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Abstract: Dust accumulation on a PV panel surface can considerably lead to photovoltaic energy
degradation. A particle-based dust accumulation model was proposed to estimate the surface dust
coverage fraction on a PV panel. The model determines the effect of the surface dust coverage
fraction on the performance of the PV panel. Gravity, wind, and particle-surface interaction forces
were resolved to their components, and force balance was established to determine surface-parallel
(slipping force) and surface-orthogonal (adhering force) component forces. The proposed model
was validated through a schedule of lab and field experiments and by comparing the predicted
values with the results of a validated model developed by Lu and Hajimirza. The relationship
between a solar panel’s output power and the surface dust coverage fraction under the wind effect
was established for three types of dust (graphene, silica, and natural dust) using Response Surface
Methodology (RSM). Statistical analysis was applied to determine the most and least influencing
variables on the output power of three types of solar panels (mono-crystalline, polycrystalline, and
thin-film PV panels) exposed to dust accumulation. The obtained results show that dust particle
size, wind velocity, and PV panel tilt angle play important roles in enhancing or degrading PV
performance. Lower values of the tilt angle resulted in maximum output power, while high values of
the tilt angle reduced the incident sunlight on the surface of the PV panel, resulting in lower output
power. However, higher values of the tilt angle led to a lower dust coverage area of the PV panel and
consequently decreased the power losses of the PV panel. The results also show that wind velocity
has a considerable impact on the dust scraping of fine particles from a PV surface. The enhancement
percentages of PV performance due to wind influence are 4.85%, 5.85%, and 10.9% for graphene,
silica, and natural dust, respectively.

Keywords: photovoltaic panel performance; dust accumulation; gravity; wind effect; tilt angle

1. Introduction

Solar systems mainly convert optical energy (sun irradiance) into electrical energy. The
performance of the PV modules depends on deterministic and stochastic parameters. The
deterministic factors are mainly related to the PV cell design factors, such as the material
of construction and design. The stochastic factors consist of environmental parameters
such as temperature, wind, humidity, dust, and rain [1,2] Dust accumulation on a PV
module surface is considered the most deteriorating environmental factor for PV perfor-
mance [3]. Dust absorbs a significant portion of the irradiance and consequently reduces
the conversion of the photo (optical) energy to electrical energy, resulting in lower solar
cell efficiency. The adverse impact of the dust on the performance of the PV cell has been
extensively investigated by many researchers [4–8]. Also, many cleaning mechanisms were
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proposed and investigated, such as mechanical vibration mechanisms and charge-induced
mechanisms [9–12]. The angle of the incident light plays a major role in increasing or
decreasing the optical energy conversion to electrical energy. The best angle of inclination
for the PV module to obtain maximum optical energy conversion to electrical energy is
when the PV module is orthogonal to the incident light. However, the incident sunlight
is highly dependent on the geographic location, and the tilt angle of the solar panel is
accordingly manipulated [13]. The geographical location of Iraq near the equator can
provide 6.5–7 kw-hr per square meter [13]. Iraq also receives 2800–3300 sunshine hours per
year [14]. The tilt angle of the PV module strongly impacts the dust accumulation on the
surface of the PV panel. The lower the inclination angle, the higher the dust accumulation,
and vice versa [15,16]. Lu and Hajimirza [17] proposed a model that exploits the gravity
force as a self-cleaning mechanism for the tilted surface. Their model is based on a mono-
layer of dust with an adsorption/desorption mechanism, in which a first-order differential
equation was developed with two main parameters: adsorption rate and desorption rate.
The model also included the interaction forces between the dust particles and the panel
surface. However, their model disregarded the effect of wind and soiling effects on the
dust coverage fraction. GOOSSENS et al. [18] studied the effect of wind velocity on dust
accumulation and PV module power drop and concluded that wind speed is a key factor
in airborne dust concentration on the PV module surface and consequently on the drop of
power. Picotti et al. [19] related the wind velocity with the soiling phenomenon through
four stages of dust particles effects on PV panels: dust generation, dust deposition, dust
adhesion, and dust removal. Gholami et al. [20], Mekhilef et al. [21], and Hee et al. [22]
had experimentally explored the impact of the wind speed on the dust accumulation of the
PV panel. Jiang et al. [23] and Tominaga et al. [24] modeled both dust particle deposition
and particle resuspension to predict the dust accumulated over a PV panel under the wind
effect. In the early 1950s, many models based on indoor air turbulent flow were devel-
oped [25]. However, authors have found that large particles of dust could be efficiently
removed by the wind compared to fine particles. The range of diameters of the modeled
dust particles is between 0.1 and 100 µm. It was concluded that dust could be partially
removed with optimal positioning of a solar cell surface with respect to sunlight direction.
Unfortunately, none of the aforementioned studies related the effect of both wind velocity
and tilt angle on the dust accumulation over a PV panel. The available literature contains
three types of models for estimating the effect of dust accumulation on the performance
of PV modules. The first type of model concentrates on dust particle properties (diameter,
mass, and density) and uses the particle geometric parameters to estimate the effect of
the accumulated dust on the performance of the PV module [26–30]. The second type of
model focuses on wind and humidity [31]. The third type of model relates the geometric
parameters of the dust particles with air flow and their interactions with the surface of the
PV panels [32–35]. To the best knowledge of the authors, none of the three models related
the surface dust coverage fraction with either the dust particle’s characteristics or wind
velocity. The surface dust coverage fraction is strongly dependent on the tilt angle of the PV
panel; therefore, the proposed model indirectly investigates the effect of the tilt angle and
the wind velocity on the deposition and resuspension of the dust particles. The proposed
model successfully calculates the force balance over a dust particle attached to the surface
of a PV panel. Gravity and wind (aerodynamic) forces govern the dust particle movement
over the surface of the PV panel. The interaction of the dust particle with the surface of the
PV panel was also included in the model through Van der Waals and electrostatic forces.
The model provides a novel approach to calculate the performance reduction of a PV panel
as a function of tilt angle and wind velocity.

The proposed model relates the time evolution of the surface dust coverage fraction
of a PV panel to tilt angle. It calculates the reduction of the voltage, current, and power
of solar modules due to light hindering by the accumulated dust on the surface of the PV
panel. The model, which is presented in Section 2, was divided into three subsections.
Sections 2.1 and 2.2 describe and calculate the force balance over a single dust particle
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resting on the surface of a tilted PV panel. The gravity force and the aerodynamic force
that are exerted on the dust particle were analyzed into surface-parallel and surface-
perpendicular force components depending on the tilt angle, wind velocity, and particle
diameter. The resultant force of the two force components determines whether the gravity
force drags the particle downward or sticks the particle to the surface. The total resultant
force is the vector summation of the gravity and aerodynamic forces components. The
total resultant force is responsible for the dust particles accumulation rate and quantity.
The third and last subsection deals with the solar irradiance and the relation between
the incident angle of the light and the tilt angle of the PV panel. The optical absorption
efficiency of a PV panel is strongly dependent on the dust coverage fraction, light incident
angle, and PV panel angle of inclination.

The proposed model indirectly calculates the efficiency of a solar panel when exposed
to dust accumulation. The accumulated dust absorbs and reflects part of the incident light,
deteriorating the performance of the PV panel. The deterioration was expressed as a surface
dust coverage fraction of the PV panel, with dust resulting in lower electrical energy.

Section 2 describes the proposed model and the steps that were followed to derive
the model. The section summarizes the theory and the assumptions that facilitate the
calculations of the influencing forces and the resultant force. The model also included the
relation between the solar absorbed energy and the light incident angle.

Section 3 explained the validation process of the proposed model, statistically analyzed
it, and discussed the obtained results. The obtained results reflected the strong dependence
of the PV performance on the tilt angle and the wind velocity. The results are expressed in
the form of tables and figures to provide better visualization of the effect of the most and
least influencing parameters.

Section 4 summarizes the conclusions and recommendations for the present research.

2. Model Description

The model is divided into two main parts: the dust particle accumulation mechanism
over the surface of a PV module, and the sunlight incident angle effect on the performance
of a PV module.

2.1. Dust Accumulation over the Surface of a Tilted PV Panel

The model is based on the following assumptions:

- Dust particles accumulate on the surface of PV panels in monolayer form. Dust
particles do not form multilayers, as particles cannot accumulate on top of each other
due to the instability of the upper dust layers. Therefore, the monolayer is formed
through the interaction between the dust particles and the surface of the PV panels.
The forces that are responsible for the adhesion of the dust particles to the surface
of PV panels are Van der Waals and electrostatic forces. The Van der Waals force is
a distance-dependent interaction force between particles [36], while the electrostatic
force is an electric-field-induced attraction force of dust particles onto the surface of
PV panels [37]. This assumption explains that the optical impact of a single particle on
the PV yield is a material property, i.e., how much light is absorbed by the particle and
how much light is transmitted through the particle to the surface of the PV panels. The
optical impact of a monolayer of dust particles on the PV yield is strongly dependent
on material properties and layer thickness, which reduce the light that arrives at the
PV module.

- Attachment and detachment of dust particles on the surface of a PV panel are governed
by gravity forces, interparticle forces (Van der Waals and electrostatic forces), and
aerodynamic forces (lift and drag) which are induced by wind velocity. Dust particles
that accumulate on the surface are uniformly distributed in a monolayer. If extra dust
particles accumulate to form a top layer, the particles are likely to detach due to the lift
force induced by wind. Therefore, the effect of dust particles on the PV yield depends
on the optical properties of the particles and the thickness of the formed layer.
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The weight of the particle (gravity force) shown in Figure 1 was resolved into two
force components: the surface-parallel force component (FS) and the surface-orthogonal
force component (FR). The surface-parallel force tries to slip the dust particle downward
(slipping force), while the surface-orthogonal force tries to adhere the dust particle to the
panel surface (resisting force).

F1 = Fs = mg sin β (1)

F2 = FR = mg cos β + Fvander + Felectrocstatic (2)

where m is the mass of particle, g is the gravitational force, β is the tilt angle, Fvander is
the Van der Waals force, and Felectrostatic is the electrostatic force. Equation (2) includes
interparticle forces: Van der Waals force (Fvander), and electrostatic forces (Felectrostatic). These
interparticle forces represent cohesive forces between adjacent particles.

Fvander =
hwd
8πz2

0
(3)

Felectrostatic = Feli + Feld + Fel f (4)

where Feli is the electrostatic image force, Feld is the electrostatic double layer force, Fel f is
the electrostatic field force, hw is the Lifshitz constant, d is the diameter of the particle, and
z0 is average distance between the dust particle and the solar panel.
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Then, substituting for Fvander and Felectrostatic, Equation (2) becomes the following:

FR = mg cos β +
hwrd

8πz2
0
+ Feli + Feld + Fel f (5)

Equation (5) calculates the orthogonal force that adheres the dust particle to the surface
of the PV panel.

2.2. Dust Accumulation over a Surface of a PV Panel under Wind Force Effect

Dust particles resting on a tilted PV panel surface under the effect of an airstream
are exposed to many forces, including the drag force Fd, the lift force FL, the gravity force
Fg, and the interparticle force Fi. The aerodynamic forces Fd and FL are related to wind
shear near the surface and hence are functions of the surface friction velocity us. Threshold
friction velocity uth is the minimum velocity which is required to induce wind erosion. At
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us = uth, the aerodynamic forces just overcome the retarding forces Fg and Fi to initialize
the movement of soil particles, as shown in Figures 2 and 3.
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Figure 2 shows that large particles (≥0.5 mm in diameter) are dragged over the surface
of the PV module under the effect of gravity, because they are too heavy to be lifted by
wind. Particles ranging between 0.1 mm and 0.5 mm in diameter can be lifted for a very
short time and then dropped to result in a hop and bounce motion over the surface of the
PV module (saltation motion). Particles less than 0.1 mm in diameter suspend under the
effect of wind force.

The applied forces on the dust particle are gravity force Fg, which is resolved into
the sliding force component Fgs and the normal force component Fgn, lift force FL, which
is resolved into the retarding force component FLr and the normal lift component FLn,
and drag force Fd, which is resolved into the retarding force component Fdr and the nor-
mal force component Fdn. The slipping and retarding force resultants are presented in
Equations (6)–(9).

FS = Fgs − FLr − Fdr (6)

FR = Fgn + Fdn − FLn + Fvander + Felectrostatic (7)
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Equation (6) represents the resultant of the surface parallel forces that drag the dust
particle downward. Equation (7) demonstrates the resultant of the surface parallel forces,
which prevent the dust particle from slipping downwards.

Substituting for forces in Equations (6) and (7) with their equivalents yields, as follows:

FS = mg sinβ − klρd2u2
s sin β − kdρd2u2

s sin β (8)

FR = mg cos β + kdρd2u2
s cos β − klρd2u2

s cos β + hwd
8πz2

0
+

Q2
dust

4E(d+z0)2

+πEU2d
2z0

+ σQdust
E

(9)

where m is the mass of the dust particle, g is the gravitational force, ρ is the dust density,
d is the particle diameter, us is the surface friction velocity, kd is the drag coefficient, β is
the tilt angle, ki is the lift coefficient, hw is the Lifshitz constant, z0 is the average distance
between dust particle and solar panel, Qdust is the particle charge, E is the permittivity of
free space, and U is the contact potential difference. Table 1 shows the values and units of
each constants and parameter used.

Table 1. Values and units of the constants and parameters used in the model.

Parameter Value Units Reference

Gravity acceleration, g 9.81 m/s2 ---

Lifshitz constant, hw 2.3 ev Rentsch et al. [39]
Meng et al. [40]

Particle density, ρ 1600 Kg/m3 ---

Average distance, z0 2.343 × 10−8 m Meng et al. [40]

Particle charge, Qdust 5.86 × 10−17 C Meng et al. [40]

Free space permittivity, E 8.85 × 10−12 F/m Typical value for
Permittivity of Free Space

Electrical potential
difference, U 0.1 V Meng et al. [40]

Usually assigned 0.0–0.5 V

Surface charge density, σ 0.32 × 10−6 C/m2 Behrens et al. [41]

Drag coefficient kd 0.1 . . . Liu et al. [42]

Lift coefficient kl 0.5 . . . Ekanayake et al. [43]

Substituting constants and steady-state parameters in Equations (8) and (9), we obtain
the following:

FS = 13341.6xd3 sin β − 0.0169d2W2 sin β (10)

FR = 13341.6d3 cos β + 7.635 × 10−3d2W2 cos β + 2.668 × 10−5d + 9.7×10−23

(d+2.343×10−8)2 + 5.93 × 10−6d
+2.115 × 10−12

(11)

Equations (10) and (11) estimate the slipping and retarding forces (Fs and FR) of a
spherical particle resting on a tilted PV panel surface. Both forces depend on three main
parameters: particle diameter (d), wind velocity (W), and tilt angle (β).

Equations (12) and (13) determine the fraction of the panel surface area covered with
dust. Therefore, the surface dust coverage fraction (ε) can be modeled as follows:

dε

dt
= FR(1 − ε)− FS·ε (12)



Energies 2023, 16, 6397 7 of 18

Rearranging and integrating Equation (12) yields the following:

ε =
1

−(FR + FS)
e−(FR+FS)t − FR

−(FR + FS)
(13)

The dust surface coverage fraction (ε) represents the fraction of the surface area of the
PV panel that is covered with dust. The covered portion of the surface area of the PV panel
is determined by the force balance between the slipping force Fs and the retarding force
FR. However, the summation of the covered portion of the surface of the PV panel and the
portion of the uncovered surface equals 1, and since FR is the force that is responsible for
the adhesion of dust particles to the surface of the PV panel and FS is the slipping force.
Therefore, the difference between the two forces will determine the uncovered area of the
surface of the PV panel covered with dust.

2.3. Solar Irradiance

The amount of solar radiation that is received from the sun is expressed in w/m2.
Spectral irradiance is simply defined as resolving solar irradiance into its principal wave-
lengths of light. The study of the sun’s irradiance extends over visible light, infrared light
(IR), ultraviolet light (UV), and X-ray light. Iraq lies between latitudes 2950–37,220 N and
longitudes 38,450–48,450 E, and it has an area of 435,052 km2. The average annual radiation
at the southern sites of Iraq was found to be 7263.97 MJ/m2. The annual solar irradiance in
the Baghdad area is approximately >3000 h. The maximum value of ultraviolet radiation in
Baghdad City, Iraq, was found on 13 June to be 50.1 W/m2 [44]. The interaction between
the accumulated dust on the surface of the PV panel and the solar irradiance is strongly
dependent on the wavelength of the incident radiation. The wavelengths affect the PV
module’s performance. It was found that the effect of dust on spectral irradiance at each
wavelength caused the photon flux to decrease by a maximum of 3.61% at wavelengths
350–450 nm, which lie within the UV spectrum [45]. Therefore, this research focused on
UV sources.

The azimuthal angle of the solar panel was assumed to be zero deviated. To obtain a
relationship between the incident angle of the sunlight and both the tilt angle of the panel
and the zenith angle, we need to understand the definitions of the incident and zenith
angles. The zenith angle is simply defined as the radiation angle in relation to the normal
ground surface, while the angle between the normal of the tilted panel and the sunlight is
called the incident angle.

The relationship between the solar zenith angle, incident angle, and tilt angle can be
expressed using Equation (14).

θ = φ − β (14)

where θ is the incident angle, φ is the solar zenith angle, and β is the tilt angle.
For a solar irradiance profile, I(ω) at a wavelength ω, the optical absorption efficiency

F(θ, β) of the solar system at the wavelength ω, and the incident angle θ is as follows:

F(θ, β) = (1 − (1 − γ)
1

−(FR + FS)
e−(FR+FS)t − FR

−(FR + FS)
)·
(

1 −
∫

I(ω)R(ω, θ)dω∫
I(ω)dω

)
·
(

1 − e−cos(θ)/ar

1 − e−1/ar

)
(15)

where γ is the average transmission of a dust layer, I(ω) is the solar irradiance profile at
wavelength ω, R(ω, θ) is the reflectance of the solar cell surface at wavelength ω, and ar
is the angular loss coefficient, which is assumed constant and equals 0.155. R(ω, θ) is the
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average of reflectivity for s-polarized and p-polarized radiation. Fresnel’s equations were
used to calculate the s-polarized and p-polarized radiations, as shown in Equation (16).

RS(ω, θ) =

∣∣∣∣∣ n1cosθ−n2
√

1−( n1
n2 sinθ)2

n1cosθ+n2
√

1−( n1
n2 sinθ)2

∣∣∣∣∣
2

RP(ω, θ) =

∣∣∣∣∣ n1
√

1−( n1
n2 sinθ)2−n2cosθ

n1
√

1−( n1
n2 sinθ)2+n2cosθ

∣∣∣∣∣
2 (16)

where n1 is the refractive index of air, which equals 1.0003, n2 = nω + ikω is the complex
refractive index of silicon (solar cell) at wavelength ω. nω and kω are depicted in [15].

Solve Equation (9) and find R(ω, θ) as the average of the two values of Rs(ω, θ) and
Rp(ω, θ):

R(ω, θ) =
RS(ω, θ) + RP(ω, θ)

2
Substitute R(ω, θ) in the equation, then solve as a function of time and the specific

value of ω. γ is 0.89 for 10 days of dust accumulation [29].

F(θ, β) = (1 − (1 − γ)· 1
−(FR + FS)

e−(FR+FS)t − FR
−(FR + FS)

)·(1 − R(ω, θ)·
(

1 − e−cos(θ)/ar

1 − e−1/ar

)
(17)

3. Results and Discussion
Model Validation

The validation of the proposed model has been accomplished by comparing the pre-
dicted results of the model with experimental data and other researchers’ results. The
obtained results of the proposed model and the experimental data were statistically an-
alyzed using the Analysis of Variance (ANOVA) technique to determine how well the
proposed model fits the experimental data. The results of the proposed model were also
compared to [15] model’s results. Both comparisons showed fair agreement between the
results of the proposed model, the results of the experiments, and the results of the Lu and
Hajimirza model. Table 2 shows the comparison of performance reduction percent between
the proposed model and the Lu and Hajimirza model [15].

Table 2. Comparison of performance reduction percent between the proposed model and the Lu and
Hajimirza model.

No Model Performance Drop (Reduction) Percent

1 Lu and Hahimirza [15] 14%

2 Proposed model (Graphene) 8.15%

3 Proposed model (Silica) 9.15%

4 Proposed model (Natural dust) 3.1%

An extensive schedule of field tests, which were carried out for three types of dust
(graphene, silica, and natural dust), were statistically analyzed to obtain Equations (16)–(18).
The equations predict the output power of solar panels partially covered with graphene
(PG), silica (PS), and natural dust (PND) particles, respectively. A field-scale set-up was used
to perform nineteen statistically designed field tests for each type of dust (graphene, silica,
and natural dust), as shown in Tables 3–5. The set-up consists of a variable angle panel
mounting skid, a digital anemometer type GM8901, an air blower, an interface through an
ARDUINO card with a 16 MHZ processor, 2 KB of SRAM and 32 KB of FLASH memory,
14 digital I/O, 6 analog I/O, a voltage sensor, and a current sensor. The relationships
between a group of controlled experimental parameters (tilt angle of PV panel, wind
velocity, particle diameter, and incident light wavelength) and measured responses (output
power) for each type of dust (graphene, silica, and natural dust) were determined via
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implementing a set of mathematical and statistical techniques established by Response
Surface Methodology (RSM) [46,47]. Nineteen statistically designed runs (field tests) were
performed for different combinations of PV system parameters (dust particle size, panel tilt
angle, wind velocity), for each type of dust (graphene, silica, and natural dust), so as to
calculate the PV output power for clean and polluted conditions. The results of the output
power are further analyzed using Minitab-17 software, where an empirical relationship
between the PV output power and the independent variables was fitted and correlated
by Equations (18)–(20). The yield of each type of PV panel was calculated for clean and
polluted panels by dividing the obtained output power (KW) by the surface area of the
panel (m2). The PV yield for a clean PV surface was 10.9% based on the manufacturer’s
datasheet. For polluted and inclined PV panels, the PV yield ranged between 5.3% and
8.5% for graphene-polluted panels. When silica dust was used as a pollutant, the PV yield
ranged between 7.5% and 10.3%, while for natural dust, the PV yield ranged between 8.2%
and 9.4%.

PG = 19.41 + 0.2656dp − 0.2939β − 0.329W − 0.01425ω − 0.000026d2
p + 0.002294β2 + 0.04W2

+0.000017ω2 − 0.000031dpβ − 0.00015dpW
+0.000002dpω + 0.00467βW + 0.000028βω − 0.000438Wω

(18)

PS = 19.28 + 0.04384dp + 0.1022β − 0.452W − 0.0036ω − 0.000054d2
p − 0.000833β2 − 0.1136W2

+0.000005ω2 − 0.000146dpβ + 0.00005dpW
+0.000004dpω + 0.00208βW − 0.000111βω + 0.000719Wω

(19)

PND = 20.00 + 0.0075dp − 0.1109β − 0.21W − 0.00912ω − 0.000007d2
p + 0.000772β2 − 0.0259W2

+0.000011ω2 − 0.000051dpβ + 0.000031dpW
+0.000003dpω + 0.00367βW − 0.000035βω − 0.000025Wω

(20)

Tables 3–5 demonstrate a comparison between predicted values of the output power
of solar panels and the measured powers for graphene, silica, and natural dust, respectively.
The R2 of Tables 3–5, which were obtained from the Analysis of Variance (ANOVA) tech-
nique, are 96.77%, 95.52%, and 89.13%, respectively. As the ANOVA technique was followed
for statistical analysis, the F-value and p-value were considered to evaluate the scatter of
the predicted values. The F-values for the cases are 25.66, 18.27, and 7.02, respectively.

The effect of dust particle size on the coverage fraction of the accumulated dust on
surfaces of PV panels was investigated under various tilt angles (30, 45, and 60 degrees) and
different wind velocities of 2, 4, and 6 m/s. The results are presented in Figure 4a,b. The
dust coverage fraction sharply declines as the dust particle diameter increases from 100 µm
to 500 µm, indicating the dominance of the gravity force among the forces acting on the dust
particle. A further increase in particle diameter resulted in an inconsiderable decrease in the
dust particle fraction of the PV panel. Therefore, dust removal from the surface of PV panels
strongly depends on the dust particle size. The wind velocity also exhibited a considerable
effect on the small dust particle sizes at relatively high velocities. Equation (13) was applied
for three different particle sizes (0.1, 0.5, and 1.0 mm) that simulate the prevailing range of
dust particle size in Iraq during the sandstorm season. It was applied at various tilt angles
and wind velocities.
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Table 3. Comparison between predicted values of the output power of a PV module and the measured
values when the PV module surface is partially covered with graphene dust.

Run
Order

Dust Particle
Diameter

(µm)

Tilt Angle of
Solar Panel
(degrees)

Wind
Velocity

(m/s)

Incident Light
Wavelength

(nm)

Measured
Electrical

Power (watt)

Predicted
Electrical

Power (watt)

Difference
between Pred.

and Meas. Values

1 100 30 4 400 10.78 11.49958 6.25%

2 300 60 4 400 13.06 13.29833 1.8%

3 300 45 6 400 14.22 14.16292 −0.4%

4 500 45 4 400 14.51 14.68375 1.2%

5 300 60 6 400 12.63 12.84542 1.6%

6 300 45 4 400 13.01 13.06667 0.43%

7 100 45 2 400 10.07 10.215 1.4%

8 300 30 6 400 14.86 14.56375 −2.0%

9 500 30 4 400 15.01 15.57458 3.6%

10 100 45 4 400 11.01 10.54208 −4.4%

11 300 45 2 400 13.69 13.98792 2.1%

12 500 45 6 400 14.12 14.02833 −0.6%

13 300 60 2 400 12.64 12.64208 0.01%

14 500 45 2 400 14.12 14.225 0.74%

15 300 30 4 400 15.23 15.045 −1.2%

16 100 60 4 400 10.01 9.68625 −3.3%

17 300 30 2 400 15.43 14.92042 −3.4%

18 100 45 6 400 10.31 10.25833 −0.5%

19 500 60 4 400 13.87 13.39125 −3.5%

Table 4. Comparison between predicted values of the output power of a PV module and the measured
values when the PV module surface is partially covered with silica dust.

Run
Order

Dust Particle
Diameter

(µm)

Tilt Angle of
Solar Panel
(degrees)

Wind
Velocity

(m/s)

Incident Light
Wavelength

(nm)

Measured
Electrical

Power (watt)

Predicted
Electrical

Power (watt)

Difference
between Pred.

and Meas. Values

1 100 30 4 400 14.66 14.53225 −0.8%

2 300 60 4 400 18.116 17.56975 −3.1%

3 300 45 6 400 17.06 17.34992 1.6%

4 500 45 4 400 16.95 17.23533 1.6%

5 300 60 6 400 16.15 16.35867 1.27%

6 300 45 4 400 18.06 17.85 −1.1%

7 100 45 2 400 13.96 14.05408 0.67%

8 300 30 6 400 17.88 17.81433 −0.37%

9 500 30 4 400 18.67 18.06225 −3.36%

10 100 45 4 400 14.24 14.226 −0.09%

11 300 45 2 400 17.98 17.23892 −4.3%

12 500 45 6 400 16.38 16.46575 0.5%



Energies 2023, 16, 6397 11 of 18

Table 4. Cont.

Run
Order

Dust Particle
Diameter

(µm)

Tilt Angle of
Solar Panel
(degrees)

Wind
Velocity

(m/s)

Incident Light
Wavelength

(nm)

Measured
Electrical

Power (watt)

Predicted
Electrical

Power (watt)

Difference
between Pred.

and Meas. Values

13 300 60 2 400 16.14 16.477 2.0%

14 500 45 2 400 16.38 16.66908 1.7%

15 300 30 4 400 18.07 18.79608 3.8%

16 100 60 4 400 13.67 13.82658 1.1%

17 300 30 2 400 18.12 18.18267 0.34%

18 100 45 6 400 13.88 13.77075 −0.8%

19 500 60 4 400 15.93 15.60658 −2.0%

Table 5. Comparison between predicted values of the output power of a PV module and the measured
values when the PV module surface is partially covered with natural dust.

Run
Order

Dust Particle
Diameter

(µm)

Tilt Angle of
Solar Panel
(degrees)

Wind
Velocity

(m/s)

Incident Light
Wavelength

(nm)

Measured
Electrical

Power (watt)

Predicted
Electrical

Power (watt)

Difference
between Pred.

and Meas. Values

1 100 30 4 400 15.45 16.00542 3.47%

2 300 60 4 400 16.01 15.97625 −0.2%

3 300 45 6 400 16.44 16.39875 −0.25%

4 500 45 4 400 16.38 16.635 1.5%

5 300 60 6 400 14.96 15.22 1.7%

6 300 45 4 400 15.94 15.92333 −0.1%

7 100 45 2 400 15.12 15.09792 −0.14%

8 300 30 6 400 16.9 16.67833 −1.3%

9 500 30 4 400 16.89 17.31708 2.4%

10 100 45 4 400 15.65 15.30167 −2.2%

11 300 45 2 400 16.01 16.16042 0.9%

12 500 45 6 400 16.01 16.01625 0.04%

13 300 60 2 400 14.96 15.08833 0.85%

14 500 45 2 400 16.01 16.07958 0.43%

15 300 30 4 400 17.31 17.32792 0.1%

16 100 60 4 400 14.95 14.63208 −2.1%

17 300 30 2 400 17.34 16.98667 −2.0%

18 100 45 6 400 15.07 14.98458 −0.57%

19 500 60 4 400 15.78 15.33375 −2.9%
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Figure 4. Effect of dust particle size, wind velocity, and tilt angle on the dust coverage fraction over a
PV panel: (a) effect of tilt angle at wind velocity of 2 m/s, (b) effect of wind velocity at tilt angle of
45 degrees.

The effect of the tilt angle of PV panels on the dust coverage fraction is shown in
Figure 5. It is clearly seen that increasing tilt angle results in higher removal of dust
particles. However, the dust coverage fraction of a PV panel with small dust particles
(100 µm) shows a low decline rate with increasing tilt angle. Large dust particle sizes
(≥500 µm) show a significant reduction rate in the dust coverage fraction with increasing
tilt angle. Particle sizes larger than 500 µm show a limited dust coverage fraction of PV
panels, which clearly reflects the self-cleaning mechanism of PV panels under low to high
wind velocities. However, small dust particles are strongly affected by wind velocity.
Higher wind velocities become the dominant force for the removal of the fine dust particles
due to the particle suspension mechanism (lift force). Figure 5 compares the behavior of
three dust particle sizes subjected to scraping and lift forces as a function of the tilt angle of
PV panels.
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Figure 5. Effect of tilt angle on the dust coverage fraction for different particle sizes.

The effect of three different dust types (graphene, silica, and natural dust) on the output
power of PV panels was investigated. The investigations extend over many environmental
conditions. The environmental factors that have been studied are wind velocity, particle
size, and PV panel tilt angle. The effect of the dust particle size on the output power of the
PV panel is presented in Figure 6a–f.
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Figure 6. Effect of graphene, silica, and natural dust particle size on the output power of PV modules
under various wind velocities and tilt angles. (a,b) β = 30, W = 2, 4 m/s. (c,d) β = 45, W = 2, 4 m/s.
(e,f) β = 60, W = 2, 4 m/s.

Figure 6a–f shows that the particle size of the natural dust exhibits an insignificant
effect on the PV output power due to the spectrophotometric and crystallographic charac-
teristics of the natural dust. The light absorbance of the natural dust obtained during this
course of work was very low, resulting in only a light obscuring effect, which is strongly
dependent on the dust accumulation layer. The dust accumulation layer of the natural
dust was found to be minimal as it is strongly affected by gravity and wind forces, where
large particles are easily slipped downward and small particles are lifted by wind. On the
contrary, silica dust particles indicate a considerable effect on the output power of the PV
panel. It resulted in the lowest output power of the PV panel when partially accumulated
on the surface of the panel. It is attributed to the crystallographic characteristics of the
silica, as its hygroscopic properties result in conjoined particles that form a thin layer that
obscures light from irradiating PV cells. Graphene dust particles demonstrate a combined
effect of spectrophotometric and crystallographic characteristics. Graphene dust particles
absorb incident light in the UV spectrum and significantly reduce the conversion of the
optical energy into electrical energy.

The effect of wind velocity on the output power of the PV panel is clearly seen in
Figure 6a–f. The higher wind velocity induced the movement and saltation of particles of
silica and natural dust to form dense dust accumulation layers over the covered area. This
dense and opaque layer results in a higher obstruction of sunlight, which was observed to
lower the output power of the PV panel. A comparison between Figure 6c,d and Figure 6e,f
confirms the main conclusion that silica and natural dust were affected by higher wind
velocity, forming dense and opaque layers of accumulated dust. However, it seems that the
effect of wind velocity on the amorphous dust particles is more considerable than that on
crystalline particles, as higher wind velocity causes amorphous particles to accumulate in
a multilayer due to the adhesion capacity of the amorphous materials. The results of the
proposed model were compared to the [15] model results. The comparison revealed that
the proposed model outperforms the [15] model, as the proposed model resulted in higher
output power values of the PV module under the same conditions as the [15] model. The
reason behind this difference is attributed to the inclusion of the wind effect besides the
gravity force in the proposed model, while the [15] model considers the gravity force as the
main force.
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4. Conclusions

A particle-based dust accumulation model was proposed to estimate the dust coverage
fraction on a PV panel surface. The dust coverage fraction was implemented in predicting
the output power of the PV module, as the surface of the PV panel that is covered with the
accumulated dust attenuates the energy conversion of the PV cells, while the uncovered
fraction was considered a perfect energy convertor. The steady-state solution of the model
provides fair agreement with the experimental results. The effect of the wind velocity
on the dust coverage fraction of three types of dust (graphene, silica, and natural dust)
was studied, and the results revealed that the saltation effect was induced at high wind
velocity (4 m/s) for silica and natural dust, forming an opaque layer of dust. This dense
(opaque) layer of dust resulted in a lower output power of the PV module in comparison
to the low wind velocity (2 m/s). The effect of the dust particle size on the dust coverage
fraction on the surface of a tilted PV module was also investigated, and it shows that
increasing the particle size resulted in reducing the dust coverage fraction as the slipping
force (surface-parallel force) is directly proportional to both particle size and tilt angle. The
model successfully relates the output power of a PV module to the dust particle size and
the tilt angle of the module under gravity and aerodynamic (wind) effects.

The dust coverage fraction of a mixture of different particle sizes of dust is recom-
mended for future studies to investigate the interaction between large and fine particles
through the slipping of particles downward.
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Nomenclature

Symbol Description
FS Slipping force (N)
FR Retarding force (N)
Fg Particle weight (N)
Fgn Weight normal force (N)
Fgs Weight parallel force (N)
FL Wind lift force (N)
FLn Lift normal force (N)
FLr Lift parallel force (N)
Fd Wind drag force (N)
Fdn Drag normal force (N)
Fdr Drag parallel force (N)
Fvander Van der Waals force (N)
Feletrostatic Electrostatic force (N)
hw Lifshitz constant (eV), a measure of the maximum rate of change of a function in

a region over which the function is defined
d Particle diameter (µm)
Z0 Average distance between particle and surface (m)
ε Surface dust coverage fraction (area covered by dust particles relative to the total

solar panel surface)
φ Solar zenith angle (degrees)
R(ω,θ) Reflectance of the cell at wavelengthω and incident angle θ
γ Average transmission of a single dust layer
n1 Refractive index of air
nω Real part of the refractive index of silicon at wavelengthω
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RS Reflectance of s-polarized light
Feli Electrostatic image force (N)
Qdust Particle charge (C)
Feld Electrostatic double layer force (N)
U Contact potential difference (V)
E Permittivity of free space
Felf Electrostatic field force (N)
σ Surface charge density (C/m2)
m Particle mass (gm)
g Gravitational force (m/s2)
β Tilt angle (degrees)
kl Lift coefficient
kd Drag coefficient
ρ Particle density (kg/m3)
us Surface friction velocity (m/s)
τ Shear stress at boundary layer (N/m2)
ρα Air density (kg/m3)
θ Incident angle (degrees)
I(ω) Solar irradiance (W/m2.nm)
F(θ, β) Absorption efficiency at incident angle θ and tilt angle β
ar Angular loss coefficient
n2 Refractive index of silicon
kω Imaginary part of the refractive index of silicon at wavelengthω
RP Reflectance of p-polarized light
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