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Note: G is the gravity of dust particles, N; N is the supporting force on dust
particles, N; fis the friction on dust particles, N; Fi, is the capillary force on dust
particles, N; F. is the electrostatic force on dust particles N; Fypw is the Van
der Waals force on dust particles, N; Fyq is the adhesion force, N; a is the
inclination angle of the inclined plane, (°).
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Fig.1 Force analysis of static dust particles on the surface of
photovoltaic module
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Fig.2 Simplified model of normal force and tangential force
between particles
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Table 1 Relevant parameters between the surface of dust particles
and photovoltaic module without hydrophobic coating
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Elastic modulus of dust particles Eparicie/MPa
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Surface elastic modulus of photovoltaic (PV) module Ejyjane/MPa
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. X . 0.42
Poisson's ratio for dust particles Vparicle
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Poisson's ratio of PV module surface vpane :

WAL #  Dust particle density p/(kg-m™) 2000

i SINHEFE Gravity acceleration g/(m-s?) 9.78

AR R B R 040

Surface friction coefficient of PV module 1
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Fig.3 Relationship between particle size and adhesion force of
particles

KIMEAE LEKERZE, RiEESEN A
BUBR, BMERBE E e TARALE vyjane FHBEHE R B 10 145
e 3 FE DL EVESUEE LB B, AR B K
MR ERERA T BB RS

i) EQ IR BR B AR 2 5] COUIE & 10— ol 7K I e G e e A
XA 100 MPa. KN T 18 mgi K 2 AR B K IR 2
FMN K AR, A TR G R A R
73 000 MPa. &[] AR 5 (1) = Ff i BB AT 3% 100
5500 1 73 000 MPa. A 5% T B /K IR 2 A As b B
T, JEH NPT EHAR ELRITEREIE 0~0.5 Z FPY, HiK
BIEWAR ELIESRE 0,10 0.25 A1 0.5 1F 2 3 Fh i R B4 .
T G e OV TN ) A B Kk U2 B R I R R S
FEITE 0.1~0.4 Z 0. SN T ERE LB K M 2 BE i R A0t
E S R g o Bt Let:, R R R EE R 0.1~
0.4 KN 0.1~0.6, FLASEFEELESE 0.2, 0.4 A1 0.6 1E
N 3 Rl i AR AT LA AT

2 HER55H

2.1 AREXRERBRMNRLFM RN

SR F AR HR AR/ T 500 gmP2, {H7E 0~
500 wm Y PR S ARG B3, N T 45 R B
R TE Y KE] 0~1 000 um.

RV Eanes TR EE Vypane 75 3 FPAS[R] (1) S5
TEULR, THEAS BB I A E ) 5 0K R R R A% 2 TA]
KZ, W 4w,

B 4 TR, FEA IR RS AR 5 L TR LRI
N, BEEKARAR IR0, BB 7 038 Ik 5 R R~
Gz, RN SRR BEIY . A AR RIAR B 0 )
—(HEY, BEIPBERTRAFRRM 1, Bl G>Fe &
KRR KT bR, &FEEXREES SR R
MIEAEF, 75 & BURA 5 18] ) 1 25 ), R e
Ky RHFHL G<Fq K ARAZE O, B R 1 g
B B RO AR B AR 2R R, BT AR 2 SR 14 286 B A
. A ARYE E AR (11D 33K AR
Il 54420



FE17TH K RE. BXOGRAMFGKERT B FEETR S Sk 235
. i 2 B4, H5REmERE R THYX, £F e T,

R > | (e e o yomey | (12 RTTEA LB 0 SRR R K. i 4w
Epune  Epaice R, 22 T3P A B R b EtR /N, R 2 R

A x, BUK AR 77 16] T 23 [a) B, B 2.343x10%m®,
R C12) WHEAFRREERE T, KPR A E
HlGFRLAR, R 2 fis. RIEOFMEAERLA, BEHK

RO N e SRR B, TR B AR A JORL 25 B
TIEIRE AR /N o 2T SR AR B S AR 2R FURE R Y 0K
N R, BRI, KRR IR, AF

/AN [ TANYA —-\;
T2 B 77 B AR FIURE I SR AR R, i B A A 1) 28 B 2K TOARA R I BB
10r o Fpr0l 250¢ oS00
5 51 v:ggs &9 i 5 @® ’
far VYL D oD -
8t e o a9 200l 502 .O’OO 400 @_@(@ &
z o 0Q® @00 &
2 0@ 088 < @000 z &%
= 6+ o o0 (o} S 150 Py Q7 & 300f - & &
g ¥ oQ 3 bgog 3 ad
S & R 5 20 g &
- 4 | & __QO° = 100k 20 = 2004 O
~ Q - RO - <)
R s Q;% = /e’
0 pel £
2te/ sobE 100} &
/
0 L L L L ] 09__ - L L ) OQ__ - L L L )
200 400 600 800 1 000 200 600 800 1 000 200 400 600 800 1 000
U H % Particle diameter/10-°m SR A 4 Particle diameter/10-m SRR 4% Particle diameter/10-m
a. PRPEALEE Y100 MPa b. #EPERLEE S 500 MPa c. iR i 473 000 MPa

a. Elastic modulus: 100 MPa

b. Elastic modulus: 5 500 MPa

c. Elastic modulus: 73 000 MPa

e Fa AIRABRLZ BN, No G ARARBRINES, N; v AREARLL

Note: Fyq is the adhesion force on dust particles, N; G is the gravity of dust particles, N; v is the surface Poisson ratio.
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Fig.4 The relationship between dust particle size and adhesion and gravity under different surface properties
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Table 2  Critical particle size of dust particles with gravity greater
than adhesion
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modulus/MPa Surface Poisson’s ratio particles/ 10°m
0.1 136
100 0.25 139
0.5 151
0.1 529
5500 0.25 535
0.5 559
0.1 696
73 000 0.25 697
0.5 701
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Table 3 Critical particle size of dust particles with gravity
component greater than friction
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0.2 413
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0.6 1422
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Note: fis the friction force on dust particles, N; Gyown is the gravity component of dust particles, N; u is the friction coefficient.
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Fig.5 The relationship between dust particle size and friction and gravity component

under different surface properties

F 375 1 B RO AR AL AN B S . R 2 T AR S 4
/NE 0~7 000 MPa, BEHEZETEHEEL 0.1~0.6, T 115
ez, SR wmE 6 Fis.

H B 6 WA, 7E 200 um BLAZRFITEILR, BEIE JTds
PERET 1) b AR AR R K T R R R A ) B AR AL
B . {HAE 500 A1 800 pum RIARMIIGHL N, JBEHE ) 7E BESE
FEOTT ) AR R R, U B R AR L 3 T
PR B S SM BERE S KN e X T 500 wm RiAZRLL L
MK A 32 B2 B (A E ARSI 70, R RS R B
BERBURBETRIEE /1)) Goown KT EEHED), GikmERIH
FSERE 1. 7 200 um /NRIARRITER, B mEREH

a. }ii4£4200 gm
a. Particle size: 200 um

b. Kt 4500 um
b. Particle size: 500 um

B 6 R\EWAZ RS R KA RS R

Fig.6 Effect of surface elastic modulus and friction coefficient on friction
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Table 4 Optimization table of surface parameters of self-cleaning
hydrophobic coating on photovoltaic module
A I Y PR RV BEVE Z BNl

Dust particle size range 10m Elastic modulus Maximum of

range/MPa friction coefficients
100~250 0~100 0.15
0~100 0.50
100~200 0.40
200~300 0.35
250500 300~400 0.30
400~500 0.25
500~800 0.20
800~1 300 0.15
1 300~2 700 0.10
100~300 0.60
300~500 0.55
500~800 0.50
800~1 200 0.45
S00-1 000 1.200~1 700 0.4
1 700~2 600 0.35
2 600~4 100 0.30
4100~7 900 0.25
7 900~29 100 0.20
29 100~73 000 0.15
100~3 000 0.60
1 000-2 000 3 000~6 900 0.55
6 900~24 400 0.50
24 400~73 000 0.45
>2 000 100~73 000 0.6

EZ 4 1, LL 250~500 um KiARTEEYE], Bk
EAEVEEAY 0~2 700 MPa, {E1% 6 [ PN X ik F e BE
BEREHON 01, #t— DX iR T EwE A 0~
2700 MPa BEAT4 5y, XF B EE R R BT IR VL AR £,
U A] SRR B T A 0~ 100 MPa, B ] i fif) B 452
RGN 0.1~0.5.

7 500~1 000 um. 1 000~2 000 xm F1>2 000 xm ¥i
Y A, B ATk 2 T g A Y 0 100 ~
73 000 MPa, {H 5 i & H i JEE #6280 nT 3k o [ 43 0 oA
0.1~0.15. 0.1~0.45 F1 0.1~0.6, JEE R2H0] k70 HiZ
W K. BT, % EEE A AR BRSO, SRTH X
N R S HOE R .

R, 45 A etk B 24 M K 24 3 50 A7 br A% Y0 [ 9
WIESHRIE R, EPERFA R MRS Z R 15K MR 2
BT o

rh AR B 2 B A G R SRR A b X, K
LAY (250~500 um) N EPT. (KIEE 4 B4
MRS HOERE, 0] 6] 5K R 2 1 A5 5 KE
FEl 4 0~2 700 MPa, i3t [ P9 % 87 o] 32 1) BE 2 R 400 0.1
TR B G AR A 2R T > R T A AR UTRR LS e Y AR FL st
I LR

3 & it

D) SBARA AR TH F i 66 5 3R T ot B R 3R 1
PEYE ZECE VIO . TEIE 200 um RiARLA_E R AR ik, %
TH] JEE 58 22 B0 e AR AF B IS T R 1R K T
200 pum FIARLL R KA, F MM R SR B S
RETIRZ 5K

2) WEAFERISEHGKERE R AT 35
AN FPRLAR Y BBl ) AR AR UKL, RV v IR AR AR RS, B
IKER 3R TH 2 B0 AT 328 0 B 88N o Wi v 100~250 pm
BRI KA R, R ke EEEN 0~
100 MPa, i id FH (1 BE 4 RO IEJE BN 0.1~0.15; 15
1 500~1 000 wm A2 P I A A RIORE , 3 [T A 36 530 A i
JE A 100~73 000 MPa, Xif N 1] % JBE $58 R 3056 Bl A 0.1~
0.15,

3) LA E PG G X 9, K A BORL R A2 5 A BA
250~500 pm, ]G PEH] & B B VG FITE 0~2 700 MPa
WL BEERBUN 0.1 BKTERE .
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Hydrophobic surface self-cleaning investigation and parameter selection
of PV modules in arid areas

Zhang Dong™?, Yu Kai'?, Yan Chengtao®?, Liu Chang?, Shen Yonggian®**, An Zhoujian'?
(1. School of Energy and Power Engineering, Lanzhou University of Technology, Lanzhou 730050, China; 2. Key Laboratory of
Complementary Energy System of Biomass and Solar Energy of Gansu Province, Lanzhou 730050, China, 3. School of Material Science and
Technology, Lanzhou University of Technology, Lanzhou 730050, China; 4. State Key Laboratory of Advanced Processing and Recycling of
Non-ferrous Metals, Lanzhou University of Technology, Lanzhou 730050, China)

Abstract: Photovoltaic (PV) power generation can convert sunlight into electrical energy. There is an ever developing rapidly
industry under the background of carbon peak and carbon neutrality. However, dust accumulation on the surface of PV
modules can pose a serious threat to the efficiency of power generation. A hydrophobic coating with low surface energy can be
expected to form on the surface, in order to reduce the dust accumulation for better self-cleaning of the PV module. In this
study, a mechanical model of the adhesion between the surface of PV modules and dust particles was established to clarify the
effect of hydrophobic coating surface properties on the self-cleaning ability of PV modules. The particle contact mechanics
was selected to determine the adhesion force of dust particles, particularly with the elastic modulus, Poisson's ratio, and
friction coefficient of surface materials. The simulation showed that the surface self-cleaning performance of PV modules was
closely related to the elastic modulus and friction coefficient of surface materials, as well as the particle size of dust particles.
There was also a strong relationship among the self-cleaning performance of PV modules, dust particle size, and surface
performance. The surface elastic modulus played a major role in the self-cleaning performance of PV modules in the range of
small particle size dust below 200 ym. With a larger particle size than 200 um, the friction coefficient was dominated in the
self-cleaning performance of PV modules. The self-cleaning of the PV modules varied in the different hydrophobic coatings,
and the performance parameters of the PV module surface. The self-cleaning dust particles above 100 um performed the best
using the hydrophobic coating with the friction coefficient of 0.1-0.15 and elastic modulus of 0-100 MPa, whereas the
self-cleaning dust particles above 500 ym were required for the hydrophobic coating with the friction coefficient of 0.1-0.15
and elastic modulus of 100-73 000 MPa. The hydrophobic coating with a friction coefficient of 0.1-0.45 and elastic modulus of
100-73 000 MPa was suitable for the PV modules to self-clean dust particles above 1 000 ym. The general soil particle size
was divided into fine (100-250 gm), medium (250-500 um), coarse (500-1 000 um), very coarse sand (1 000-2 000 gm), and
gravel (>2 000 um). The optimal surface properties of hydrophobic coatings were obtained for the self-cleaning in the different
dust particle sizes range. Specifically, the larger the particle size of dust was, the wider the range of elastic modulus and
friction coefficient of the hydrophobic coating were. Consequently, the better surface properties of hydrophobic coatings were
achieved in the elastic modulus of 0-100 MPa and the friction coefficient of 0.1-0.15, in order to clean the fine sand. The
elastic modulus of 100-73 000 MPa and the friction coefficient of 0.1-0.6 were to clean the gravel. The PV power stations can
be expected to select the hydrophobic coating for the self-cleaning requirements. The local dust particles can be optimized to
reduce the loss of power generation efficiency for the cost saving of PV power stations. For example, once the dust of PV
power plants was mainly medium sand (250-500 x#m) in Northwest China, the surface properties of hydrophobic coatings can
be the elastic modulus of 0-2 700 MPa and the friction coefficient of 0.1.

Keywords: solar cells; dust; hydrophobicity; coating; self-cleaning; parametric optimization



