13)

O –
2 + O –

2 + 2H+ → H2O2 + O2 (14)

O –
2 + h+

vb → O2 (15)

O –
2 + h+

tr → O2 (15’)

OH– + h+
vb → OH (16)

OH + OH → H2O2 (17)

e− + h+
tr → recombination (18)

𝑚𝑚 =
4
3
𝜋𝜋𝜋𝜋3𝐷𝐷 (19)

1

	 (3)

with ​c​ being the speed of light and ​λ  =  210  ​nm being the 
wavelength used to determine the refractive index values. The 
absorption frequency can be estimated as ​​f​ e​​  ≈  1.4 ⋅ ​10​​ 15​​ s-1.  
Using these values, Israelachvili‘s simplification of the 
Hamaker constant (Eq. (2)) yields ​A  ≈  4.5 ⋅ ​10​​ −20​​ J. To calculate 
the adhesive force using Eq. (1), the surface separation distance ​​
Z​ 0​​ ​between the particle and the glass must be determined. The 
primary minimum, which describes the separation distance 
with the strongest van der Waals interaction between two 
surfaces, is assumed to be ​​Z​ 0​​  ≈  4 − 10​ Å. It commonly lies 
between ​​Z​ 0​​  ≈  4 − 10​ Å, [9].
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If the same ideally spherical particle is assumed, ​​F​ G​​​ can be 
described using the equation
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where ​r​ is the particle radius, ​g​ is gravitational acceleration 
and ​ρ​ is the quartz density, which is approximately  
​ρ  =  2650 ​kg/m3 [16].

PV modules are typically installed at an inclined angle to 
maximize solar irradiance [17]. Consequently, to determine 
the resultant perpendicular gravitational force ​​F​ G⟂​​​, ​​F​ G​​​ must be 
multiplied by the cosine of the angle ​θ​ between the module‘s 
surface and the ground:
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As the angle of inclination increases, the magnitude of the 
perpendicular gravitational force ​​F​ G⟂​​​ decreases. 

The origin of the electrostatic force, ​​F​ E​​​, is generally attributed 
to triboelectric charging, where frictional contact occurs 
between airborne dust particles and between the dust and 
the glass surface. While the precise underlying mechanisms 
remain a subject of active research, a detailed model has been 
proposed by Gu et al. (2013) [18]. In this model, ​​F​ E​​​ arises due 
to aerial collision of dust particles and between dust particles 
and glass. These collisions generate heat through frictional 
forces [18]. Temperature differences arise between the bodies 
involved due to uneven collisions. At a high enough humidity, 
the sand particles form a water layer on their surfaces [8]. 
The humidity level for which a water layer is formed will 
be explored in the chapter „Determining the Minimum 
Humidity Required for the Formation of a Water Layer“. 

The equilibrium reaction of water, represented by 
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is sensitive to temperature. According to this theory, 
temperature shifts alter the ion concentrations in the water 
layers. Citing ab initio simulations that show H3O

+ diffuses 
much faster than OH- [19], the model suggests that frequent 
collisions lead to an uneven ion distribution. It is proposed 
that particles at higher temperatures preferentially accumulate 
OH- ions (yielding a negative charge), while cooler particles 
gather more H3O

+ ions (leading to a positive charge), as 
depicted in Fig. 1. As described by Coulomb‘s law, this charge 
separation would create an attractive force between particles 
and the glass, significantly complicating the cleaning of PV 
modules [8].

Among the three forces, namely ​​F​ A​​​, ​​F​ G⟂​​​ and ​​F​ E​​​ the dominant 
force acting on a sand particle deposited on a PV module is 
the electrostatic force [8]. This force significantly influences 
the amount of sand deposition. As a result, conventional 
cleaning methods often prove ineffective in removing dust 
particles that have been deposited electrostatically [20].

3.2	 The Concept of the Electrostatic  
Cleaning Method

To address the issue of electrostatically deposited sand 
particles, an electrostatic cleaning method emerges as a 
promising alternative. In this approach, any pre-existing 
electrostatic attraction force can be neglected. This is because 
the electrostatic cleaning method charges the surfaces of 
both the sand particle and the PV module, thereby removing 
any previous charge. Furthermore, the electrostatic cleaning 
method introduces an external opposite charged electrode 
placed above the PV module. With sufficient charge, the 
external electrode attracts the sand particles on the glass. 
It then lifts them off the surface and down the slope of the 
PV module, effectively removing them. The forces acting 
on a sand particle when using the electrostatic method are 

Fig. 1: Charge Acquisition of Sand Particles. The schematic depicts a collision of two differently sized particles,  
in which the friction force works to generate heat, resulting in a difference in temperature ​T.​ It causes the  
water layer of the larger particle to acquire a negative charge and the water layer of the smaller particle to  
acquire a positive charge.
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depicted in Fig. 2. 

​​F​ E​​​., the force lifting the particle, can be expressed using the 
equation for an isolated charge in an electric field:
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In this equation, ​E​ represents the applied electric field, and ​
q​ denotes the electric charge of the particle. For a sphere in 
contact with a charged plane, the electric charge ​q​ can be 
estimated as follows [21]:
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where ​r​ denotes the radius of the sphere, ​ε​ represents the 
permittivity and ​E​ denotes the applied electric field, as stated 
earlier. The permittivity ​ε​ can be computed as the product of 
the electric field constant ​​ε​ 0​​​ and the permittivity ​​ε​ 1​​  =  4.637​ of 
crystalline SiO2 [13], as shown in Eq. (9).
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3.3	 Determining the Required Field Strength for 
Particle Removal 

To assess the potential limitations of the electrostatic cleaning 
method, an equation was formulated. This equation determines 
the field strength required to overcome the adhesive (FA) and 
gravitational (FG​⟂​) forces acting on a deposited sand particle. 
Since FE acts in the opposite directions of both FA and FG​⟂​ as 
shown in Fig. 2, an equation can be set up, where FE is equal 
to the sum of FA and FG​⟂​:
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To be solved for the electric field ​E​, the terms in Eq. (10) must 
be substituted with Eq.s (1–9). When transformed and solved 
for the electric field strength, the equation can be expressed 
as follows: 
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3.4	 Titanium Dioxide as Transparent  
Conductive Thin Film 

The proposed electrostatic cleaning method achieves the 
removal of sand particles through the application of a potent 
electric field. This electric field is established by employing an 
electrode covering the PV module and an external electrode 
situated above the PV module. The external electrode can 
be made from various conductive materials. However, the 
PV module‘s covering electrode requires a material with 
both high transparency and effective electrical conductivity 
to avoid hindering the module‘s performance. Transparent 
Conductive Films (TCFs) play a fundamental role in modern 
optoelectronics and photovoltaics as these specialized 
materials combine outstanding optical transparency with 
robust electrical conductivity. While Titanium Dioxide (TiO2) 
is not commonly utilized as a TCF due to its limited electrical 
conductivity [23], it is renowned for its exceptional optical 
properties and versatile applications [23]. Furthermore, TiO2 
possesses intrinsic self-cleaning properties making it an 
attractive material for the proposed electrostatic cleaning 
method. TiO2 demonstrates photocatalytic activity when 
exposed to ultraviolet (UV) irradiation, resulting in the 
oxidation and decomposition of organic contaminants present 
in its immediate vicinity. The absorption of UV-rays, the 
generation of ​​OH​​ .​​, as well as the recombination are depicted 
in Reactions 12 to 18 [24]. 
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External Electrode

Solar Panel

Fig. 2: Different Forces Acting on a Sand Particle.  
The schematic depicts a charged sand particle 
deposited on a PV module. It illustrates the forces 
exerted on the particle and their corresponding 
orientations. The figure includes the adhesive  
force ​​F​ 

A
​​​, the gravitational force ​​F​ 

G 
​​​and the 

electrostatic force ​​F​ 
E
​​​.
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The initial step, as shown in Reac. (12), entails the exposure 
of TiO2 to ultraviolet light, triggering the onset of the 
photocatalytic reaction. Under the UV irradiation, TiO2 

absorbs a photon ​​​(​​hv​)​​,​​ instigating the generation of an 
electron (e-) in the conduction band and a valence band hole ​​​​
(​​h​ vb​ 

+ ​​)​​ ​​. Reac. (12’) depicts the process by which these valence 
band holes become trapped on the TiO2 surface, leading to the 
formation of trapped holes ​​​​(​​h​ tr​ 

+ ​​)​​    ​​[24]. Unlike their valence 
band counterparts, trapped holes exhibit no mobility within 
the material, rendering them incapable of oxidizing water. 
Reac. (16) depicts the creation of hydroxyl radicals (​​OH​​ .​​), 
with Reac. (17) showing the combination of two radicals to 
yield hydrogen peroxide (H2O2). In the short interval prior to 
the combination of H2O2 (Reac. (17)) ​​OH​​ .​​ radicals can engage 
in oxidative interactions with closeby organic matter, starting 
their oxidation and decomposition. Reac.s (15), (15’) and 
(18) depict the processes of electron recombination with the 
valence band and trapped holes, respectively. The distinctive 
photocatalytic characteristics of TiO2 make it a promising 
candidate for PV module cleaning. This is primarily due to its 
ability to decompose and oxidize organic contaminants upon 
UV exposure. Furthermore, it is imperative to acknowledge 
that the synthesis of TiO2 is characterized by both cost-
effectiveness and, notably, its exceptional non-toxic nature 
[25]. These qualities collectively underscore the environmental 
sustainability and economic viability of TiO2 as electrode 
material for electrostatic cleaning. It is important to note 
that in practical environments, deposition of sand and dust 
on PV surfaces can shield the TiO2 layer from incident UV 
radiation, thereby reducing its photocatalytic effectiveness. 
The proposed electrostatic cleaning method can mitigate this 
limitation by removing particulate contamination, helping to 
restore exposure of the TiO2 surface to UV light and maintain 
its self-cleaning functionality.

4.	 Experimental Methods

4.1	 Measuring the Adhesive Force at Different 
Humidities 

Silicon dioxide (SiO2), which makes up the majority of desert 
sand [12], is a well-known electrical insulator [22]. For desert 
sand to become conductive and therefore susceptible to the 
electrostatic cleaning method, it needs to form a water layer on 
its surface. This water layer is commonly formed by absorbed 
water moisture [8]. Desert climates typically have low 
atmospheric humidity. Therefore, it is necessary to establish 
the minimum humidity required for a water layer to form on a 
particle‘s surface. This determination is pivotal in establishing 
the specific humidity range within which the proposed 
electrostatic cleaning method can be implemented effectively.

Thus, an experiment was set up in which the adhesive force 
between a 32 µm-sized sand particle and a neutralized mineral 

glass substrate was measured using an atomic force microscope 
(MFP3D, Asylum Research, Santa Barbara) equipped with a 
tipless probe (HQ:NSC35/TIPLESS/AL BS, Mikromasch) (see 
Fig. 4). The values were measured in a humidity controlled 
chamber at three different relative humidity levels. Control 
over the humidity conditions was achieved by introducing 
either water vapor or nitrogen gas, resulting in an increase or 
decrease in relative humidity, respectively. The humidity level 
was monitored using a thermo-hygrometer (TH-130, Hama). 
Measurements were not acquired for humidities above 32 % 
to avoid damaging the electronics of the measuring device. To 
ensure accurate measurements, a hygrometer was positioned 
close to the probe measuring the adhesive force. This 
placement mitigated the impact of non-uniform humidity 
distribution within the chamber. In total, the adhesive force 
was measured at 600 different locations and at three different 
levels of relative humidity between the two surfaces. 

4.2	 Particle Size Analysis 

To gain deeper insights into the range of particle sizes that the 
electrostatic cleaning method must remove, an investigation 
into the possible sand sizes was conducted. Five different 
types of sand were analysed: marine sand (Aquariensand, 
Hornbach), Timbuktu sand, Inner Erg Chebbi sand, Outer 
Erg Chebbi sand (donated by Dr. M. Weiss), and Negev sand 
(donated by Dr. G. Mekler). The procedure involved spreading 
the sand particles uniformly on a 1 mm x 1 mm grid paper. 
Subsequently, the particles were magnified using a microscope 
(HM-Lux 3, Leitz), and detailed images were captured with 
a digital camera (12MP dual camera system, Apple). The 
subsequent phase involved a digital comparative analysis of 
the sand particles against the grid substrate, thereby allowing 
for precise determination of the sand particle sizes. A total of 
700 measurements were taken, with each particle type being 
subjected to approximately 140 measurements. It should be 
noted that the optical resolution of this system is approximately 
20 µm. Particles smaller than this limit could not be measured 
accurately and were excluded from the analysis.

For experimentally validating the theoretical charge 
estimations from Eq. (8), a dedicated setup was constructed. 
This setup consisted of two parallel, horizontal aluminium 
plate electrodes (30 cm x 30 cm, Torex Handels AG) separated 
by insulating spacers to maintain a precise distance of 6 mm. 
The process was recorded using high-speed videography. For 
each measurement the following procedure was performed:

Particle Placement: A single sand particle, with a pre-
measured radius, was placed onto the center of the lower 
electrode.

Recording: The high-speed camera was activated to record 
the gap between the electrodes. The experiment was then 
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employed [26], [27]. Initially, a precursor solution was 
prepared by dissolving titanium tetra-isopropoxide (TTIP, 98 
%+, VWR) in isopropanol (98 %+, VWR) at a concentration of 
0.1 M. Specifically, 1.4 g of TTIP were diluted with isopropanol 
to achieve a final volume of 50 ml. The resulting solution was 
carefully mixed in a Pyrex beaker through manual stirring 
with a glass rod for a duration of 10 minutes, all under ambient 
conditions. In parallel, a mineral glass substrate measuring 15 
mm x 10 mm (Mineralglas, Jumbo) underwent cleaning with 
ethanol and acetone. For the coating process, an improvised 
Mayer rod was crafted. The construction of the Mayer rod 
entailed tightly winding a steel thread (Kupferrohr Biegefeder, 
Rothenberger Industrial) with a diameter of 1.2 mm around an 
aluminum rod. A Mayer rod with a 0.6 mm thread size yields 
an approximate dry film thickness of 4 µm. This assumes a 
coating with approximately 6 % solids by volume [28]. Each 
coating cycle comprised the deposition of 3 ml of the prepared 
precursor solution onto one edge of the glass substrate. 
Subsequently, the Mayer rod was positioned upon the solution 
and uniformly drawn across the surface of the substrate at an 
approximate speed of 10 cm/s. Following this, the substrate 
was dried at room temperature for 25 minutes. The entire 
procedure was repeated for varying numbers of cycles to yield 
films with different thicknesses. Upon the conclusion of the 
coating cycles, the coated substrate underwent an annealing 
process within a muffle furnace (LT 5/14, Nabertherm), 
where it was annealed at a temperature of 450 °C for 6 hours 
and left to cool down for 2 hours. This annealing procedure 
induced structural transformations within the coated film, 
encompassing three distinctive phases. The initial phase 
entailed hydrolysis, as depicted by Reac. (22). Subsequently, 
the process advanced to the initial condensation stage, 
wherein a single water molecule was split-off. This chemical 
transformation is portrayed in Reac. (23). Ultimately, the 
second condensation stage led to the separation of three water 
molecules, culminating in the formation of a thin crystalline 
titanium dioxide film that adhered to the substrate. This 
reaction progression is symbolized by Reac. (24).
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started by applying a 6 kV potential from a high-voltage 
power supply (SF power supply 6 kV, Awyco AG) across the 
electrodes, generating an electric field of 1 MV/m.

Particle Motion: The electric field induced a charge on the 
particle and exerted an upward electrostatic force. This force 
overcame gravity, causing the particle to lift off the bottom 
electrode and accelerate towards the top electrode.

Data Extraction: The high-speed video footage was analysed 
frame-by-frame to measure the particle‘s total time of flight  
(​t​). This was measured as the time interval between the first 
frame showing particle liftoff and the frame showing contact 
with the upper electrode.

This time measurement was then used to deduce the particle‘s 
charge ​​​(​​q​)​​​​ through the logic outlined in Eq.s (7-9). First, the 
particle‘s mass ​​​(​​m​)​​​​ was calculated from its known size and 
density. 
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​m​ denotes the mass of the particle and ​D​ corresponds to its 
density.

Second, using the measured time ​​​(​​t​)​​​​ and knowing the 
travel distance (​x​), the particle‘s net upward acceleration 
was determined, and the total upward force was calculated, 
accounting for the counteracting force of gravity.
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​a​ denotes acceleration, ​x​ represents the separation distance 
between two electrodes, ​t​ signifies the time elapsed and ​g​ 
stands for gravitational acceleration.

Finally, from this force and the known electric field strength  
(​E​), the charge (​q​) was deduced. 
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​q​ signifies the electric charge of the particle, ​m​ is the mass and ​
E​ denotes the strength of the electric field.

This procedure was repeated for 120 measurements across ten 
different particles with sizes ranging from 460 to 1170  µm. 
The measurements were conducted within a humidity range 
of 40 to 45 %. Smaller sizes were excluded due to resolution 
limitations of the videography equipment.

4.3	 Production of Transparent  
Conductive Thin Film 

For the synthesis of a TiO2 thin film, a sol-gel method was 
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The procedure was repeated seven times for varying numbers 
of cycles. The films were magnified under a microscope and 
ultimately digitally analysed. It is noted that only the anatase 
phase of TiO2 exhibits strong photocatalytic activity. While 
the annealing procedure at 450 °C is commonly reported to 
favour the formation of anatase, the precise crystal phase of 
the films in this study was not directly characterized.

4.4	 Determining the Efficiency of an  
Electrostatic Cleaning Prototype

In order to assess the effectiveness of the proposed electrostatic 
cleaning method, an experiment was conducted to evaluate 
its capability to remove marine sand (Aquariensand, 
Hornbach) from the electrodes under different conditions. 
The measurements were performed at surface inclinations 
of 5°, 10°, and 20°, with three different electrodes and under 
different electric field strengths. The first electrode was a  
30 cm x 30 cm aluminium sheet (Torex Handels AG) with 
the specific intention of establishing a reference point for the 
subsequent measurements involving transparent electrodes. 
The second electrode was a 30 cm x 30 cm glass substrate 
(Mineralglas, Jumbo) coated with four cycles of TiO2 and the 
third electrode was a 30 cm x 30 cm x 0.3 cm glass substrate 
coated with a fluorine doped tin oxide (SnO2:F) thin film 
(TCO30-8, Solaronix).

To ensure a clear and repeatable procedure, the manual 
cleaning process was systematized. The handheld apparatus 
consisted of a 30 cm long, 3 cm wide aluminium bar electrode 
(Torex Handels AG), fitted with non-conductive spacers at 
each end to ensure a consistent 6 mm separation from the 
surface electrode. The experimental protocol was as follows:

Sand Deposition: Initially, 5 g of marine sand were uniformly 
deposited onto the surface of the electrode under investigation.

System Energization: The stationary plate electrode was 
connected to a positive potential, and the handheld bar 
electrode was connected to a negative potential (SF power 
supply 6 kV, Awyco AG). The voltage was varied for different 
measurements, with a maximum of 6 kV.

Cleaning: A cleaning cycle was defined as the complete 
cleaning of the entire electrode surface. To perform one 
cycle, the operator started at a top corner of the plate 
electrode. The bar electrode was moved downward in a single, 
continuous sweep at a constant velocity of approximately 5 
cm/s. Upon reaching the bottom, the wand was lifted, moved 
horizontally to an adjacent, slightly overlapping position, and 
another downward sweep was performed. This sequence of 
overlapping downward sweeps was repeated until the entire 
surface of the 30 cm x 30 cm electrode had been covered. As 
sand was lifted by the wand, it was carried downward and fell 

off the bottom edge of the plate. The entire cleaning process 
for a single measurement consisted of performing three such 
complete cycles.

Measurement of Remaining Sand: Following the three 
cleaning cycles, any sand remaining on the plate electrode 
was carefully collected, and its mass was recorded.

4.5	 Determining the Energy Requirement of  
the Electrostatic Cleaning Method

In order to assess the feasibility and practicality of the proposed 
electrostatic cleaning method, it is essential to determine the 
total energy requirement associated with it. The total energy 
required to clean the PV module surface using the proposed 
method can be expressed by the following equation:
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Within this equation, ​​E​ charging​​​ represents the energy essential 
for the charging of the two cleaning electrodes, while ​​E​ removal​​​ 
denotes the energy dissipated during the removal of sand 
particles. The energy stored in the capacitor formed by the 
electrodes, ​​E​ charging​​​, can be calculated using the equation [29], 
[30]:
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Here, ​ε​ characterizes the permittivity of air, and ​S​ designates 
the surface area of the handheld cleaning electrode. ​​E​ charging​​​ 
exhibits a direct proportionality to the square of the applied 
voltage ​​​(​​ ​U​​ 2​​​) and an inverse proportionality to the separation 
distance of the electrodes ​​​(​​d​)​​.​​ In contrast, determining the 
energy required for the removal of contaminants, denoted as ​​
E​ removal​​​, is more complex. The formulation for ​​E​ removal​​​ is shown 
in Eq. (27) as a series summation [31], [32]:
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In this context, ​r​ signifies the radius of the sand particles, 
while ​k​ represents the number of total sand charging cycles 
of all the sand particles, defined by the ensuing expression:
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Within this equation, ​m​ stands for the mass of the sand 
deposited on the PV module, ​ρ​ denotes the sand‘s density, 
and ​N​ is an estimate of the average number of charging 
and discharging cycles each sand particle experiences until 
removal. Additionally, ​​c​ n​​​ is the coefficient, as defined by the 
subsequent expression:
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where ​ξ  =  d / r​ characterizes the parameter that elucidates 
the spacing relative to the size of the spherical particles. An 
estimate for the value of ​​∑ n=0​ 

∞ ​ ​c​ n​​​​ can be determined numerically. 
Using the experimental parameters of ​d  =  6​ mm (derived 
from an electric field of 1 MV/m at 6 kV) and a mean particle 
radius of ​r  =  168​ μm, yields the parameter ​ξ  ≈  35.7​. Due to 
the exponential term in the denominator, the series converges 
extremely rapidly. For all practical purposes, the infinite sum 
can be approximated, yielding ​​∑ n=0​ 

∞ ​ ​c​ n​​​  ≈  1.014​. The surface 
area ​S​ of the cleaning electrode is taken to be 90 cm2.

4.6	 Determining PV Module Efficiency when 
Utilizing Transparent Conductive Films

Despite the high transmittance properties exhibited by 
Transparent Conductive Films (TCFs), TCFs still exhibit 
absorption and reflection characteristics. To quantify the 
extent of power loss attributable to these characteristics, 
measurements were conducted using three different 
materials. In this study, two 0.5 W PV modules (Solarmodul 
0.5 W, 70 mm x 55 mm x 3 mm, 8.2V, Seeed Studio) were 
used, one served as a control and remained uncovered, while 
the other was covered with one of the three different cover 
materials. The cover materials included a 3 mm thick glass 
substrate with no coating, a substrate with a SnO2:F coating 
and a substrate with four cycles of TiO2 coatings. Voltage and 
current measurements were recorded simultaneously from 
the covered and the uncovered module and subsequently 
compared. A total of 105 measurements were taken (35 for 
each material). 

5.	 Results and Discussion

5.1	 Minimal Field Strength Required  
for Particle Removal

Fig. 3 was set up using the values from Eq. (11). The figure 
depicts the necessary field strength to mitigate ​​F​ A​​​ and ​​F​ G​​​ 
for sand particles of all sizes. Although air is an excellent 
insulator, it breaks down at field strengths greater than  
​E  ≥  3​ MV/m. At this point, it becomes conductive and 
causes the electric field between the electrodes to discharge 
[33]. The theoretical operational range for this electrostatic 
method on a non-inclined PV module is limited to particles 
with radii between 10 µm and 7 cm. In the case of smaller 
particle sizes, large ​​F​ G​​​ dominates. Both ​​F​ G​​​ and ​​F​ A​​​ ultimately 
cause the required field strength to fall within the range of 
dielectric breakdown. A related study by Panat and Varanasi 
(2022) found the electrostatic effect to be constrained to 
particles with a radius of ​r  ≥​ 32 μm and ​r  ≤​ 9 mm [34]. The 
cause for these differing results is that ​​F​ E​​​ was calculated using 
a different estimation of the acquired particle charge ​q​, where 
this study estimates ​q​ to be approximately 1.65 times larger.

5.2	 Evaluation of a Water layer  
Formation Threshold

Fig. 4 depicts the measured ​​F​ A​​​-values of the 32 μm-sized sand 
particle and the mineral glass substrate. The estimated ​​F​ A​​​ using 
Eq. 1 of a 32 µm-sized particle is 698 nN. It is observed that 
most measurements in Fig. 4 at humidity levels of 13 % and 
23 % fall below the estimated value, exhibiting mean values 
of 302 nN and 557 nN, respectively. This discrepancy from 
the estimated value may be attributed to a reduced contact 

a) Large Particle Radius Scale b) Small Particle Radius Scale

Fig. 3: Required Field Strength for Particle Removal. The electric field strength required to remove sand at different 
particle sizes calculated using Eq. (11). The values were determined for three different PV module inclinations 
(equator: 0°, upper Sahara: ​∼​ 32°, central Europe: ​∼​ 47°). Particle sizes requiring a field strength of 
 ​E  ≥  3​ MV/m are impossible to remove using the proposed electrostatic method.
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particles is recommended for future work. It is noteworthy that 
all measured particles of the various sand types investigated 
in this study do not extend into the dielectric breakdown 
range illustrated in Fig. 3. This suggests that, under the tested 
conditions, the proposed electrostatic cleaning approach is 
capable of effectively removing larger sand particles from 
PV module surfaces, while finer dust particles (< 10 µm) may 
require further examination.

5.4	 Evaluation of Charge Measurements

Fig. 7 depicts the experimentally measured charge values of 
particles (​q​) in contact with a 6 kV charged metal electrode 

area resulting from surface roughness. A 
previous study found a similar result, with ​​
F​ A​​​ being greatly reduced due to a smaller 
contact area [34]. Conversely, when 
exposed to a relative humidity of 32 %, 
the measured ​​F​ A​​​ in Fig. 4 exhibits a mean 
value of 4297 nN, which significantly 
surpasses the estimated value of 698 nN. 
This sharp increase is attributed to the 
formation of a capillary bridge between 
the hydrophilic surfaces of the particle 
and the glass substrate. At this humidity 
level, the resulting capillary attraction 
becomes the dominant component of 
the adhesion force [35], [36]. The data 
therefore implies the existence of a 
critical humidity threshold between 
23 % and 32 % for the formation of this 
liquid bridge, which is essential for the 
proposed cleaning method.

5.3	 Assessment of  
Sand Particle Sizes

Fig. 5 illustrates an analysis of various 
sand types conducted through digital 
imaging. The sand samples under 
investigation encompassed marine sand, 
Timbuktu sand, Inner Erg Chebbi sand, 
Outer Erg Chebbi sand, and Negev sand, 
which exhibited mean particle sizes 
of 336 µm, 277 µm, 285 µm, 246  µm, 
and 130  µm, respectively. While the 
definition of sand can vary based on the 
classification system used, engineers and 
geologists typically characterize sand 
as particles falling within the diameter 
range of 20  m to 2 mm [12], which agrees 
with the measured values. The digital 
microscopy system used had an effective 
optical resolution of approximately 
20 µm due to image contrast and grid 
calibration (see Fig. 6). Consequently, particles smaller than 
this threshold could not be resolved with sufficient accuracy 
and were therefore excluded from the analysis. 

This limitation explains the low representation of sub-50 µm 
particles in most samples. It is acknowledged that airborne 
contaminants responsible for PV surface soiling are typically 
finer, sometimes below 10 µm. The present measurements 
were thus intended to represent the upper end of particle sizes 
that can adhere to module surfaces in desert environments 
and to evaluate electrostatic cleaning effectiveness under 
such conditions. A more detailed analysis of sub-10 µm dust 

a) Humidity 13 %

b) Humidity 23 %

24

c) Humidity 32 %

Fig. 4: Histogram of the AFM Measurements. The adhesive force 
between a 32 µm sand particle and a glass surface was measured at 600 
different locations and under three different relative humidity levels using 
a MFP3D atomic force microscope. Humidity levels were controlled using 
nitrogen gas and water vapor. Measurements with humidities above 
32 % were not acquired. Prior to the measurements, the glass surface 
was electrostatically neutralized using a deionizer to eliminate residual 
charge.
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and under the influence of a 1 MV/m strong electric field. 
Additionally, it depicts the estimated values for ​q​ calculated 
using Eq. (8) as well the estimated values by a similar study 
by Panat and Varanasi in 2022 [34]. The measured charge 
values for smaller particles align more closely with Panat 
and Varanasi‘s estimations. In contrast, the values for larger 
particles show better congruence with the estimations from 
this study.

5.5	 Assessment of TiO2 Thin Film Synthesis

As illustrated in Fig. 8, glass substrates were coated with 
TiO2 using the sol-gel method. A varying numbers of coating 
cycles were used. Different numbers of coating cycles led to 
distinct TiO2 thin film outcomes. The motivation for this 
was to identify an optimal thickness that balances complete 
surface coverage with high structural integrity. 

One to two coating cycles: Surfaces A and B in Fig. 8 exhibit 
a discontinuous film, characterized by insufficient film 

a) Marine sand b) Timbuktu sand

c) Inner Erg Chebbi sand d) Outer Erg Chebbi sand

Fig. 5: Sand Particle Size Analysis. The particle size 
analysis of five distinct particle types was performed 
manually. Using a microscope, digital images of the 
particles were captured against a 1 mm x 1 mm grid 
paper background as shown in Fig. 6. Particle sizes 
were then determined by direct visual comparison 
to the grid scale in these images. A total of 700 
measurements were taken, with each particle type 
being subjected to approximately 140 measurements.

e) Negev sand
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thickness, which prevented proper film formation.

Three to six coating cycles: Surfaces C, D, E, and F in Fig. 8 
display continuous and well-formed films. These surfaces 
exhibit desirable film characteristics.

Seven coating cycles: Surface G in Fig. 8 shows a discontinuous 
film possibly due to the excessive deposition of the TiO2 

precursor. This excess could have hindered the completion of 
Reac. (22 -24), preventing the coated solution from achieving 
full crystallization.

Surfaces A, B and C, exhibited the presence of non-crystalline 
aggregates, potentially attributable to the accumulation of 
impurities within the film structure. Notably, a 2016 study by 
Chen et al. found that four to eleven coating cycles produced 
continuous films. In contrast, using one to three or 12 to 15 
cycles resulted in films with a discontinuous or compromised 
structure [26]. In their investigative approach, they employed 
the spin coating method, maintaining a rotation speed of 2000 
revolutions per minute. This method yielded notably thinner 
films, offering a plausible rationale for Chen et al.‘s discovery 
of favourable film characteristics when employing higher 
coating cycle counts. A full characterization of the film‘s 
electrical properties, such as conductivity and resistance as a 
function of thickness, would provide valuable insight into its 
performance. However, these measurements were outside the 
scope of this investigation. This is a recommended direction 
for future studies.

5.6	 Evaluation of Electrostatic  
Cleaning Method Efficiency 

To assess the efficiency of the proposed electrostatic cleaning 
method, measurements were performed under various 
conditions and surface inclinations. The measured values are 
illustrated in Fig. 9. These evaluations were conducted using 
three distinct types of electrodes. Measurements involving the 
aluminum electrode served as a reference for the subsequent 
two assessments carried out with the transparent electrodes. 
The aluminium electrode has a high electrical conductivity of 
approximately ​3.5 ∙ ​10​​ 7​​ S/m [37]. When subjected to a 1 MV/m 
electric field, it cleared all sand within three cleaning cycles at 
inclinations of 10° and 20°. 

Conversely, the SnO2:F electrode under identical conditions, 
with an electrical conductivity of approximately 41.7 S/m [38], 
demonstrated notable sand removal, albeit not as effectively 
as the aluminum electrode. Similarly, the TiO2 electrode, 
operating under identical conditions and exhibiting a 
significantly lower electrical conductivity in the range 
between 0.1 and ​​10​​ −6​​ S/m [37], exhibited satisfactory sand 
removal capabilities, achieving clearance of approximately 
half of the deposited sand. These results depict effective sand 
removal capabilities of both SnO2:F and TiO2 electrodes. 

The significant difference in cleaning efficiency can be 
attributed to the role of electrical conductivity in maintaining 
a uniform surface charge density. The high conductivity of 
the aluminium electrode allows for the rapid transport and 

Fig. 6: Digital micrograph of marine sand particles 
dispersed on a 1 mm x 1mm reference grid for  
size characterization.

Fig. 7: Experimental Charge Measurements. A 
total of 120 measurements were conducted on 10 
particles with sizes ranging from 460 to 1170 µm. 
Each particle underwent 12 velocity assessments, 
and the corresponding electric charge values 
were determined utilizing Eq.s 19 to 21. The figure 
illustrates the measured values, the previously 
estimated values calculated using Eq. 8 and the 
estimated values by Panat and Varanasi [34].
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Fig. 8: Magnified Surface of TiO2 Thin Film with Varying Thickness. A ​≈ ​4 µm (1 cycle), B ​≈​ 8 µm (2 cycles), C ​≈​12 
µm (3 cycles), D ​≈​16 µm (4 cycles), E ​≈​ 20 µm (5 cycles), F ​≈​ 24 µm (6 cycles), G ​≈ ​28 µm (7 cycles)

a) Aluminium Electrode b) Titanium Dioxide Electrode

Fig. 9: Electrostatic Cleaning Efficiency under Different 
Conditions. A comprehensive evaluation encompassing 
a total of 180 measurements was executed across 
three distinct electrodes, employing 5 g of marine 
sand as the test medium. Each electrode underwent 
assessments at surface inclinations of 5°, 10°, and 
20°. These measurements were conducted under 15 
different electric field strengths, with each specific 
measurement protocol repeated twice to ensure data 
consistency.

c) Fluorine Doped Tin Oxide Electrode
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the electrostatic cleaning method in this study demonstrates 
significantly enhanced dust cleaning capabilities. 

5.7	 Assessment of Energy Requirement 

Eq.s (25–29) were used to determine the energy requirement 
of the proposed electrostatic cleaning method. As depicted 
in Fig. 10, it is evident that the energy consumption remains 
remarkably low, even when confronted with significant 
quantities of deposited sand. With a known dust accumulation 
rate of approximately 0.3 g/m2 per day in regions such as North 
Africa and the Middle East [43], the proposed electrostatic 
cleaning method is able to remove a year‘s worth of sand 
deposition, equivalent to approximately 110 g/m2, while 
requiring a mere 1.5 J/m2 of electrical work. This finding holds 
considerable promise for the practical implementation, as the 
energy costs for the cleaning operation itself are negligible.

5.8	 PV Module Efficiency using Transparent 
Conductive Films 

Transparent Conductive Films (TCFs) seem an obvious choice 
as electrode materials to cover PV modules, due to their high 
conductivity and transmittance. However, it is important to 
acknowledge that TCFs still possess absorption and reflection 
characteristics, which results in decreased PV module 
efficiency and subsequent power loss. To quantify the power 
loss associated with the application of TCFs on PV modules, 
a series of measurements was conducted. Subsequent analysis 
of the recorded measurements revealed mean power losses of 
7.3 %, 20.6 %, and 29.7 % for PV modules covered with a plain 

replenishment of charge across its surface. When a sand 
particle is charged and lifted, the local charge on the surface 
is depleted. On the aluminium electrode, this charge is almost 
instantaneously replenished by the flow of electrons from 
adjacent areas, maintaining a consistently strong and uniform 
electric field required for effective particle removal. In 
contrast, the low conductivity of the TiO2 electrode impedes 
this charge transport. This leads to localized charge depletion 
on the surface, creating areas with a temporarily weaker 
electric field that is insufficient to overcome the adhesion 
forces of nearby particles. The SnO2:F electrode, with its 
intermediate conductivity, represents a compromise between 
these two extremes, resulting in moderate cleaning efficiency.

This raises the question of how much the remaining sand reduces 
electricity production. While power output of partially cleaned 
modules was not directly measured, an estimate can be made 
based on the experimental data. In the case of the TiO2 electrode 
at a 20° inclination and 1 MV/m field strength, approximately 
1.5 g of the initial 5 g of sand remained (Fig.  9). The initial 
soiling density on the 30 cm x 30 cm (0.09 m2) surface was 55.6 
g/m2, representing severe test conditions. The remaining 1.5 g 
corresponds to a residual soiling density of approximately 16.7 
g/m2. Assuming a conservative linear power loss of 1.7 % per g/
m2 of soiling [40], this residual sand would cause an estimated 
power loss of approximately 28 %. Therefore, under these 
severe conditions, the cleaning process restored the module to 
approximately 72 % power generation. The total power output 
would also be affected by the inherent power loss of the TCF itself. 
For the TiO2 coated module, this would result in a combined 
power reduction of approximately 58 % (29.7 % from the film). 
This shows the trade-off between the material properties and the 
overall energy generation performance. 

Considering these findings, it becomes relevant to examine 
their implications for real-world deployment. Notably, many 
of the world’s major desert regions are located in the Northern 
Hemisphere, spanning latitudes between the 20th and 40th 
northern latitudes [41]. PV modules are commonly aligned 
with latitudinal inclinations to maximize solar irradiance 
[17]. This practice suggests our proposed cleaning method is 
highly promising for practical implementation, particularly at 
inclinations above 20°. In a comparative context, an earlier 
investigation conducted by Kawamoto in 2018 employed 
parallel screen electrodes for electrostatic sand removal [42]. 
Kawamoto‘s study involved cleaning efficiency measurements 
on a larger 100 cm x 100 cm surface inclined at 30° initially 
loaded with 10 g/m2 of sand. In harmony with the findings 
of this study, Kawamoto (2018) reported favourable cleaning 
rates when using voltages of 6 kV and higher. Nevertheless, 
it is worth emphasizing that the present study involved 
measurements with a higher initial sand deposition of 56 g/m2 
on a smaller 30 cm x 30 cm surface and at lower inclinations of 
5°, 10°, and 20°. Compared directly with Kawamoto‘s findings, 

Fig. 10: Energy Requirement of Electrostatic 
Cleaning. This figure illustrates the energy 
requirement evaluation for the electrostatic cleaning 
method, computed using Eq.s (25-29). The analysis 
assumes a 1 MV/m electric field for sand cleaning. 
The variable ​N​ represents the average number of 
charging and discharging cycles per sand particle, 
with estimations intentionally set conservatively 
higher.
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Alternatively, manual cleaning of a 1 MW installation by 
personnel likewise necessitates approximately 60 hours of 
labor. To clarify this manual procedure and address how 
the critical electrode separation distance is maintained, the 
process envisions a trained operator using a scaled-up version 
of the handheld cleaning wand used in the experiments. This 
tool would consist of a long aluminium electrode bar, wide 
enough to cover a significant portion of a solar module in a 
single pass. Crucially, non-conductive, low-friction polymer 
guides or rollers would be mounted at the ends of the wand. 
These guides would rest on and slide along the frame of the PV 
module, ensuring a constant separation distance is maintained 
between the electrode and the module‘s glass surface without 
direct contact or scratching. The operator‘s task would be to 
systematically sweep this wand down the face of each module. 
The electrostatic force performs the actual cleaning, so the 
required physical effort is minimal and any time needed to 
stop and clean the electrode is eliminated. This process forms 
the basis for the estimated 60 hours of labour. At an hourly 
wage of 12 $, this equals 900 $ per cleaning session, yielding 
maintenance costs of about 60 $/day when cleaning solar 
modules at 15 day intervals [45], [48].

Electrostatic cleaning, whether manual or automatic, 
significantly reduces maintenance costs for solar modules. 
Manual cleaning yields a 40 % reduction of the 1300 $/MW 
washing cost. This equates to approximately 440,000 $ or  
190  $/module saved over the 30-year lifespan of the solar 
module installation. Meanwhile, automatic cleaning offers 
a 99.5 % maintenance cost reduction. This totals at around 
1,240,000 $ or 550 $/module over the same period. These 
cost reductions amount to roughly 5 % and 14 % of the total 
potential revenue generated, respectively. Therefore, if the 
installation expenses are lower than the saved maintenance 
costs, the electrostatic cleaning method demonstrates 
economic viability. 

With a 1 MW installation, the solar panel‘s total surface area 
is roughly 6000 m2, with individual modules each spanning 
2 m2 [47]. Using fluorine-doped tin oxide coated glass as 
the surface electrode, the material cost estimate stands at 
approximately 72,000 $ assuming a conservative rate of 
12 $/ m2 [49]. Despite the potential for further reduction in 
material costs through the utilization of titanium dioxide-
coated glass, current constraints in industrial production 
render the use of titanium dioxide infeasible. Incorporating 
the automatic cleaning setup introduces additional material 
expenses. Each cleaning robot, designed to cover three 
modules, costs approximately 1,700 $, totalling 1,300,000  $ 
for a 1 MW installation [46]. These material costs overshadow 
the potential savings in maintenance expenses, even without 
factoring in transportation and installation costs. In contrast, 
the manual cleaning setup allows for roughly 160 $/module 
for installation and transportation expenses over lifespan. It 

glass substrate, a SnO2:F coated substrate, and a TiO2 coated 
substrate, respectively. The power loss of the SnO2:F coated 
substrate and the TiO2 coated substrate were substantial 
although expected. TiO2 coated substrates typically show 
transmittance values of 75-90 % [26]. The SnO2:F coated 
substrate‘s manufacturer stated a minimum transmittance of 
65 %. A power loss of 29.7 % and 20.6 % indicate an actual 
transmittance of approximately 70.3 % and 79.4 % respectively, 
which is in line with the expected values. These findings reveal 
a key challenge in applying electrostatic cleaning techniques. 
Continued research is needed to refine the balance between 
cleaning effectiveness and power generation, as well as to 
enhance TCF transmittance.

5.9	 Maintenance Cost and Economic Benefit 

In regions with arid climates, maintaining the efficiency of 
solar panels poses a significant challenge. The conventional 
method of removing contamination from PV modules 
involves expensive water-based cleaning techniques. To 
quantify this cost, the following equation can be formulated:
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Here, ​​R​ loss​​​ and ​​R​ total​​​ denote the revenue lost and the total 
potential revenue, respectively, both measured in $/day. ​C​ 
denotes the cost of a single cleaning instance in ​$​, ​T​ signifies 
the cleaning rate measured in units of 1/day and ​​D​ eff​​​ indicates 
the efficiency decay rate of the solar module in ​%​/day. 
According to Faes et al.’s measurements in 2019, the average 
relative performance loss (​​D​ eff​​​) is reported to be 0.21 % [44]. 
Assuming a washing cost (​C​) of approximately 1300  $/MW 
[45], and an electricity price of approximately 60  $/MWh, 
Eq. (30) yields maintenance costs of about 100  $/day when 
cleaning the 1 MW solar modules at 15-day intervals. 

Calculating the cost implications of adopting the electrostatic 
cleaning method proposed in this study, it is necessary 
to account for both the installation expenses and later 
maintenance costs. As determined in „Determining the 
Energy Requirement of the Electrostatic Cleaning Method“, 
the energy consumption for the electrostatic process itself 
is negligible. The practical electricity costs are therefore 
dominated by the operational method: The cleaning process 
can be accomplished either automatically using cleaning 
robots or by employing cleaning personnel. Specifically, the 
increase in electricity costs for the automatic cleaning system 
amounts to approximately 60 cent per cleaning session. 
This is predicated upon a power consumption of 150 W and 
an operational duration of roughly 60 hours, considering a 
cleaning rate of 0.05 m2/s and three cleaning cycles [46]. 
It further assumes a total solar module surface area of 
approximately 6000 m2, with each individual solar module 
occupying an area of 2 m2 [47].
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protocol. The handheld electrode must 
be designed with a fully insulated, non-
conductive handle. It must also have non-
conductive polymer guides at its ends to 
ensure a constant electrode gap. Finally, 
a system needs to be in place, which de-
energizes the electrode immediately if 
released. Operators would be required 
to wear appropriate personal protective 
equipment (PPE), including high-
voltage insulating gloves and footwear, 
and receive specific training on safe 
operational procedures [50].

For an automatic system, the primary 
safety strategy would involve isolating 
the solar array. This would be achieved 
through standard measures for high-
voltage installations, such as perimeter 
fencing and prominent warning signage 
indicating the electrical hazard. The 

system should be designed to operate autonomously, preferably 
during times with minimal human or animal activity. 

Crucially, for both systems, the power supply must be 
current-limited. By designing the power source to deliver a 
maximum current well below the lethal threshold (e.g., in 
the low milliampere range), the risk of serious injury can be 
drastically mitigated even in the event of accidental contact 
[51]. Integrating these standard electrical safety protocols 
is essential for transitioning the proposed cleaning method 
from a laboratory prototype to a commercially viable and safe 
technology.

6.	 Conclusion

This paper examined a novel approach to address the pressing 
issue of sand contamination of PV modules in desert regions. 
The accumulation of micro-particles on PV modules has 
posed a significant challenge to the efficient operation of 
photovoltaic power systems, particularly in arid areas. Existing 
cleaning methods are often costly, environmentally harmful, 
and not effective in removing electrostatically deposited dust 
particles. This study‘s research introduced an electrostatic 
cleaning method that offers a sustainable, cost-effective, 
and waterless solution to this pressing environmental and 
economic problem. 

The paper determined the required field strength for particle 
removal, evaluated the minimum humidity necessary for 
water layer formation on sand particles, analysed the range of 
sand particle sizes that the proposed method can effectively 
remove, and measured the charges of particles under 
the influence of electric fields. Additionally, the research 

is anticipated that installation and transportation costs will 
fall below 160 $/module, thereby affirming the economic 
advantage of the manual electrostatic cleaning method. 

However, it is important to note that this economic analysis 
focuses on operational savings and does not account for the 
permanent revenue loss resulting from the TCF‘s reduced 
light transmittance, as determined in Section 4.8. A complete 
economic assessment would require offsetting the calculated 
savings with this loss. Therefore, the practical viability of 
this method is contingent on future advancements in highly 
transparent conductive films. A comparable study conducted 
by Faes et al. has demonstrated savings of approximately  
25  $/module by employing an electrodynamic cleaning 
method [44]. It is likely that this study‘s cost estimation 
will coincide with Faes et al.‘s calculations after installation 
and transportation expenses are subtracted. These findings 
demonstrate the potential economic viability of the manual 
electrostatic cleaning method but also underscore the 
necessity for further research in optimizing automatic 
cleaning systems. 

5.10	Practical Implementation  
and Safety Considerations

A critical aspect for the practical deployment of this 
technology is ensuring the safety of personnel and wildlife 
from the high voltages involved. The 6 kV potential used 
in this study necessitates robust safety measures to prevent 
accidental contact with the electrodes. The implementation 
of these measures would differ between the manual and 
automatic cleaning approaches. For a manual system, safety 
would rely on a combination of equipment design and operator 

Tab.1: Breakdown of operational costs, savings, and economic  
viability for water-based, manual, and automatic cleaning systems.

Water-Based Manual Automatic

Cleaning Cost ($/MW) 1,300 900 ~ 0.60

Maintenance Cost ($/day) 100 60 < 1

Cost Reduction (%) Baseline 40 99.5

Total Savings ($) Baseline 440,000 1,240,000

Savings/Module ($) Baseline 190 550

Revenue Saved (%) Baseline 5 14

Material Cost ($) Baseline 72,000 1,300,000

Economic Viability Standard Potentially 
 Viable

Currently 
 Infeasible
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explores the synthesis of Transparent Conductive Films as 
an ideal material for covering PV modules, with a focus on 
the environmental sustainability and economic viability of 
Titanium Dioxide (TiO2) as an electrode material. 

Experimental results demonstrated the effectiveness of the 
electrostatic cleaning prototype under various conditions and 
surface inclinations, highlighting its potential for practical 
implementation in desert environments. Moreover, the 
energy consumption analysis showed minimal energy usage, 
making it a feasible choice for module cleaning. However, the 
application of Transparent Conductive Films, while beneficial 
for cleaning purposes, does introduce power loss due to 
absorption and reflection characteristics. This challenge 
underscores the need for ongoing research to optimize the 
balance between cleaning efficiency and power generation in 
PV modules. 

Lastly, the study calculated the economic benefit of utilizing 
the electrostatic cleaning method, considering both the 
manual and automatic cleaning approach. The findings 
indicate the economic feasibility of the manual cleaning 
approach, whereas the automatic cleaning approach did not 
demonstrate comparable economic viability. 

In summary, the research successfully demonstrates that a 
water-free electrostatic cleaning system using a transparent 
conductive film electrode can be engineered to effectively 
remove diverse desert sand particles while largely maintaining 
PV module efficiency and demonstrating economic feasibility 
for large-scale deployment via a manual activation method. 
This offers a promising solution to a significant problem 
in renewable energy. It has the potential to improve the 
cost-effectiveness and sustainability of photovoltaic power 
generation in desert regions.
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