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Figure 1 Annual new installed capacity of distributed photovoltaic

and centralized photovoltaic (photovoltaic power plants), 2013-2021
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Figure 2 Distributed photovoltaic power generation system
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Table 2 Material composition of different photovoltaic types (kg/m’)
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Al Si 0.12 0.20 x10° 0.05 0.00
| 1.47 3.10 0.20 0.00
EVA 1.00 124 0.60 0.90
£ 20 10.10 0.04 15.20 15.00
T )E Ag 0.89 x10” 0.00 0.00 0.00
AR Al 2.54 3.24 0.02 1.51
Cu 0.11 0.07 0.50 0.05
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Figure 3 Actual value, planned value, and forecast curve of cumulative

installed capacity of distributed photovoltaics in China, 2013-2060
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Table 5 Logistic function parameter estimation for cumulative

installed capacity of distributed photovoltaics
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Figure 7 Amount of scrapped photovoltaic module materials in the Beijing-Tianjin-Hebei region, 2022-2060
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Figure 8 Amount of scrapped distributed photovoltaic inverters in the Beijing-Tianjin-Hebei region from

2022 to 2060, and the material weight of scrapped inverters

6395.17 t. 4l 16404.99 t. M 69698.04 t Fll HAlh 4> J&
(% 0.001%o £ 0.100%0 . £ 0.030%o0 . 42 0.200%o . £
0.010%0 .} 0.010%0 . £ 0.004%0 . H% 1.000%0 . 45
0.300%o . 5F 0.200%0 ) 171.93 t, AEHJ 1 3K 14.63% 5
HHLEAL T, 2022—2060 4F 5 HERT L OB AT 195.10
T 5 AR SRR, Ve AE I UE IR A A 4886.77 t 40
12535.63 t.4) 53258.74 t FI H A 4> )& (4 0.001%o0 i
0.100%0 . %k 0.030%0 . 4% 0.200%0 . %H 0.010%0 . %3
0.010%o0 . £ 0.004%0 . £+ 1.000%0 . 4x 0.300%o0 . 5%
0.200%0)131.38 t, 343K 54 28.64%

HRAE A (8) THEL, ot FREHL b IX 2 7 R A5 W 7
(R4 A7 1] 8d BT, AR AR I 5t T, 2022 48
LR ASAR T4 0.15 £, 2060 4E T i1 H 26.07 t, 4F
PR Kk 11.94% , 2022—2060 440 Eit 77 48 f il
114139796 t5 H HLR LG 5T, 2022 4F 2 45 % 4
T T4 0.0019 t,2060 4F- i 14 26.76 t, AFH 38 K %
A 23.12% , 2022—2060 4 i 2 it 7= A 5 W R
304.09 t,

hitp://www.resci.net

FRAE A (9) T, 5 R T b DX 4 1 2 4 S48
TERAE AT R A0 &) 8e 8T/ , 76 1B 1h 1 5
T,2022 4F48 A9 EEST BT TR 0.89 .1.71 F10.06 ¢,
2060 445 VB BRI BT R 158.87.305.50,11.00
t,2022—2060 4F 45 (X L BERE 4 1] B T 2425.05 t.
4663.56 t 167.89 t, A K N 11.94% ; 765 H5E
fBIE R, 2022 4F45 V89 B2 B T4 0.01.0.02
0.01 t,2060 4F45 4N VB4 T34 163.07.313.60
11.29 t, 2022—2060 4 5% . 40 . 8% K 4> Bl 23t
1853.07 t. 3563.59 t. 12829 t, 4F ¥y i K & %
23.12%.

4 ZEig

A SCHE T IR A0 RN R RLAR 6 P A G AR HR %
N S, T T 5 S b DX A3 A O R A R
I3 A ROGIR R G n9 AR F1, R 43 A OGAR
i A BRI () i Bt T R . FT R

(1) A4 E K 2L H A5, 2022—2060 4 5T
T DR R O IR R e o =0k



ORI FOLAR K L B A I i SCHC T [ e 2085

20234F 10 H

R BT AL 2060 4 3 Rk 5] 1.80 12 kW, A3
T 2013 4 F G K 2 578 % o UMb X 43 A 20Ok
RARIE e R BE S8 b R I T 8N
Jo B R T B R, FEdb T R ER L
(A SR A A BB A 52T, 49 4 B e ) A5
ASTE] 455 05 4 0 A X T 2022 45 Y 48 K R 58 7F
16.6%~39.7% 2 1], 2060 4F- 25 3h X 1) 43 A 2R 4R
J5 5 AH AT 5 AT A 1 3 K e i TE 4%~T% 2
E] o R A SR LR AR 5 T, 5UHEEE 2060
AR R AR T 2022 ARSI T 179 45 0 1431413,
AU R LA I T 13445 F1 5590 4% . 101
FEFN 3919 4% 189151 18273 45 . PRI, I ol o ok
HE AR B BV E AN

(2) AR LA b LAl A AL (L5 A L HX L EVA il
PEES) 5 e, HIR B RA LR LR A
S8 R RAEE SR . 2060 AR
26.18 77 t, BB A BHE AR I 54 v ) Jo i 49 41 A
K, iKF] 54.09% , HUGEN EVA S5 ik BEFIH:
flAA L. 2060 4F HTE LI OGR4 TR AR (21T
AR5 0 45 MR R ASEICAR) ) A T 2022 471
HnT 358 4%, AL HUIE N T 26615 . K HE 201 £ AT L
3801 . WU Ik 7 A i X 4 R AR 41
ARG R (RSRS8O it 46 g 46 A 1o XL
B PR A R

)X FUIR L% R G U B 2R),
T HE T Hb X 2022—2060 4F 44 3 % 306 A5 28 195.10~
25534 )5 f5, Horp Bt 7= AR 48 0.49 J7~0.64 J7 t 4
1.25 J7 ~1.64 J7 t 50 5.33 J7~6.97 J7 t F1 H:Ath #4 K}
131.38~171.93 t; i JF 2 40 R it A= 4 0.03 J7 ~
0.04 7 t; #4435 Bt = A 45 0.19 J7~0.24
J7t.890.36 J7~0.47 J7 t FIIEE 128.29~167.89 t., F1Y]
BAETF AR (2R 248 WAL AR B K Ry
A 14.63% . 11.94%7F1 11.94% ; H MRS 5 F L 4E
B R A5 28.64% . 23.12%F123.12% , ELA TR
T R RS 7 o

Bt 53 A ZOCAR 2 4 e AN B, UM AN
Al 5 EE G GAR P F5- 4 b BRI [T AR FH Tl At o]
JEAH R IEOR T A A D 28, U6 IRk & Jé
(AT RS AL A o [l 7 s e fk =

VB B AR, A e G AR AL TR A0 P A D
IR AL, IS E IR B T A T g A 3k A
iE%O

2% 3 #f (References):

[1] E&#& DB, B, 5. UK A& i R g AL
K )] BWIRRL, 2022, 44(8): 1735-1744. [Wang X M, Ma Z Y,
Zhou W X, et al. Carbon neutralization in photovoltaic power gen-
eration system and influencing factors[J]. Resources Science,
2022, 44(8): 1735-1744.]

[2] XIE, ZEFAL, WL, v oA OGO e v BRI A8 1 A R AR
B AR5 K e, 2018, 42(6): 6-14. [Liu L, Chu C L, Ju M T.
Policy evolution and development of distributed photovoltaic pow-
er generation in Chinal]]. Future and Development, 2018, 42(6):
6-14.]

[31 EZEAERER. FIEDCR A i I B R 342 T oA =X
ISR RUMESE 55 [N/OL). (2022-01-20) [2023-2-28]. hitp://www.
nea.gov.cn/2022-01/20/¢_1310432517.htm. [National Energy Ad-
ministration. The Installed Capacity of Photovoltaic Power Genera-
tion in China has Exceeded 300 Million Kilowatts. Distributed De-
velopment has Become a New Bright Spot|N/OL]. (2022-01-20)
[2023-02-28]. http://www.nea.gov.cn/2022-01/20/c_1310432517.
htm.]

[41 POHDCARENSET E A E A ()T KA HL, 2022, 37(10): 10-
12. [Hundred questions and answers for household photovoltaic
construction and operation(1)[J]. Popular Utilization of Electricity,
2022, 37(10): 10-12.]

[5] Dominguez A, Geyer R. Photovoltaic waste assessment in Mexico
[J]. Resources Conservation & Recycling, 2017, 127: 29-41.

[6] Dominguez A, Geyer R. Photovoltaic waste assessment of major
photovoltaic installations in the United States of AmericalJ]. Re-
newable Energy, 2019, 133: 1188-1200.

[ 7] IRENA, IEA-PVPS. End-of-Life Management, Solar Photovoltaic
Panels[R]. Bonn: International Renewable Energy Agency and In-
ternational Energy Agency Photovoltaic Power Systems, 2016.

[81 X, AL, T =8, & HUZOCHAR IS HIRITFE LR
s 45 43 J®, 2019, 43(9): 987-996. [Liu B, Li J Y, Ding Y J, et al.
Recycling status of scrap photovoltaic panels[J]. Chinese Journal
of Rare Metals, 2019, 43(9): 987-996.]

[9] EC. Directive 2012 /19 /EU of the European Parliament and of the
Council of 4 July 2012 on Waste Electrical and Electronic Equip-
ment (WEEE)(recast)[R]. Brussels: European Community, 2012.

[10] Paiano A. Photovoltaic waste assessment in Italy[J]. Renewable
and Sustainable Energy Reviews, 2015, 41: 99-112.

[11] Santos J D, Alonso— Garcia M C. Projection of the photovoltaic

http://www.resci.cn



2086 i

45 10

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

waste in Spain until 2050[J]. Journal of Cleaner Production, 2018,
196: 1613-1628.

Mahmoudi S, Huda N, Behnia M, et al. Photovoltaic waste assess-
ment: Forecasting and screening of emerging waste in Australia[J].
Resources, Conservation and Recycling, 2019, 146: 192-205.

Ren K, Tang X, Hook M. Evaluating metal constraints for photovol-
taics: Perspectives from China’s PV development[J]. Applied En-
ergy, 2021, DOI: 10.1016/j.apenergy.2020.1161438.

Lin M, Wu Y S, Qin B J, et al. Response to the upcoming emerging
waste: Necessity and feasibility analysis of photovoltaic waste re-
covery in China[J]. Environmental Science & Technology, 2022, 56
(23): 17396-174009.

Liu C J, Zhang Q, Liu L X. Estimation of photovoltaic waste spa-
tio—temporal distribution by 2060 in the context of carbon neutrali-
ty[J]. Environmental Science and Pollution Research, 2023, 30
(12): 34840-34855.

Wang C, Feng K S, Liu X, et al. Looming challenge of photovoltaic
waste under China’ s solar ambition: A spatial-temporal assess-
ment[J]. Applied Energy, 2023, 30(12): 34830-34855.

TRER, N2 P EDG R UK SR TR ). PREE TR, 2020,
38(6): 214-220. [Zhang Q, Fu L Z. Research on photovoltaic mod-
ules waste prediction in China[J]. Environmental Engineering,
2020, 38(6): 214-220.]

Zedth. AR st i Py it s AR A i RIS D). b
st AL K24, 2019. [Qin L. Research on Reverse Logistics
Operation Mode and Recovery Model of Photovoltaic Industry[D].
Beijing: North China Electric Power University, 2019.]

T N, BRI, A G U ISR T Y S PR R
AR BT R X 1 SRS BT L)) BEIRARE, 2020, 42
(12): 2341-2353. [Feng I, Feng X G, Hou J C, et al. Effectiveness
of regional environmental regulation, economic growth and envi-
ronmental pollution: An emprical study of the Beijing—Tianjin—He-
bei region[J]. Resources Science, 2020, 42(12): 2341-2353.]

Pl SR B R, 4 ] O B 4 Sk 5 55 ORI DX 88 43 A 3R [R/OL).
(2014-08-03) [2023-02-28]. http://www.nea.gov.cn/2014-08/03/
¢_133617073.him. [National Energy Administration. National To-
tal Solar Radiation Level and Regional Distribution Table[R/OL].
(2014-08-03) [2023-02~-28]. http://www.nea.gov.cn/2014-08/03/
¢_133617073.htm.|

desti N R BUR. b st U i 1 AR & S AL [R/OL.
(2022—- 04— 02) [2023- 02— 28]. http://heic.org.cn/upload/file/
20220402/16488818826862547.pdf. [Beijing Municipal People’ s
Government. Beijing Energy Development Plan for the 14th Five—
Year Plan[R/OL]. (2022-04-02) [2023-02-28]. http://heic.org.cn/
upload/file/20220402/16488818826862547.pdf.]

KT A e, R HET AT A BEIR A Jig - PO T AL R [R/OL.

hitp://www.resci.net

[23]

[24]

[25]

[26]

[27]

[28]
[29]

[30]

(2022-01-27) [2023-02~28]. https:/fzgg.tj.gov.cn/zwgk_47325/
zefg 47338 /zewjx/fgwi/202201/20220127_5791174.himl.  [Tian-
jin Development and Reform Commission. Tianjin Renewable En-
ergy Development “14th Five—Year Plan” [R/OL]. (2022-01-27)
[2023— 02— 28]. https://fzgg.tj.gov.cn/zwgk_47325/zcfg_47338/zc-
wjx/fgwj/202201/120220127_5791174.html.]

LA KB, WALAE [ R G TR 2 R JRA T DA~ IR LR
12035 4F 08 5t H AR 992 [R/OL]. (2021-06—11) [2023-02-28].
https://www.ndre.gov.cn/fggz/fzzlgh/dffzgh/202106/t20210611 _
1283092.html?code=&state=123. [Hebei Provincial Development
and Reform Commission. The 14th Five— Year Plan for National
Economic and Social Development of Hebei Province and the Out-
line of Long- term Objectives for 2035[R/OL]. (2021- 06— 11)
[2023-02-28]. https://www.ndrc.gov.cn/fggz/fzzlgh/dffzgh/202106/
120210611_1283092.html?code=&state=123.]
ERREFRE G Al R T A (X R T A 2O RIT
JRATR 44 B TE 0 [R/OL). (2021-09-15) [2023-02-28]. hitp:/
www.gov.cn/zhengce/zhengeceku/2021-  09/15/content_5637323.
htm. [Comprehensive Department of the National Energy Adminis-
tration. Notice on the Announcement of the Pilot List of Roof Dis-
tributed Photovoltaic Development in the Whole County (City, Dis-
trict) [R/OL]. (2021- 09— 15) [2023- 02— 28]. http://www.gov.cn/
zhengce/zhengceku/2021-09/15/content_5637323.htm.]

KB, EE IR, SRAESE. BUR” HAR T 200K & B AR 1
W5k K R 2R )], K BHAE, 2023, (1): 17-21. [Zhang Z Z, Lv Q
Q, Zhang J M. Research progress and prospect of distributed pho-
tovoltaic power generation technology under the goal of “dual car-
bon”[J]. Solar Energy, 2023, (1): 17-21.]

R HOGIRR. 4343 ORI B L o F2 A AR 2R
[R/OL]. (2021-07-06) [2023~ 02~ 28]. https://news.solarbe.com/
202107/06/341217.html. [Sobi Photovoltaic Network. Technical
Requirements for Distributed Photovoltaic Power Generation
Equipment and Main Equipment of Power Stations[R/OL]. (2021-
07— 06) [2023- 02— 28]. https://news.solarbe.com/202107/06/
341217 .html.]

D0, A, R D2 T T e e IR T )
WU AR R B B IRRRE, 2021, 43(3): 567-576. [Li L Q,
Li B H, Chen C X. Forecasting prospective potential of the second-
ary resources in electronic waste at the regional level: Evidence
from Beijing[J]. Resources Science, 2021, 43(3): 567-576.]

Rogers E M. Diffusion of Innovations[M]. New York: Free Press, 2003.
Bass I M. A new product growth model for consumer durables[J].
Management Science, 1969, 15(5): 215-227.

Meade N, Islam T. Modelling and forecasting the diffusion of inno-
vation—a 25-year review[J]. International Journal of Forecasting,

2006, 22(3): 519-545.



20234F 10 H

[31]

[32]

(33]

[34]

[35]

ORI FOLAR K L B A I i SCHC T [ e

2087

AL T, B, S RS AR T i A S DT RS
A5 BRI [T]. A 22 4], 2015, 35(24): 7965-7973. [Li B,
Yang J X, Lv B, et al. Generation estimation of waste electrical
and electronic equipment: Methods review and selection strategy
[J]. Acta Ecologica Sinica, 2015, 35(24): 7965-7973.]

Sinha P, Wild=Scholten M. Life Cycle Assessment of Utility—Scale
CdTe PV Balance of System[C]. Valencia: 27th EU PVSEC, 2012.
FEIPRAEIR . b [E BRI R ik b AR R I [R]. AL 5t [FIBRAEIR
2, 2021. [International Energy Agency. China’s Energy System
Carbon Neutrality Road Map[R]. Beijing: International Energy
Agency, 2021.]

AERAEVR LI R A e S VEZH 2L T 2030 4R AR IS HL 7 A JR L
K BF 5% K 2060 4F J& B2 [R/OL]. (2021-03-18) [2023-02-28].
https://www.nengapp.com/zixun/
171150a685c491cfe2{86e7302210b0. [Global Energy Internet
Development Cooperation Organization. Research on China’s En-
ergy and Power Development Plan for 2030 and Outlook for 2060
[R/OL]. (2021-03-18) [2023-02~-28]. https://www.nengapp.com/
zixun/17115f0a685¢491cfe2{86e7302210h0.]

AR, UYL, A5 BT OK BH A R B 1A A S R R K T
EF). RETRATSE 515 K, 2021, 37(1): 32-39. [Li B, Zhao J B,
Zhao X B, et al. Research progress and development trend of new
type of solar cells[J]. Energy Research and Information, 2021, 37
(1): 32-39.]

[36]

[37]

[38]

[39]

[40]

DRI B2 CIPA. 2021 4FHERE LIt 7= B IS (RT3 i A 56
5 B T ¥ R]. LAt 2021-2022 48 v DG AR 7 Ml 4 B2 A
2022. [China Photovoltaic Association CIPA. Thin- film Battery
Production Growth in 2021, But the Market Share Still Declined
[R]. Beijing: China Photovoltaic Industry Annual Report 2021-
2022, 2022.]

Yu H F, Tong X. Producer vs. local government: The locational
strategy for end—of-life photovoltaic modules recycling in Zheji-
ang province[J]. Resources, Conservation and Recycling, 2021,
DOI: 10.1016/j.resconrec.2021.105484.

FAIT. AR AR A A, Jent: N B HEHD Rk,
2015. [Wang S J. Introduction to the Development of Contempo-
rary Polysilicon Industry[M]. Beijing: Posts and Telecommunica-
tions Press, 2015.]

FAIL, TR, SHEAME, S5 T EDERT & R IR (2017 4F
Ji) [M]. JE5t: s EDEIRAT L 22, 2018. [Wang S J, Jiang H, Jin
Y M, et al. Roadmap for the Development of China’s Photovoltaic
Industry (2017 Edition)[M]. Beijing: China Photovoltaic Industry
Association, 2018.]

TENS, TERAE, whdia, 55, AEROCHE & 8 KBk AR IEOCIR AT 7Y
ZEWR K HOE AR )], IR R, 2021, 43(4): 669-681. [Wang P,
Wang Q C, Han R R, et al. Nexus between low—carbon energy and
critical metals: Literature review and implications[J]. Resources

Science, 2021, 43(4): 669-681.]

hitp://www.resci.cn



2088 R B oF
45 10

Prediction of scrap volume and recyclable resource potential
of distributed photovoltaic power generation equipment
in the Beijing—Tianjin—Hebei region

WANG Ying', CHEN Liding®, SHI Xiaoging®
(1. Henan Institute of Advanced Technology, Zhengzhou University, Zhengzhou 450000, China; 2. State Key Laboratory of
Urban and Regional Ecology, Research Center for Eco-Environmental Sciences, CAS, Beijing, 100085, China)

Abstract: [Objective] Photovoltaic (PV) power generation is an important starting point for China
to implement the clean energy transition towards achieving the dual carbon goals, but its large
installed capacity has brought new e-waste management challenges, and research on future e-waste
generation and resource recovery potential is of great importance for the scientific and effective
management of scraps. [Methods] Based on the distributed PV data of the National Energy
Administration from 2013 to 2021, this study used the market supply A model, logistic model, and
resource estimation model to predict the scrap volume and recoverable resource volume of
distributed PV power generation equipment in the Beijing-Tianjin-Hebei region from 2022 to 2060.
[Results] The results show that the cumulative scrap volume of distributed PV modules in Beijing,
Tianjin, and Hebei could reach 4.8984 million kW, 3.930 million kW, and 83.3778 million kW
respectively from 2022 to 2060. From 2022 to 2060, the cumulative total amount of recyclable
materials in scrap photovoltaic modules in the Beijing-Tianjin-Hebei region will be 2.9737 million
tons, and the cumulative total amount of recyclable materials in scrap photovoltaic installation
systems will be 76500 to 100100 tons. Among them, other materials in the photovoltaic modules
amount to 2.7926 million tons, basic metal 0.1395 million tons, key metal 37500 tons, precious
metal silver 3900 tons, special metal 200 tons, and toxic metal 1100 tons; The weight of aluminum,
copper, steel, and zinc of the photovoltaic installation systems is 6700-8800 tons, 12800-16800
tons, 56800-74400 tons, and 130-170 tons, respectively. [Conclusion] In the Beijing-Tianjin-Hebei
region, there is a significant presence of distributed photovoltaic waste, requiring prompt and
efficient management strategies. Additionally, the wide variety of materials found in photovoltaic
waste presents substantial opportunities for resource recycling. A well-designed recycling system is
indispensable.

Key words: Beijing- Tianjin- Hebei region; distributed photovoltaic power generation facilities;
model A of market supply; logistic model; resource estimation model; scrap volume; recycable

resource potential
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