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ABSTRACT: Electrostatic dust removal technology based on
transparent conductive film is becoming a research hotspot in
the field of photovoltaic panel dust removal in recent years, and
the dust removal effect is closely related to the performance of
transparent conductive film. In order to meet the application
requirements of photovoltaic panel electrostatic dust removal
technology, transparent conductive thin films with conductive
fillers of silver nanowires (AgNWs) are prepared by using
epoxy resin (EP) as substrate. Based on the prepared AgNWs-
EP transparent conductive films, photovoltaic panel
electrostatic dust removal experiments are carried out. The
experimental results show that the electrostatic dust removal
rate increases with the increase of the AgNWs parts per
hundred parts of resin. When the AgNWs parts per hundred
parts of resin is 80000 phr, the dust removal rate can reach
95.67%, and the photovoltaic panel power generation
efficiency can be relatively increased by 40.84%. Under this
condition, the square resistance is 10" Q/o, and the dust
removal applicability index is 0.42. The results of the 600h
artificial ultraviolet aging test and mechanical durability test
show that the film has excellent aging resistance. The research
results are of great significance for expanding the application
scene of AgNWs-EP transparent conductive film and

promoting the development of photovoltaic panel electrostatic
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Fig. 1 Schematic diagram of electrostatic dust removal of photovoltaic panels based on transparent conductive film
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Fig.4 DSC curve with heating rate of 20 K/min
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panels before and after electrostatic dust removal

JRE AR R

Le4l/phr 7 com'W /W n'1%
<5000 <13.03 <4.02 <30.81
10000 12.13 4.36 35.92
20000 11.14 6.89 61.82
40000 9.90 8.42 85.08
80000 8.87 8.67 97.77

gi b, SRARBR M K Ak R AR T 7 26 4%
S LR 1 F MR RE B DIAE G, X T AgNWs-EP &
S LT 5 S AT R B IR S R
) RO RG220 FE AR T RS Hh bk DA RS Y S 1 32
s AT — 0 2 e DR i F Bk 24 1 8 FH 75 5K
2.5 MR AR BT
251 BAMEAERE

P RETE S8 6 B A7 2 A I 1) )
AR ek B, 8 27 A B ARG Tk
ST X AgNWs-EP 3% B 5 3 08 FH fR AR

WRERA R 5, SR EAT A IndE b SE 5,
WARABGIEA R AR e e B — e L B, 4%
iR MR bR K B00E 55 15 &y g, /P
20000. 40000 F1 80 000 phr, HHATZALSZI6FE 5
7%, WAM AgNWs i & 47 L4 0 phr (AR A
X HEAH

K 12 NEAL G AgNWs-EP S5 6 L 1 fE
BRARIE TR Ky R AR R 0, £3d RiTiRT RN
30 kW-h/m” [N E AL, 3B e TP N 4.96%,
B H 5V B 7.20%, LT LR@lGE e TR,
A S BT D' AR AR S R WAL 1) 52 1) i 7 ] 48 7
W5 SRANEAKS R BRI 0, BRAnid F
BFR Ky BV R B, 547 LLAZ) o 80 000 phr [ 78 K
K AB 5, 7R ARBR T # F B 20 () B 3 55 b L
B iE At BRAETE TR 12.84%, HE
43 L4514 80 000 phr 138 15 5 248 28 aof 5 1T 1A 88.35%
AgNWSs-EP #7155 40 2 A0 S50 5 4 B & 21
BRI RCR . 27 b, BARACHT ] )4 B i 2 A
A RE X AgNWSs-EP 8 5 1)l F P BB RN g 2 B

0.4 1016
OH 7 A R %Ky 100
7z *
o3 T * 80
% 1013 g
b 560
# ; =
= 02} 7ry ) a
o =] < s
g = e {0 08
0.1
* g~ 20
&
0.0 ’-— 107 o
0 20000 40000 80000
JRE A Ll /phr
(a) JerEPERE
100 A EZ TN EA A
80f-
x
<4
&
40
20
LAy
0 20000 40000 80000
JR A He il /phe
(b) Freb®
12 £IMEUE AgNWs-EP SEIRAIS B RE R PR

Fig. 12 Photoelectric properties and dust removal effect of
AgNWs-EP films after ultraviolet aging



23 1

FIRAE: T TGO ER F R 2R M OR AR 2R - I AU I T 3 H AT 7T 9471

PR = — @ A eI, (HERAE 600h Z4k
JE MK IH e 1E TR AR r R 2l 3l 2 R 7R
K, BRI TR A ATAT
2,52 HUBRI A

AgNWs 1% B 5 F 9 A £ A7 75 55 I 7 1) 1)
B, e AR s LT R R ASATUR K P AL
X, VS P RS JEORY B g B B A3 1) AN P 0 3
BB A E R AR K AR &2 4 s, B
40 000 phr [¥] AgNWs-EP #5347 HL T A PR,
FHRH—#E % TRIFTP R, DA B2 id B
Fabn Kn BT RAE

K] 13 Firas A5 & 43 L8] 40 000 phr Y78 SRG
71 T BE PR AR 2 R o B o R 8 VR R s 4
TEERFE BRGNS R IR A TR, 1R
WA RIS 70 KJE ISR T AR, 15—
I3 Ry BT 2.63%, 15 Jing Z5P7H %) CNT/
AgNW FEIEAR LG, AT JH— 00U i JR R P2 i R A i
I J5 7B _ETF 459.81%, R I I S286 5 T
9.31%M45 K. TR 150 MW, HI7ERbAR

0.55 1.1

[ % Ky . = R}
L L
| = m o mn mn ¥ g 1.0
e 0.50F
K= =
% [ Kk hhk ke k ke g ke kK 09
' R
b )
& g4t
—0.8
040 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0’7
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
IS URAL
(a) il
055 ra—— 1.1
m ® m ® mE B E 5 5@
[ B B . ] 1.0
% 0.50 =
P =
£ 1, g
= * * 0.9 1
3 i}
& 0.45
—0.8
()4 IIIIIIIIIIIIIIII

0 0.7
0 10 20 30 40 50 60 70 80 90 100110120130140150
TEFR
(b) T S

13 AgNWs-EP SERERHHI A 1%
Fig. 13 Mechanical durability of AgNWs-EP film

#2)3000cm f5, WERENLE TIHCRNE 1.41%,
H—{L I J7BE Ry EFF 1.99%. FREMS S AgNWs
A FR SR 32 1 T 1751 AgNWs-EP (I 5 1)
SER [ JECRG PR D RN BE 5 BE 7T, B A AgNWSs
LI 5 V& (R, R ven v IS TE 6 R AR 5 HL R A
FH P B3 1 5 SR 45 FRBGIE AgNWs-EP i it T2
J7F BRI AT AT 1

3 e

R SCHIE FEAR AN K 2 - T S i VRS D 51 ik o
Jiik, BT ICRBUC B k2 B 3 5o R
PERERAE LS IV R A UR, B8 EE 50T

1) g H AgNWs-EP 32 B S H 7 1) 4
Hl k. MEFEE D, SIEHREL. ik
(S HEEK, FTHEIE AgNWs = 5 &0 H B iE
FEWRNE AR R O L], e Ah S e B K AE
# PET. BeHS. AEF S5 R B nT DUBUAS 5chr
FIREAC AR . % 3R AgNWs-EP 8 A 5
b AgNWs i &0 Eu Bl 3K, w5 FE Ry LA
FENR T RNaR, FE H5BRAERER Ky
K, E i A EL A5l 40 000 phr B Ky ik 1) e K AR .
BB R (%R 22 10° Q/o, T=53.93%, H=37.94%,
Kn=0.48.

2) Lt KA 600h, HEEFIE A 30 kW-h/m’
MNTESINENG, B T R 4.96%, BrAb®
o % 12.84%, HEREAE T RARE bR 18
MUBETT AP, SR ) e MR RE AR B R %,
IREMT G 05k 2 1A A3 1) AgNWs-EP i
3 W 1 5 R B 0 RO B 451

3) BT 3% B 5 H T I e ER A B HL R 2R i
i, B ofEE AgNWs 554 H A 389 oK T 7+
B, AEFUEA LB/ 20000 phr B EL AT B 1
BRAR, BRAF R 97.77%. RE @R EN
LU A8 R T EEAE 4 (3B e e AR, (HAE R PR 2B A
B IRAT R UFIIBR AR

4) AgNWs-EP 17 H S5 HL I HL 28 R 47 1 .
AATPE, (H25 RS S IE F 0 s B A S 35
A7 75 13k — 25 T FE A a5 R FH A L 52 B ok 2 255 SR
JE SR G IERE . J5 S A A B 5 R P e
R I A 2 R — AR R I G RR  R, — & mT LA
SXof A 3 A G A A A, SR P i PR R B SR
B RIS S5 % 1 i PO AR e 35 Ak s kAT W Al
FAIGRES, R FEH AN IR



9472 i ZEN I

T B % ik

44 %

A TEENN AgNWs BRE7ER IR S B AR AE
Gy AR, RN R R R 5 52 T i 2 P 4%
P S 1), 2 RS e R T Ak B R A ok,
b 4R i Y S AR A

B3R

[1] &7, T4, AT, 5. SRR BT EYm
EGER[T]. mHEERAR, 2023, 49(7): 2938-2951.
DONG Cun, WANG Zheng, BAI Jieyu, et al. Review of
ultra-short-term forecasting methods for photovoltaic
power generation[J]. High Voltage Engineering, 2023,
49(7): 2938-2951(in Chinese).

[2] ¥HEN, ZHMRE. F AR KB A R OGS B AR K
FLR ] o E AL T FE 224, 2023, 43(5): 1739-1754.
JIANG Chaofan, YI Chenyi. Key technologies and
applications of translucent perovskite solar cells [J].
Proceedings of the CSEE, 2023, 43(5): 1739-1754(in
Chinese).

3] BxzE, sk, T, . BT A4 R PR
LSTM-CSO [/ FEA G IRD A A T[] e 1
A, 2022, 48(11): 4342-4351.

YIN Hao, ZHANG Zheng, DING Weifeng, et al.
Short-term prediction of small-sample photovoltaic power
based on generative adversarial network and LSTM-CSO
[J]. High Voltage Engineering, 2022, 48(11): 4342-4351(in
Chinese).

(4] BeBRUE, T @& &, kALK, F. KT

VMD-Informer-BiLSTM 15 84 148 % 11 't (K Dy = T
[]. EHERA, 2023, 49(7): 2961-2971.
TENG Chenyuan, DING Yichao, ZHANG Youbing, et al.
Ultra-short-term photovoltaic power prediction based on
VMD-informer-BiLSTM  model[J] High Voltage
Engineering, 2023, 49(7): 2961-2971(in Chinese).

[5] Wtk 3, sbes, 5. “X” Hibz FREDGRE

HEARBUIR 5 K ). RSB SZ5, 2022,
16(5): 64-69.
XIAO lJia, MEI Qi, HUANG Xiaoqi, et al. Status quo and
development trend of photovoltaic power-generating
technology under the dual-carbon goal[J]. Natural Gas
Technology and Economy , 2022, 16(5): 64-69(in
Chinese).

(6] FEIZKAEIRIR. 2023 £F =2 LR bR R A 2 307 S
[EB/OL]. (2023-07-31)[2023-07-31]. https://www.nea.
gov.cn/2023-07/31/c_1310734825. htm.

National Energy Administration. Transcript of online press
conference in the third quarter of 2023 [EB/OL].
(2023-07-31)[2023-07-31]. https://www.nea.gov.cn/2023-
07/31/c_1310734825.htm.

[7] SAIDAN M, ALBAALI A G, ALASIS E, et al.

Experimental study on the effect of dust deposition on
solar photovoltaic panels in desert environment [J].
Renewable Energy, 2016, 92: 499-505.

[8] WANG Ao, XUAN Yimin. Close examination of localized
hot spots within photovoltaic modules[J] . Energy
Conversion and Management, 2021, 234: 113959.

[9] FAN Siyuan, LIANG Wenshuo, WANG Gong, ctal. A
novel water-free cleaning robot for dust removal from
distributed photovoltaic(PV) in water-scarce areas [J].
Solar Energy, 2022, 241: 553-563.

[10] APPASAMY J S, KURNIA J C, ASSADI M K. Synthesis
and evaluation of nitrogen-doped titanium dioxide/single
walled carbon nanotube-based hydrophilic self-cleaning
coating layer for solar photovoltaic panel surface[J]. Solar
Energy, 2020(196): 80-91.

[11] YAZDANI H, YAGHOUBI M. Dust deposition effect on
photovoltaic modules performance and optimization of
cleaning period: a combined experimental - numerical
study[J] Energy Technologies and
Assessments, 2022(51): 101946.

[12] KAZEM H A, CHAICHAN M T. The effect of dust

accumulation and cleaning methods on PV panels’

Sustainable

outcomes based on an experimental study of six locations
in Northern Oman[J]. Solar Energy, 2019(187): 30-38.

[13] SAYYAH A, HORENSTEIN M N, MAZUMDER M K,
et al. Electrostatic force distribution on an electrodynamic
screen[J]. Journal of Electrostatics, 2016(81): 24-36.

[14] HORENSTEIN M N, MAZUMDER M, SUMNER JR R
C. Predicting particle trajectories on an electrodynamic
screen-theory  and Journal  of
Electrostatics, 2013, 71(3): 185-188.

[15] PANAT S, VARANASI K K. Electrostatic dust removal

using adsorbed moisture-assisted charge induction for

experiment[J]

sustainable operation of solar panels[J] . Science
Advances, 2022, 8(10): eabm0078.

[16] YILBAS B S, ALI H, AL-AQEELI N, et al.
Characterization of environmental dust in the Dammam
area and mud after-effects on bisphenol-A polycarbonate
sheets[J]. Scientific Reports, 2016(6): 24308.

[17] HUSAR R B. Intercontinental transport of dust: historical
and recent observational evidence[M]/STOHL A .
Intercontinental Transport of Air Pollution. Berlin,
Heidelberg: Springer, 2004: 277-294.

[18] ANDERSON JR J H, PARKS G A. Electrical conductivity
of silica gel in the presence of adsorbed water[J]. The
Journal of Physical Chemistry, 1968, 72(10): 3662-3668.

[19] LIU Yunpeng, LI Haoyi, LI Le, et al. A new electrostatic
dust removal method using carbon nanotubes transparent
conductive film for sustainable operation of solar
photovoltaic

panels[J] Energy Conversion and



23 1

FIRAE: T TGO ER F R 2R M OR AR 2R - I AU I T 3 H AT 7T 9473

Management, 2024, 300: 117923.

[20] LIU Yunpeng, LI Haoyi, LI Le, etal. Preparation and
photoaging resistance of single-walled carbon nanotubes
transparent conductive thin films for electrostatic dust
removal of photovoltaic panels[J] .
Communications, 2023, 37: 107512.

[21] LA, WO, BER. SMBATO) R 16 &
HAEMERED]. EERESER, 1994, 14(1): 35-40.
SHI Yueyan, PAN Wenhui, YIN Zhiqiang. The optical and
electrical properties of the ITO films[J]. Vacuum Science
and Technology(China), 1994, 14(1): 35-40(in Chinese).

[22] GUILLEN C, HERRERO J. TCO/metal/TCO structures
for energy and flexible electronics[J]. Thin Solid Films,
2011, 520(1): 1-17.

[23] PARK S, VOSGUERICHIAN M, BAO Zhenan. A review
of fabrication and applications of carbon nanotube
film-based flexible electronics[J]. Nanoscale, 2013, 5(5):
1727-1752.

[24] LEE Y, AHN J H. Graphene-based transparent conductive
films[J]. Nano, 2013, 8(3): 1330001.

[25] ZILBERBERG K, GASSEF, PAGUIR, etal. Highly

robust indium-free transparent conductive electrodes

Materials Today

based on composites of silver nanowires and conductive
metal oxides[J]. Advanced Functional Materials, 2014,
24(12): 1671-1678.

[26] CHEN Cuiyu, JING Maoxiang, PI Zhichao, et al.
Preparation and properties of double-sided AgNWs/PVC/
AgNWs flexible film by
dip-coating process[J]. Nanoscale Research Letters, 2015,
10(1): 315.

[27] Bk, M, VERR, 5. KIEIRANK L T R S8k
KRS Atk WS R ) 1 &5 [0]. F B e B A RS T
£, 2020, 49(4): 1282-1287.

BAI Shengchi, YANG Hui, WANG Haifeng, et al.

Fabrication of water base silver nanowire conductive ink

transparent  conductive

and large scale flexible transparent conductive film[J].
Rare Metal Materials and Engineering, 2020, 49(4):
1282-1287(in Chinese).
(28] TKEK, ZRifEdb, fTWIMG, &%, AU DT B R R
S IR A R LA REVE D] T R AR 24, 2023,
43(13): 5294-5302.
ZHANG Yue, SU Huaibei, HE Mingpeng, etal. Space
charge characteristics of epoxy resin under Power
frequency bipolar square Wave electric Field [J].
Proceedings of the CSEE, 2023, 43(13): 5294-5302(in
Chinese).
ZE, EfE, BRER. PR IR E AL 3 702 R K
M. BE/EEMEL 2013(4): 43-50.
LI Heng, WANG Dehai, QIAN Xiaqing. Research of

epoxy resin curing kinetics and its application[J]. Fiber

[29

—

Reinforced Plastics/Composites , 2013(4) : 43-50(in
Chinese).

[30] TkEetE, A%, TR, 5. Xy A BIIREW IR/ J7
7 Ji [ A A 22 1A [ A6 30 0 2k T 0], o RS 775 2023,
32(3): 7-15.

ZHANG Fengfeng, HOU Yingying, WANG Fengling,
et al. Study on curing kinetics of bisphenol A epoxy
resin/aromatic amine curing system[J]. China Adhesives,
2023, 32(3): 7-15(in Chinese).

[31] BREE, SR fe, EBEH], 5. G TERBENG WA E

RS AR A B) 2B 7T 0] o B RO A7), 2021,
30(4): 15-20.
CHEN Yong, WU Xibing, TAN Xiaoming, et al. Study
on epoxy resin composites toughened by active polyether
and its curing kinetics[J]. China Adhesives, 2021, 30(4):
15-20(in Chinese).

[32] HrHe N R [ 5% i e B A oA 7 A =y » v [T L 5K
PRAEACE B G 4. B W ERLIE G AN 5 B I E -
GB/T 2410—2008[S]. dbxl: HEhsHEH AL, 2009.
General Administration of Quality Supervision, Inspection
and Quarantine of the People's Republic of China,
Standardization Administration of the People's Republic of
China. Determination of the luminous transmittance and
haze of transparent plastics: GB/T 2410—2008[S].
Beijing: Standards Press of China, 2009(in Chinese).

[33] LOTSCHHK V, GOETZBERGER A, HOFFMANN V
U. Photovoltaic solar energy generationfM]. Berlin,
Heidelberg: Springer, 2005.

[34] GOSWAMI D Y, KREITH F. Handbook of energy
efficiency and renewable energy[M]. Boca Raton: CRC
Press, 2007.

[35] Eilgis, THREE, X, 5. RBEEESMEEME
AR, mAaTMREES TR, 2019, 35(8):
159-166.

WANG Haitao, DING Dongliang, LIU Qian, et al.
Advances in polyimide based thermal conductive
composites[J]. Polymer Materials Science & Engineering,
2019, 35(8): 159-166(in Chinese).

[36] J5 &nk. ik WARA ] 2 K HLAE B TR AR R [D].
JUIN: AERELRE, 2014.

FANG Zhiqgiang. Highly transparent paper for electronic
devices[D] . Guangzhou: South China University of
Technology, 2014(in Chinese).

[37] JING Maoxiang, HAN Chong, LI Min, et al. High
performance of carbon nanotubes/silver nanowires-PET
hybrid flexible transparent conductive films via facile
pressing-transfer technique[J] . Nanoscale Research

Letters, 2014, 9(1): 588.

His% A
fin 5 R HOFE D T i R 3 R ' rE PR RE PR R A



9474 ik L S - %44 %
w2 At FAL FERTFNERY NAERFSHEE

D) fERFFUE Y T R R R T, W IE R E R
FRENAAL TR AR 04/ 0y TEETEAFIR B L 1E
RERFRDR, B 5T R Kpon HiHR AW

Z,

Ky =—"22—— Al
FoM ZRS(Tfl/Z—l) (AD

KAF Z NE AR, 5377 Q.

2) H GHaacke $2H, & K THEE NS, T
S/

b =T*IR, (A2)
b T e S x [EBCN 10, I gre BUE R E LB e
T=90%, i &4 KZH0E W SIS tEimEiR.

K A7 T=90%I Kpom Al gre FIAZAL 2L, AT L
IR RO L BE VR AN T AR AT AR T M B SR A
— B, B HUE b Keow e 19 1045 o SR SR IR R
ERRIN AR, SRR ERAREAR, XHHE R EK
JRPRAE X TA] Rypin~Remax W2 24 R<Rmin I PR ZH oS FFEE
SEL R R SR ORIE T R, BT 2 R Ramax B
DR oBAR, LT ARSRANAMER, BRASRE
R LGS SR S TRl 2k

2.0

= 11.0
—¢rc 0.2
_KFOM
—KN 0.8
£ 10 10.1
] 10.6
7 s .
(=1 4
3 S
3 10.4
\ 10.2
-1.0 ek ek i umd 0.0
1x107 1x10" 1x10° 1x10° 1x10"

RJ(QUL)

Al T=90%FFFRAE AT Kx 5 Krown drc FTEL
Fig. A1 Comparison of dust removal suitability index Ky
with Kr,y and ¢rc when 7=90%

5 BTG FVETR BT Ky NEERT IR 37 5 T AR
RPN TR, MR oL iR REIL 95 M B A& IR R, O
e R gt T B H 3 MR RE £ A R0 X 18] A )32 ] TR,
KyHIRIE AT

Ky=T-N, (A3)
Ny,=4+ Sparll + SparIZ (A4)
_ Span w4
Spa"' T 1+10MmERY (AS)
Sy - (1= D)
we =T, oA (A6)
Span = A, — 4 (A7)

e T WOGTE I N HE 3 Ny WUABR A o5 Hibn
HERIT I RVPAN B3 I IS HUE IR Al PR,
77 BEVEAN R 2 N, PABUE D9 0~100% IR 42 28 of | 0

Table A1 Parameter values of the square resistance

evaluation function NV, expression

ZH i
4, 0.020 5£0.01295
A 0.99545%0.010 41
L 9.32801+0.07943
Ly 13.058 56+2.442 18
hy —0.648 710.088 91
I —0.19751£0.074 65
p 0.79780.111 67

JiBH Ry fEAERS FRBRAE N A RS 1 PP AR, D ARYE
SAS [ AL BLSRTG 05 R XN SE 5% 5 383 BiDoseResp
BERIHEAT S IR AR w0 5 RO IR REHE S N,
WA i B A2 Fis

PEPPO FRAR Ky FEECF T=90% 15O T 5 it ot X £k
Ko~ ¢re HXTELANIET AL iz, R WLAT X8 T i R 42
SURHIETT &, PPN TR AR K X' F PR RE R AN 25 A 58
HH,

i —N, A®

0.81

0.61-

0.2

0.0

A2 05 RMNEXFNBIERE N, UG HIL
Fig. A2 Data points of correspondence

between » and R, N, fitting curve

R BHA: 2024-08-26.

Wi HHA: 2023-12-25,

fEE R

Z220%(1993), 5, WL, FENFER
A TE MBI RS E4H%
P, T 2 2% i M N 7 TR A AT A
lile@ncepu.edu.cn;

HEEIEE . XEMB(1976), 5, A,
Bz, WEARIW, EENER
HOR . AR AEGATI AN 7146825 5 TH 1)
W5 T4E, liuyunpeng@ncepu.edu.cn.

(REE IR, KE)




