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i Regions with abundant sunlight, such as the Middle East and North Africa,
: are optimal for photovoltaic power generation. However, the average power

loss of photovoltaic modules due to dust accumulation is very high and may reach 1% per day,
necessitating frequent cleaning, which adds to operational and maintenance costs. One solution
is the creation of anti-dust coatings, where hydrophilic or hydrophobic coatings with suitable
spectral characteristics for PV applications are added to the outer glass layer of PV panels.
Nevertheless, the effectiveness of such coatings greatly depends on climatic conditions and
geographical locations. Since the coatings add to the cost of solar panels, it is essential to first
test their suitability in the intended location and/or under similar climatic conditions before
large-scale deployment. This paper provides a review of various anti-dust technologies used
to reduce the PV pollution problem. The goal is to deeply compare different techniques and
developed materials, providing relevant input in aligning the appropriate technology based on
the particle accumulation mechanism, climatic conditions, and geographical location. Although
mechanical cleaning methods have been most commonly used to date, the development of
anti-dust thin coatings could be a better option due to their non-abrasive nature, wide
deployability, cost-effectiveness, and durability. This review aims to serve as a reference in this
field, thereby paving the way for the implementation of efficient anti-dust coatings.
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Figurel. Dust-moisture (water) cementation process.
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Figure2. Hydrophobic surface as anti-dust coating.
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Figure3. Examples of soiling: Overview of different soiling types with exemplary photographs of soiling by (A) mineral dust in a desert

area, (B) bird droppings, (C) algae, lichen, mosses, or fungi and (D) pollen in wet and moderate climates, (E) engine exhaust from an

industrial area, and (F) agricultural emissions [25].

1- Concentrating solar power
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Figure4. Schematic illustration of soiling mitigation technologies: (A) Important soiling mechanisms which could be addressed by

anti-soiling coatings (ASCs). (B) Single-axis tracking and optimization of night stowing position. (C)Working principle of EDS: standing

wave version). (D) Dew mitigation by low-" coatings and active and passive heating. (E) PV module design approaches for soiling loss

reduction: the red overlay indicates lost cell strings due to soiling. (F) Site adaption [25].
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Figure5. Factors influencing dust settlement.
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Figure7. Classification of antireflection coating materials.
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Tablel. Specifications of anti-reflection coatings provided from different materials.

— )
g g S -
= o = & =
g : £ Sl 3| E .
= = < = = =] - = 5
=} S = - =) = < = —
= @ g s b= 5 s 2 2 S
g s c s | E | 2 : :E | 3
S = w = Z > = KA &
o < = & s s
o £ £ | ®
< =
=
Large scale Experimental
Ag catalyzed SiNWs arrays analysis
Nanowires
oo chemical 5.6 - 250-800 | can be prepared | of the increase in [35]
Silicon (NWs)
etching using MACE PCE
method using this coating
Effect of this coat-
Five-layer Broadband ing on
Silica hollow silica | Dip coating method - 99.04 | 380-1600 | antireflection various solar cells [36]
nanopaticles coating to find its suitable
application
The low optical
Research to
reflectance and
Long throw radio improve transmit-
excellent elec-
frequency magnetron tance further can
Double layer trical conduc-
sputtering technique 43 86.2 400-1000 be considered, and [37]
ITO ITO film tance make it
+ supercritical CO, together with PCE
suitable for Si-
treatment analysis can be
based solar cell
considered
applications
High-perfor-
mance AR
Effect of this
Formation— coating with a
coating on various
Hollow deformation-refor- low index of
- 96.2 300-1500 solar cells to find [38]
Mng nanopaticles mation refraction, high
its suitable ap-
approach durbility, and
plication
economical
coating
PS-coated thin-
Stability, reliabil-
film PV cell
Pyramid- ity, and environ-
Microinjection shown an
Polysty- | arrayed Ps 5 93 | 400-900 mental effects of/ | [39]
compression molding improvement of
rene film on the coating can

7.9%

increase in PCE

be analyzed

o

)

95

_E»
1
3
]
"?K'
]
3
N}
3,
3
&
T
i

vy



—

&3

552

_3»
1
9
]
.'3;’
]
3
N}
3,
A
&
5
>

AARAY

Antireflec-
Effect of this
tion coating of
Vacuum-assisted coating on various
Nano-cone parabola shape
surface wetting 0.64 99.4 400-800 solar cells to find [40]
PMMA array made of PMMA
methodology its suitable ap-
with nano-cone
plication
arrays
Improved hard-
Transmission
Microwave-assisted ness, high
can be
. Five TiO, and | reactive magnetron photocatalytic
Si0, and ’ - 97 | 450-780 analyzed and im- | [41]
io SiO, thin films sputtering activity, scratch-
TiO, proved for broad-
process resistant, and
band wavelength
hydrophobic
Effect of this
Low refractive
Nanostruc- Localized surface coating on various
index and high
Agand | tyredAgand plasmon - 97.2 | 400-800 solar cells to find | [42]
. forward scatter-
Sloz silica resonance its suitable ap-
ing is obtained
plicatio
Sol-gel el be g sy
method
Thermal
Dry-wiching aion
3 Non-
Pl slgeiog . — o
Conventional ~@" | conventional = "
techniques techniques
Chemical Glazing
VapDe _ angle [—

solSlls g cle gl slaybgy (sanaib AJSWS

Figure8. Classification of commonly used ARC fabrication techniques.
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surface of the PV modules [28].
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Figurel0. The surface of silicon PV modules. Two modules were
coated (modules X and X’) and the other two modules were not

coated to act as references (modules Y and Y’) [28].
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Figure9. (a) Normalized daily performance ratio (PR) of arrays B (NPRB) and C (NPRC), (b) twice normalized daily PR of arrays B and C
(NPRB and NPRC were divided by the normalized daily PR of reference array A), and (c) NPRC/NPRB [28].
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Figurel2. (a) Highly reflective, anti-soiling nanoparticle texture solar mirrors (7.6 X 7.6 cm2) with no coating, super-hydrophilic (SPH)
coating, and super-hydrophobic (SP) coating. Insets are water contact angle measurements on the coated mirrors (the measured water droplet
volume = 5-10 pL). (b) SEM images of the coated mirror surface show characteristics of SPH nanotexturing. (c) SEM cross-sectional view

of SPH coating [45].
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Table2. Chemical composition of SP and SPH coating determined by XPS [45].

O-Si (0] Si-O Si C C-Fx F 0-Si/Si-O C-Fx/F
Uncoated 53.7 6 27.1 0 7.2 0 0 2.0 -
SPH 53.1 10.0 27.1 3.0 6.3 0 0 2.0 -
SP 458 0.4 22.5 0.0 7.7 7.0 15.5 2.0 0.45
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Figurel3. Adhesive force of spherical dust particles with 6 mm diameters on SPH-coated, SP-coated, and uncoated mirrors as a function

o

of relative humidity [45].
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Figurel4. (a) Measured and calculated adhesion force between a silica sphere (15 mm diameter) and SP and SPH surfaces. AFM surface
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morphology analysis of (b) uncoated surface, (c) SPH coating, and (d) SP coating [45].
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Table3. Water repellency and transmittance characteristics of some superhydrophobic anti-reflective coatings.

Transmittance Slide Contact angle | Contact
Coating Roughness(nm) . Ref.
(%) angle (°) hysteresis (°) angle(®)
Hierarchical
structure of zinc - 80 5 2 162 [53]
oxide
Superhydrophobic
S ERE - 5.3 90-91 - 50 165 [54]
structure of silica
Superhydrophobic
. 42.4-42.8 90-91 - 5-20 152-161 [55]
structure of silica
Silanized silica
90-120 93 <3 <5 160 [56]
structure
Silicon
- 94 20 - 160 [57]
nanofilament
Silanized silica
30 94 - - 168 [58]
structure

1- poly(allylamine hydrochloride)/poly(acrylic acid)
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Figurel5. 3D AFM images of superhydrophobic AR coatings spin-coated using (a) sol-gel (96 h), (b) sol-gel (168 h) [59].
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ISO 12103-1 A4 Coarse Sand [¥a].

Figurel6. Observation of soiling on a mirror (15.2 x7.6 cm2) with half its area coated with nanoparticles to give it SPH properties. (a)

A half-coated mirror at 450 elevation, (b) initial soiling (1 g) on the mirror, (c) dust accumulation on the mirror surface after airbrushing.

Insets are optical microscope (5000% magnification) images of soiling on an SPH-coated mirror and an uncoated mirror after airbrush-

ing. (d) Water dripping on the mirror surfaces. The water was colored with a green dye. (¢)Water disperses soil after dripping on the

mirror surfaces. Inset is the suspended soil collected from the suspension in 0.1 g mL-1 of soil and water mixture (ISO 12103-1 A4

Coarse Sand) [45].
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Figurel7. . Global solar panel coating market [62].
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