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Modeling of Dust Deposition Affecting Transmittance of
PV Modules
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Abstract—The dust deposition significantly influences the
energy gained from the solar power system. The dust deposition
of PV modules is decided many factors, such as weather,
location, tilt angle, and so on. This paper focuses on the
influence factors of the PV modules. In order to realize the
relationship between the dust deposition and the sunlight
transmittance of the solar PV module, improved models
considering the effect of incident angle and tilt angle are
developed based on the overlay model. Then simulation with the
improved models is conducted to analyze the characteristics of
each model.

Index Terms—Dust deposition, transmittance, incident angle,
tilt angle.

I. INTRODUCTION

As the core component of the solar power system, the solar
PV panel is long-running, so the effect of the dust deposition
on the system efficiency is significant. The dust deposition of
PV module directly leads to the reduction of the solar
radiation received and the decrease of the energy gained from
the solar power system. The sources of the dust including the
tiny particle formed by the action of sand, soil and wind, the
blowing dust due to the industry, building, and transportation,
and the biomass of animals and plants [1]-[3]. The longer the
solar power system is running, the more the dust deposition
will be, therefore, the lower transmittance and the less
generated energy is caused. With the other conditions being
equal, the smaller tilt angle of the PV module leads to the
more dust deposition and the less solar radiation received.

Although the effect of dust on a single PV cell is noteless,
the power loss owning to the dust of the large-scale PV
system is great [4]. The research found that in the dry period,
efficiency loss resulted from the dust deposition was as much
as 15%, and the average annual power generation efficiency
reduced 6%.

In recent years, more and more researchers pay attention to
the influence of the dust deposition on the efficiency of the
PV module. Most scholars exposed the PV module in
different environments, analyzed the effect of the dust
deposition by the comparison of experiment results [5]-[7].
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However, because the climatic environment varied from
place to place, there were large differences among the
research results.

The mechanism of the dust deposition is another research
field. Many experts considered the dust with different size,
different component, and different moisture and modeled the
process of the deposition [8]-[11]. But so far, there were
rarely research focuses on the relationship between the dust
deposition and the sunlight transmittance of the solar PV
module.

This paper concentrates on the modeling of dust deposition
affecting transmittance of PV modules. In the following
sections, firstly, an overlay model of the dust deposition has
been developed. Then, the improved incident angle model
and tilt angle model has been derived. Last, the comparison
among the different models was done based on the simulation
results.

Il. OVERLAY MODEL

A. Basic Model

NASA (National Aeronautics and Space Administration)
researched the principle of dust deposition on the Mars and
the moon, considering the sources, the property, and the
spread of the dust. Based on the influence of the dust
deposition on the solar PV modules, NASA developed the
overlay model to describe the influence [12].

The overlay model is feasible under the following
theoretical assumptions: (a) All the dust particles are
spherical. (b) The ratio of the area dust covered to the panel
area is equal to the ratio of the transmittance with dust to the
transmittance without dust.

Besides the assumptions, the total area of the panel is
indicated by A, and the area of single dust particle is a. Then,
the ratio of the area without dust is 1-o/A. If the number of
dust particles is N, the ratio of the area without dust goes to
(1-a/A)N. yis used as the average transmission of single layer
dust.

Considering the dust may be overlapping, the following
equation is derived as Equation (1). This is the most

N
important assumption in this model. ( _ WJ means one
A

dust may overlap another and affect the light transmittance. If

the equation is [1 - N WJ means just the cumulative effect
A

of the dust is considered. When parameter N is large enough,

(1 _N 70‘) may be negative and it is unphysical.
A
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where 7, and 7, respectively represent the transmission before
and after dust deposition of PV modules; z,/z; indicates the
relative transmission; Foand F respectively represent the area
before and after dust deposition of PV modules.

B. Applied Model

As the parameter N, namely, the number of the dust
particles is difficult to measure, an applied overlay model has
been developed.

Let us define the variable j as

Then, the number of the dust particles is

M 3M
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where M is the total mass of the dust particles, p is the
average density of the particle, V and R respectively represent
the total volume and average radius of the dust particles.

When the PV panel is covered by dust particles with
number of N, the area of the PV panel without dust is
described as

3My

J|apRA
F=F, [1—1_]
J

When

j
A - oo,(l—l_] —>exp(-1),
a J

We can get

3M
F=F exp(——4pR7;\j.

Ignore the scattering of the dust, the relative transmittance
with the mass of dust being M is

o _ exp[_3'\/'_7]_ o

Equation (2) is the applied overlay model. According to (2),
the relative transmittance of PV module depends on the mass,
the transmission, the density, and the radius of the dust
particle. Meanwhile, the transmission and the density of
general dust are basically similar. Consequently, the relative
transmittance relies on the mass and the average radius of
dust.
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I1l. IMPROVED MODEL
A. Incident Angle Model

[————L
Fig. 1. The diagram of the incident angle of the dust.

Professor Zang et al. added the incident angle into the
overlay model and derived an incident angle model [13]. As
shown in Fig. 1, the incident angle is presented by 8, when 6
is not equal to zero, the shadow of the dust particle is oval.
The major and minor of axes are L+Ly and R, respectively. So
the area of the shadow is

L+, R’  «

F(0)=mR ==
2 cos@ coséd

Combining with (2), the relative transmittance considering
the incident angle is

Bome|

B. Tilt Angle Model
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Fig. 2. The diagram of the tilt angle of the panel.

Owning to the gravity, it is easy to understand that the
magnitude of the tilt angle directly effects the performance of
the dust deposition. The dust quantity with tilt angle being 0<
namely the panel is horizontal, is much more than the
quantity with tilt angle being 90< namely vertical. The
diagram of the tilt angle is shown in Fig. 2.

Recent years, many researchers experimented with
different tilt angle and measured the efficiency of the solar
system. The results proved that the tilt angle of the PV
module directly influenced the dust deposition.

Sayigh et al. experimented five PV modules with different
tilt angles [14]. With the other conditions being the same, the
reduction rate of the transmission after 38 days is shown in
Table I.
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TABLE I: THE EXPERIMENT RESULTS WITH DIFFERENT TILT ANGLES

Tilt angle 0° 15° 30°  45° 60°

Reduction rate  64% 48% 38% 30% 17%

Therefore, the parameter of tilt angle, ranges from 0<to
90< should be considered in the improved model. The actual
tilt angle is determined by the latitude of the geographic
location, which is different from area to area. The character
is used to indicate the tilt angle and the function f(5) presents
the influence. So the improved tilt angle model is

exp[ jfw)

The tilt angle affects the dust deposition through the
gravity. In the actual process, the wind, the climatic
environment, the humidity and many other factors also affect
the dust deposition. Therefore, it is extremely complex to
analyze theoretically [15], [16].

The data fitting is employed to simplify the relationship
between the tilt angle and the reduction rate. Based on the
data supported by Sayigh, the least square method is applied.
The result is presented in Fig. 3, and the relationship is
described as

__ My
4pRACOS 6

4)

f(8)=K(-05109° +0.88583° +0.8162/3 +0.6404)

where the K is a variable parameter based on different
conditions.

Fitting resuit
* Real data

Proportional reduction of solar-radiation transmission rate

. n
0.6 08
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Fig. 3. The result of the data fitting.
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C. Martin Model

Considering only the influence of the incident angle and
ignoring the effect of dust, a simple empirical formula was
developed by ASHRAE, as equation (5).

1)

(0) =1—b[

Tl(e)
The b is an empirical parameter based on the type of the
solar panel, and it is equal to 0.07 commonly [17].
When the influence of dust is considered, equation (5)
changes to

.

5
coséd ©)
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In (6), n is the empirical parameter according to the
pollution level of the solar panel, and it is equal to 0.07

LY) (0) means the relative transmission
2} (O)

with the incident angle being 0.

commonly [18], [19].

IV. SIMULATION

A. Simulation with Changed Incident Angle

In order to description conveniently, the models expressed
by equations (3) and (4) call as “incident angle model” and
“tilt angle model”, respectively. The model presented by
equation (5) ignores the effect of dust, so it calls as “no dust
model”. The model presented by (6) calls as “Martin model”.

The simulation with changed incident angle is conducted
with incident angle model, no dust model, and Martin model.
In this simulation, the parameter p is equal to 2000kg/m>and
R is ranged from 0.2X10°m to 40X 10°m, while average
transmission ¥ is equal to 0.87, and the total mass of dust M
is assumed to be 4 < 10°kg [20].
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Fig. 4. The simulation result with changed incident angle.
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As shown in Fig. 4, the simulation result indicates that the
relative transmissions of both incident angle model and
Martin model are less than the one of no dust model. This
result is conform to the real situation. The decreasing trend of
all three models appears slowly first and fast afterwards. The
demarcation point is about incident angle being 60 <

The relative transmission of incident angle model basically
agree well Martin model when the incident angle being less
than 30< While the incident angle is larger than 30< the
relative transmission of incident angle model is less than
Martin model, the maximum difference of which is up to
10%.

B. Simulation with Changed Tilt Angle

The simulation with changed incident angle ignores the
effect of tilt angle. This section the simulation with invariable
incident angle and changed tilt angle is conducted. The
simulation result of tilt angle model is shown in Fig. 5.
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Fig. 5. The simulation result with changed tilt angle.
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The simulation result indicates that whatever the incident
angle, the relative transmission decreases sharply with the
increase of the tilt angle. There is little difference between the
simulation results with incident angle being 15<and 30<
With particular small incident angle, the decrease of the
relative transmission is more sharply. The decreasing trend of
the relative transmission becomes a little slow while the
incident angle increases from 15<to 60<

As the simulation is based on the experiment results
supported by Sayigh, which was implemented in Kuwait, the

simulation result is not completely suitable for the other areas.

However, the change rule of the relative transmission with
the variation of incident angle and tilt angle has universal
significance.

V. MODEL APPLICATION

As the incident angle model and the tile angle model can
analyze the influence of the dust deposition on the system
transmittance effectively, they have widespread applications
in the field of photovoltaic generating system. The
applications are described in two aspects.

At first, during the design stage of the photovoltaic system,
the dust sources will be analyzed based on the local
environment. A new Table | suited local conditions will be
developed by experiments. Then, the incident angle model
and tile angle model can be applied to evaluate the influences
of dust deposition on the transmittance of PV modules, which
must be considered in parameters design of the photovoltaic
system.

Secondly, when running a photovoltaic system, the
incident angle model and the tile angle model can be used to
forecast the influences of dust deposition on the
transmittance of PV modules. The power loss due to dust can
be calculated and an effective cleaning cycle of PV modules
will be determined.

In general, both in design and operation of the photovoltaic
system, the models developed in this paper are useful.

VI.

This paper focuses on the modeling of dust deposition
affecting transmittance of PV modules. Based on the overlay
model supported by NASA, the improved incident angle
model and tilt angle model has been derived to analyze more
completely. The simulations with changed incident angle and
changed tilt angle have been conducted to compare the
improved models.

DiscussION AND CONCLUSION
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In the future, the actual experiment is being considered to
verify the simulation results and provide a basis for the model
updating.
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