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Abstract

Natural atmospheric particles, such as yellow sand, pollen, and volcanic ash, are frequently deposited on exposed
surfaces, potentially reducing the optical performance of solar panels and other transparent systems. However, the
removability of these particle types under environmental conditions has not been compared systematically. In this
work, we conducted laboratory experiments to evaluate the removability of yellow sand, pollen, and volcanic ash
deposited on slide glass surfaces as representative natural particulates. Controlled wind and simulated rainfall were
applied separately and in combination to investigate particle adhesion and cleaning behavior. Although pollen was

sand exhibited strong adhesion and low removability.

efficiently removed by wind, it had the greatest effect on light transmittance per unit weight. In contrast, yellow
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1 Introduction

Although solar energy is a leading candidate for sustain-
able energy production, the soiling effect caused by air-
borne particles deposited on photovoltaic (PV) panels
strongly affects the energy production efficiency of PV
panels (Bergin et al., 2017; Hasan et al,, 2021; Khalid et
al., 2023). The pollutants deposited on PV panels include
mineral dust, pollen, fungal spores, engine exhaust gas,
and agricultural emissions (Nezamisavojbolaghi et al.,
2023). The soiling effect is strong enough to negate the
improvements in PV efficiency in Asia and the Middle
East (Ilse et al., 2019). Previous studies have addressed
countermeasures against the soiling effects of airborne
particle deposition (Abd-Elhady et al., 2024; Adekanbi
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et al,, 2024), and their results have been applied to the
maintenance of PV panels in desert areas (Cordero et
al,, 2018), tropical regions (Andrea et al., 2019), and
urban areas with chimneys (Radonji¢ et al., 2021). Coat-
ing technologies (Syafiq et al., 2022), washing systems for
PV panels using rainwater (Myyas et al., 2022), and auto-
mated cleaning devices for PV panels (Kazem, 2023) have
been developed.

The natural removal effects of rain and wind have also
been studied (Ramirez-Revilla et al., 2022). For example,
a previous study suggested that when wind and rain are
strong enough, the soiling effect on PV panels is weak-
ened (Stankov and Terziev, 2024). Furthermore, when a
high density of particles is deposited on PV panels, the
removal effect on the particles increases (Yao et al., 2023).
Simulation results suggest that larger particles (100-500
um) are more effectively removed by the removal effect
of wind (Han et al., 2026).

The soiling effect also depends on the particle types.
For example, among ash, soil, cement, brick dust, wood
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dust, sand, and sea salt, the soiling effect of wood dust
is the greatest (Lenko et al., 2024). Regarding the wash-
ing effect, when pollen grains are soaked in water, small
protein particles called the Ubisch bodies detach from
the grains and remain on PV panels, which decreases the
transmittance in the UV wavelength range (Miki & Mori,
2025). Observations in various regions have reported that
soiling effects are stronger in the UV wavelength range
than other wavelengths (Smestad et al., 2020). However,
there has been limited research on the natural removal
processes that affect various types of particles.

In this study, the types of airborne dust with the great-
est effect in East Asian regions, Asian dust (yellow sand)
(e.g., Hagiwara et al., 2020), pollen (e.g., Miki & Mori,
2025), and volcanic ash (Nishioka & Ota, 2015), were
deposited on slides (25 mm x 75 mm), and the removal
effects of wind and rain were experimentally analyzed.
Yellow sand storms are known to have a serious impact
on PV panel performance, and the use of protective walls
was proposed in a previous study conducted in China
(Pui et al.,, 2014). Concerning pollen, it has been reported
that the degradation of PV panel efficiency caused by pol-
len deposition can be significant and may not be recover-
able even after rainfall (Bessa et al., 2024). Ashfall tephra
can cause large-scale shutdown of PV panels (Zorn &
Walter, 2016). This study aimed to clarify the removal
characteristics of each particle type and support the
development of region-specific PV panel maintenance
methods that consider local airborne particle properties
and meteorological conditions.

2 Materials and methods

Samples of yellow sand (Mono Planning Ltd., Saitama,
Japan), pollen (Cryptomeria japonica) (Yamizo Kafun
Kenkyukai, Ibaraki, Japan), and volcanic ash particles
(Kenis Ltd. Osaka, Japan) were dispersed on glass slides,
which were then gently turned upside down and back to
settle the particles (Fig. 1 (left)). The slides were placed
on an inclined plane (KKS-90 4-6519-02, Asone, Japan)
with a 15° slope (Fig. 1 (right)), which was determined

Page 2 of 9

to be the optimum angle for solar panels (Pascal &
Ganapathisubbu, 2011; Solyali & Mollaei, 2025), and
exposed to controlled wind and simulated rain.

The initial state of the slides without dispersed particles
is referred to as “o” and the state after the particle disper-
sion and settling procedure is referred to as “38” The state
after exposure to wind is referred to as “y,,”, and the state
after exposure to simulated rain is referred to as “v,”. For
each state, the transmittance at visible (380-760 nm),
UV (365 nm), and IR (940 nm) wavelengths was mea-
sured five times at randomly selected locations on the
slides using a transmission meter (LS162, Shenzhen Lin-
shang Technology Co., Ltd., China). The cleaning effects
of wind and rain were evaluated based on Lambert—Beer
law, which is expressed as

In (%) = —a1c;AL (1)
gl
1

h’l I_ = —GQCQAL, (2)

where a; (g7! cm?) and ay (g7' cm?) are the coefficients,

1, is the transmitted light intensity in state «, I is the
transmitted light intensity in state /3, I, is the transmit-
ted light intensity in state -, ¢ (g cm™) is the concentra-
tion of accumulated particles, L (cm) is the optical path
length. Based on egs. (1)-(2), the logarithm of the trans-
mittance ratio is proportional to AL. Thus, I, I, and I,
were observed and In (ﬁ—ﬁ) and In <f—”> were calculated
7 o
as indices of relative amount of accumulated particles.

For the evaluation, the five measurements for each
state were averaged by

LY  1g I,
() =5 m () ®

Fig. 1 (Left) Slides with deposited yellow sand, pollen, and volcanic ash. (Right) Slide placed on an inclined plane
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Table 1 Particle weight for each particle type at each state in
the wind removal experiment
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Table 2 Particle weight for each particle type at each state in
the rain removal experiment

Y. sand Y.sand

Test 1 Test 2 Test 3 Test 1 Test 2 Test 3
m, (g) 4919 4924 4925 m, (g) 4910 4930 4925
mg(9) 4981 4971 5.000 mg (9) 4975 4979 5.046
m,, () 4971 4956 4998 m,, (@) 4936 4927 4931
mg-m, (@) 0.062 0.047 0.075 mg-m, (9) 0.065 0.049 0.121
m,,m, (@) 0.052 0.032 0.073 m, m, Q) 0.026 ~0.003 0.006
(my,-m)/(mgm,) 0.839 0.681 0.973 (m, m/(mgmy,) 0400 —0.061 0.050
Pollen Pollen

Test 1 Test 2 Test Test 1 Test 2 Test 3

3 m, Q) 4935 4927 4931

m, Q) 4936 4927 4931 mg () 5022 4.994 4.991
mg(9) 4991 4961 5.005 m,, Q) 4936 4927 4931
My, (@) 4956 4942 4952 mg-m, () 0.087 0.067 0.060
mg-Mg (9) 0.055 0.034 0.074 m,,-m (9) 0.001 0.000 0.000
My Mg () 0.020 0015 0.021 (m, m)/(mgmy) 0011 0.000 0.000
(my,-ma)/(mg-m,) 0.364 0441 0.284 Ash
Ash Test 1 Test 2 Test3

Test 1 Test 2 Test m, () 4935 4926 4932

3 mg (@) 4,941 4927 4,936

Mg (9) 4933 4926 4933 m,, (@) 4935 4,926 4933
mg (@) 4941 4930 4937 mgm, (@ 0.006 0.001 0,004
My (9) 4.936 493 493 m,(9) 0.000 0.000 0.001
Mg Mg (9) 0.008 0.004 0004 (m,-m)/mgmy) 0.000 0.000 0.250
m,,-m, (@) 0.003 0.004 0.001
(M M)/ (mg-mg) 0375 1.000 0250 high, 6 cm wide, and 90 cm long). The slides with dis-

Generally, when z and y are variables, the standard errors
were calculated using the error propagation formula,
which is expressed as

Var[f (v + Az,y + Ag)] ~ (%)2@@2 + <%>2(Ay)2 @)

Thus, by substituting the measurement results into

Eq. (4), average variance —In (%) is derived by

I AL\ (AL’
— il ~ a 5
vl ()= (52) () @
where AT is the error of each result. Thus, the average
standard error is given as

(i) ¢ () () o

2.1 Cleaning effect of wind

In the experimental setup, controlled wind was gener-
ated using a blower (BOBTPG97V8, Shenzhen Gdstime
Technology Co., Ltd., China) and delivered to the wind
exposure area through a cardboard wind tunnel (6 cm

persed particles were placed at the outlet of the wind tun-
nel in the wind exposure area and exposed to controlled
wind at 5 m s™! for 1 min. The experiment was performed
three times (Test 1-3) and the transmittance at each state
was measured.

2.2 Cleaning effect of rain

The slides with particles were placed on the target plate
area and simulated rain was sprayed with a water sprin-
kler (Iris Oyama, Tokyo, Japan) for 1 min from a height
of 60 cm and distance of 80 cm at a spray rate of 276 mm
h~!, which was the minimum available spray rate of the
sprinkler. The slides were then covered with aluminum
foil and dried at room temperature. The experiment was
performed three times (Test 1-3) and the transmittance
at each state was measured.

3 Results

Yellow sand, followed by pollen, showed the highest
weight of particles settled on the slide (Tables 1 and 2).
Pollen, followed by volcanic ash, showed the highest
ratio of weight washed out by the wind. Pollen, followed
by yellow sand, showed the highest weight of particles
washed out by wind (Table 1). The relationship between
the weight of particles removed by the wind and the
changes in the transmitted light intensities indicated
that these two factors are highly related, regardless of
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the particle type (r? = 0.87,p < 0.01) (Fig. 2a). No clear
wavelength dependence was observed in the overall rela-
tionship. The changes in the transmitted light intensities
and the weight of particles that remained after the expo-
sure to wind also showed a clear relationship regardless
of the particle type (r? = 0.58,p < 0.01) (Fig. 2b).

In contrast, almost all the particles deposited on the
slide were washed out by the simulated rain. How-
ever, the results show that yellow sand was more likely
to remain after the removal (Table 2). The relationship
between the weight of particles washed out by the simu-
lated rain and the changes in the transmitted light inten-
sities showed that when a similar weight was washed
out, pollen showed larger changes in transmittance than
yellow sand (Fig. 3a). Almost all particles were washed
out by the simulated rain; thus, the weights of particles

(a)
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remaining after the removal were within the experimen-
tal error (Fig. 3b). After the removal, the effect on the
wavelength in the visible and the UV wavelength range
remained greater than that on the IR wavelength range.

-\ —0.5(300nm < A < 900nm)

60
—3%)\ + 4(900nm < X\ < 1200nm)

0(A < 300nm, 1200nm < A)

R= (7)

By assuming that the transmittances in the wavelength
range of visible, UV, and IR are uniform, the theoreti-
cal influence of the particle removal on power genera-
tion efficiencies in this experiment was calculated. An
ideal spectral response was used in the calculation (Raju
Anand et al., 2012). The spectral response (R) in each
wavelength range is calculated as:

2.0
1.5 Pollen_VIS
1.0 - Pollen_UV
054 Pollen_IR
) ¢ YSand VIS
001 & ¢ t A YSand UV
£ 7057 4 YSand_R
= 1.0 ® Ash_VIS
€ -151 A Ash UV
—2.0+ 4 Ash_ R
_2'5 4
_3.0 4
_35 4
-4.01— ’ ’ . ’ .
0.00 0.01  0.02 0.03 0.04  0.05
mg —my,(9)
0.01 v 4 Pollen_VIS
—05- + Pollen_UV
Pollen_IR
-1.0- ¢ ¢ YSand VIS
® A YSand UV
s -1.54 4 YSand_ IR
= ¢ Ash VIS
T 207 A Ash UV
&
5] 4 Ash R
-3.01
-3.51
0.00 0.0l 0.02 003 004 005 0.06

mVW - ma(g)

Fig. 2 Relationship between the change in deposited particle weight and the transmittance ratio between (a) 5 and ~, and (b) « and «y in the wind

removal effect experiment
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1.0
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2 -2.01 ¢ Ash VIS
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_50 T T T T T T T
0.00 0.02 0.04 0.06 0.08 010 0.12
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my, — mMq(g)

le-3

Fig. 3 Relationship between the change in deposited particle weight and the transmittance ratio between (a) 3 and =, and (b) « and «y in the simulated

rain removal effect experiment

When Eg and E, are the power generation efficiencies
of state 3 and v, respectively,

99 Is, (A 200 s, (A

12007 (N S0 ;O((A)) RN AN+ 325, ;n(;))R (A) AX

By = ROVAA ~ (8)
' 300 To(N) 2

where Ij is the incident light intensity and AX = 1(nm)
was substituted in the calculation.

The influence of the removal effect on the power gen-
eration efficiency was evaluated using E, i, as follows:

Eratio =1 (9)

The Eyq1i0 values for yellow sand, pollen, and ash for the
removal of the controlled wind were 1.16, 5.37, and 1.02,

respectively (Fig. 4). On the other hand, the E, ., val-
ues for yellow for the removal of the controlled rain were
4.77,17.58, and 1.15, respectively (Fig. 5).

4 Discussion
In both the controlled wind and simulated rain experiments,
only a limited weight of volcanic ash settled on the slide,
resulting in unclear changes in transmittance. However,
even when changes in the weight of the settled volcanic ash
were observed, no corresponding changes in transmittance
were detected, regardless of the wavelength range (Fig. 2a).
In wind-induced removal, yellow sand showed only
limited recovery of transmittance especially in the
infrared regions, whereas relatively large recovery was
observed in the visible region (Fig. 4). This result suggests
that the wind treatment may have caused size-dependent
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Fig. 4 Ideal spectral response (blue dotted line) and transmittance of pollen (yellow), yellow sand (purple), and ash (green) across UV, visible, and IR
wavelengths, before (dashed lines) and after (solid lines) wind-induced particle removal

selective removal. For idealized particles, the threshold
friction velocity has been shown to reach a minimum at
intermediate particle sizes and to increase toward smaller
sizes because of interparticle cohesion and toward larger
sizes because of gravity (Shao & Lu, 2000). In addition,
yellow sand particles have been reported to occur as
aggregates (Jeong, 2008), suggesting that relatively small
particles and relatively large particles may have remained
in the present study as well. However, particle-size selec-
tivity alone cannot fully explain the wavelength-depen-
dent differences in transmittance recovery, and spatial
heterogeneity and differences in the aggregation state of
the residual particles may also have contributed.

When pollen grains were removed by simulated rain,
no effect on the UV wavelength range caused by the
Ubisch bodies, as reported in a previous study, was
observed (Miki & Mori, 2025). For the same weight,
pollen grains had a greater effect on transmittance than
yellow sand (Fig. 2a). However, yellow sand tended to
remain on the slides after the removal. The weight of par-
ticles after settling on the slide and removal by wind and
rain reflects the adhesion properties of each particle type.

The physical adhesion properties of particles have been
studied in previous studies (Baraka et al., 2024; Huang et
al., 2022; Liu et al.,, 2021; Zhao et al,, 2021). In the simpli-
fied adhesion model (Ibrahim et al., 2003), the condition
under which a particle is lifted directly by turbulence is

I > Faan +myg (10)
where F7, is the lift force, F 4y, is the adhesion force, m is
the particle mass, and g is gravitational acceleration. Fqp,
includes the van der Waals force (Fy pw), electrostatic
force (F'giec) (Dahham et al., 2023), and liquid film force
(Friq) (Hinds, 1999). Van der Waals force is generally cal-
culated as

Apd

— 11
12D2 (11)

Fypw =

where Ag is the Hamaker constant, D is the distance
between the surface and a particle or particles, and d is
the diameter of a particle. The electrostatic force is cal-
culated as
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Fig. 5 Ideal spectral response (blue dotted line) and transmittance of pollen (yellow), yellow sand (purple), and ash (green) across UV, visible, and IR
wavelengths, before (dashed lines) and after (solid lines) rain-induced particle removal

(12)

where K is a constant of proportionality, ¢ is the elec-
tric charge of a particle, and D, is the separation distance
of opposite charges. Because the equilibrium charge is
proportional to d2 (Hinds, 1999),

Kgkd

Frilec = Tﬁ (13)

where k is a constant.
The liquid film force is empirically calculated (Hinds,
1999) as
Frig =CLigd (14)
where RH is relative humidity (%). Here, C'pi4 is a coef-
ficient derived as

ClLig = 6.3 x 1072 (1 +0.009 (RH)) (15)

Drag force (Fp) on a particle from ambient flow is given
as

_ Cprd?*v?p

S (16)

Fp

where Cp is the drag coefficient, v is the wind speed,
and p is the particle density. Thus, when the drag force
is equal to the lift force, the ratio of the lift force to adhe-

sion force on a particle is
Cprd®v?p
FD o 8
F F, Friq, And  Kgkd
vDw + Elec + Liq 121;2 52 +CLiqd
q
B Cpmv?pd? 17)
B Ay Kgk
8 (12D2 D +C“q>
q
x d,

According to previous studies, yellow sand has the finest
particles (diameter: 4 pm) (Mori et al., 2003), compared
with C. japonica pollen (diameter: 30 pm) (Miki et al.,
2021) and volcanic ash (diameter: ~100 um) (Poulidis et
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(b)

15kV x100 BSE

Fig. 6 SEM images of (a) pollen (b) yellow sand, and (c) ash

al., 2017). Scanning Electron Microscope (SEM) images
were also obtained using TM 4000Plus (Hitachi, Tokyo,
Japan) (Fig. 6), and the Feret diameters of each sample
were analyzed using Fiji (Schindelin et al., 2012). The
analysis showed that the mean Feret diameters of yellow
sand and pollen were 3.6 £ 2.3 pm and 38.1 +17.9 pm,
respectively, which is consistent with the previous stud-
ies. Thus, it is reasonable that yellow sand remained on
the slide most efficiently after removal by wind and sim-
ulated rain. For ash, the image analysis showed a mean
Feret diameter of 6.4+59 pm and a maximum Feret
diameter of 83.1 um, which was also consistent with
the previous study. The amount of ash deposited on the
slide was small, and the transmittance change remained
unclear. Therefore, the present experiment was not suf-
ficient to evaluate the removability of ash with the same
robustness as for yellow sand or pollen.

Hence, differences in the removal and adhesion proper-
ties of yellow sand, pollen, and volcanic ash were experi-
mentally observed. The results suggest that although the
effect of wavelength is limited, small fragments from
yellow sand or pollen grains may persist for a long time
after removal because of their strong adhesion. It has
also been reported that other environmental conditions,
such as humidity and the combined effects of wind and
rain, can influence the adhesion of particles on PV panels
(Styszko et al., 2019). Thus, more complex environmental
conditions need to be examined to analyze actual particle
removal under realistic field conditions.

5 Conclusion

This study experimentally compared the removability of
yellow sand, pollen, and volcanic ash deposited on glass
slides under controlled wind and simulated rain condi-
tions. Each particle type exhibited distinct adhesion and
removal characteristics. Pollen was easily removed by
wind but substantially reduced light transmittance per
unit mass, whereas yellow sand adhered strongly and
resisted removal. In contrast, the volcanic ash used in
this study did not settle on the slides as efficiently as yel-
low sand or pollen did. These findings may contribute to
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improving cleaning systems for PV panels and increasing
the PV efficiency in regions with high concentrations of
airborne particles.
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