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Table 1 Model building and model description
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Fig. 3 The whole life cycle flow of lead-acid batteries under internet of things technology

%, SRS RSN B IEASCE, A A IR RS AR, s ISR i E RSO R I BOR
BRI . 25 ISR s A ERL I, R A A TS S A AR B — G B s R T b
Wi, RPERLRIWCR T LABCR SRR, et afstancEiN, SUAREE 2540

3) EAAERY AR . — AR ISR A TR S AR T ATEAFIALE, YRR
ASERAEISCER TS, PRI ZEAISR PSR A B B, A Ry g, N, X etk i se )
1o =11y K E M Rk B W7 3 R v A e W A I U 1 o 2 S gD (S PR T ER1 VS 219521 S 2e SN 32 E 4
Phe eI ale, BRI AR I RZE H AR i pst e I, SR AR A
Bl iy BTS2 i, SREATZ TP, il ge, 0T MRS YL, th
A DR R A Sk, AU WIS, Sl AT A7 A AR I SEE A R 4, 2R
AR IR T

4) B HRURIA JRAAE . FANES R, BIVESEL T R T bRt PAEY TRt R 2
MR, AR HAT, FREEMBFAR L E 7 Red®, (B A i A, W
L TBUZ A A - B A JR A

5) MRERAT A TdT IR . IS Sr AR N RIBRBR AL, A TR, HPRE R AFEOR, X AE
P REE SR, TEREET TS AT RIS, SRR E RS R ke, SR aes
U AR, CRERER 2 Rt A TE AL IR DAOR ] o

2 %

(1] XS, T—, WK, 5. R IHAARES f it i [T SOR AR AR (0] B R, 2020, 44(11): 1701-1704.

(2] fards, FBEE, farnt, 45 b BT ES A it 2 BRI AL BEBRR 3T (0], it Tlk, 2020, 24(4): 216-224.

[3]  ALTINER M, TOP S, KURSUNOGLU S. Waste Lead-Acid Battery Recycling Technologies, Recycling Technologies for Secondary Zn-Pb Resources [M].
Springer, 2023: 235-289.

(4] far2e, Wrietsh, &, 45, PRS2 vl SR A FH 75 e B S 32 ) R AG 5 (7). RBE ORI, 2017, 43(3): 75-79.

(5] b A BALES. A48Tk B3 45 £ TEB/OL]. [2023-10-05]. https:/www.miit.gov.cn/jgsj/jns/gzdt/art/2020/art_3aaa90bcd1144ecaach324d73fe847fa.
html.

[6]  E&BeIVAIT. A7 H AT I M 44T )7 %8 (EB/OL]. [2023-10-051. http://www.gov.cn/zhengce/content/2017-01/03/content_5156043.htm.

(7] A BIREEIIN AT, WA H I AT . A5 HL b A 7 4 b 5 v e 8 0 5 X 36 5 ol 1 3 8 T/ J7 %6 [EB/OL]. [2019-01-241. http:/www.gov.
cn/zhengee/zhengeeku/2019-10/11/content_5438534.htm.

(8] R AEZE. AyE M R A A B Tk (iR 3 WAT) [EB/OL]. [2023-10-05] https://www.ndrc.gov.cn/yjzxDownload/FJ 1 qcdchsluylbfzx.pdf.

(9]  HEBHRETFIHE. BYE M H B TSN BORBLIE GRAT) fE 3R 3 WA [EB/OL]. [2023-10-05]. http://www.ttbz.org.cn/upload/file/20211122/


https://doi.org/10.3969/j.issn.1002-087X.2020.11.035
https://doi.org/10.3969/j.issn.1008-7923.2020.04.009
https://doi.org/10.16803/j.cnki.issn.1004-6216.2017.03.013
https://www.miit.gov.cn/jgsj/jns/gzdt/art/2020/art_3aaa90bcd1144eeaacb324d73fe847fa.html
https://www.miit.gov.cn/jgsj/jns/gzdt/art/2020/art_3aaa90bcd1144eeaacb324d73fe847fa.html
http://www.gov.cn/zhengce/content/2017-01/03/content_5156043.htm
http://www.gov.cn/zhengce/content/2017-01/03/content_5156043.htm
http://www.gov.cn/zhengce/content/2017-01/03/content_5156043.htm
http://www.gov.cn/zhengce/zhengceku/2019-10/11/content_5438534.htm
http://www.gov.cn/zhengce/zhengceku/2019-10/11/content_5438534.htm
http://www.gov.cn/zhengce/zhengceku/2019-10/11/content_5438534.htm
http://www.gov.cn/zhengce/zhengceku/2019-10/11/content_5438534.htm
https://www.ndrc.gov.cn/yjzxDownload/FJ1qcdchsluylbfzx.pdf
http://www.ttbz.org.cn/upload/file/20211122/6377316314882813511774211.pdf

9512 48 FEPROREE BT R AR A o R A 28 Pl T SO e e = B DL AT A X SR 3841

[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]

(18]
[19]

[20]
[21]
[22]
23]
[24]
[25]
[26]
271
28]

[29]

[30]
[31]

[32]
[33]

[34]

[35]

[36]

(371

[38]
[39]

[40]

[41]

[42]
[43]

[44]
[45]

[46]

6377316314882813511774211.pdf.

FH. A P E R R R RRE b R R D], P A 4R, 2018(1): 44-50.

SR, M8, AE 7 T AR G I B e (0 R e 1 R —— DA =l g ) [0 BRBE A4, 2019, 47(7): 38-41.

2, PR, MR, 2. YRR AT A ATl A BT AR A A TR R SR o M SRR DR 5 28 D). BRI T R4, 2020, 14(1): 3-8.

B, AR, AU, S R E A IR . S e IR R 1 —— LTI A R (). FREELR S, 2021, 49(6): 48-51.

R, BOR BhiE JT IR AR E it o 22 e L] i A (4 JE, 2018(8): 46-47.

TAYLOR P D, JONKER L B. Evolutionary stable strategies and game dynamics[J]. Mathematical Biosciences, 1978, 40(1/2): 145-156.

BABU S, MOHAN U. An integrated approach to evaluating sustainability in supply chains using evolutionary game theory[J]. Computers & Operations
Research, 2018, 89: 269-283.

CHEN W T, HU Z H. Using evolutionary game theory to study governments and manufacturers’ behavioral strategies under various carbon taxes and
subsidies [J]. Journal of Cleaner Production, 2018, 201: 123-141.

2, B4k, TH, 55, 7 E vk SR 7= ST A (o] B U8 5 R (0] PRIR TR, 2021, 15(7): 2218-2222.

HEASEREE IR AT . v A RS E A 75 YL 3R B 1412 (EB/OL] . [2023-10-05]. https:/www.mee.gov.cn/ywgz/fgbz/f1/202004/t20200430_777580.
shtml.

A BB AT, FE R RS 5y 22 Ip AT, Tl RS BRI AIT, N EWINVATT, FERIVATT, EGRINA T, 28l BRI AIT, FK
Bigs BRI AT, BRTTG B EHBRIAIT. LTNR RM#E RIS REBARTTEh % ) 1% [EB/OL]. [2023-10-05]. hitps:/www.mee.gov.cn/
xxgk2018/xxgk/xxgk05/201901/t20190124_690792.html.

SMITH J, PRICE G R. The logic of animal conflict[J]. Nature, 1973, 246(5427): 15-18.

SMITH J M. The theory of games and the evolution of animal conflicts[J]. Journal of Theoretical Biology, 1974, 47(1): 209-221.

FRIEDMAN D. On economic applications of evolutionary game theory [J]. Journal of Evolutionary Economics, 1998, 8(1): 15-43.

TOMASSINI M, PESTELACCI E, LUTHI L. Mutual trust and cooperation in the evolutionary hawks—doves game [J]. Biosystems, 2010, 99(1): 50-59.
FRIEDMAN D. Evolutionary games in economics[J]. Econometrica: Journal of the Econometric Society, 1991: 637-666.

WEIBULL J W. Evolutionary game theory [M]. MIT press, 1997.

TU Y, PENG B H, WEI G, et al. EPR system participants’ behavior: Evolutionary game and strategy simulation[J]. Journal of Cleaner Production, 2020,
271: 122659.

LONG R Y, YANG J H, CHEN H, et al. Co-evolutionary simulation study of multiple stakeholders in the take-out waste recycling industry chain[J]. Journal
of Environmental Management, 2019, 231: 701-713.

LIU X M, LIN K K, WANG L. Stochastic evolutionary game analysis of e-waste recycling in environmental regulation from the perspective of dual
governance system[J]. Journal of Cleaner Production, 2021, 319: 128685.

SU Y B. Multi-agent evolutionary game in the recycling utilization of construction waste [J]. Science of the Total Environment, 2020, 738.

KEIVANPOUR S, AIT-KADI D, MASCLE C. Automobile manufacturers’ strategic choice in applying green practices: joint application of evolutionary
game theory and fuzzy rule-based approach[J]. International Journal of Production Research, 2017, 55(5): 1312-1335.

LI X, MU D, DU J B. Multi-channel recycling decisions of electric vehicle battery based on SD-dynamic game model [C]: 1-6.

LI X, DU J B, CHENG Y W, et al. ELECTRIC VEHICLE BATTERY RECYCLING: SYSTEM DYNAMICS GAME BASED ANALYSIS FOR THE
INFLUENCING FACTORS[J]. Environmental Engineering & Management Journal (EEMJ), 2019, 18(5): 1123-1136.

YANG J H, LONG R Y, CHEN H. Decision-making dynamic evolution among groups regarding express packaging waste recycling under different reference
dependence and information policy [J]. Waste Management, 2022, 138: 262-273.

SUN Q Q, CHEN H, LONG R Y, et al. Who will pay for the “bicycle cemetery”? Evolutionary game analysis of recycling abandoned shared bicycles under
dynamic reward and punishment[J]. European Journal of Operational Research, 2023, 305(2): 917-929.

WANG Z, WANG Q X, CHEN B X, et al. Evolutionary game analysis on behavioral strategies of multiple stakeholders in E-waste recycling industry[J].
Resources Conservation and Recycling, 2020, 155: 104618.

WAINWRIGHT J. A dynamical systems approach to Bianchi cosmologies: orthogonal models of class A[J]. Classical and Quantum Gravity, 1989, 6(10):
1409.

LYAPUNOV A M. The general problem of the stability of motion [J]. International Journal of Control, 1992, 55(3): 531-534.

SUY Y, SIHY, CHEN J G, et al. Promoting the sustainable development of the recycling market of construction and demolition waste: A stakeholder game
perspective [J]. Journal of Cleaner Production, 2020, 277: 122281.

YANG J H, LONG R Y, CHEN H, et al. Willingness to participate in take-out packaging waste recycling: Relationship among effort level, advertising effect,
subsidy and penalty[J]. Waste Management, 2021, 121: 141-152.

WANG Z, HUO J Z, DUAN Y R. The impact of government incentives and penalties on willingness to recycle plastic waste: An evolutionary game theory
perspective [J]. Frontiers of Environmental Science & Engineering, 2020, 14(2): 1-12.

VPHE. BTV 2 0 AT [ B A7 ST SE R 2 (0], BEUR 2, 2017(8): 38-43.

BANGUERA L A, SEPULVEDA J M, TERNERO R, et al. Reverse logistics network design under extended producer responsibility: The case of out-of-use
tires in the Gran Santiago city of Chile[J]. International Journal of Production Economics, 2018, 205: 193-200.

[E 55 Be. fa B 4 28 P T UEAE 3% [EB/OL]. [2023-10-05]. http:/www.gov.cn/gongbao/content/2016/content_5139407.htm.

o OB, Bl 45 8 Ry . 96 T 58 3 UE R 25 A R FH 18 (5 B B3R A9 28 45 (EB/OL]. [2023-10-05]. http://www.gov.cn/zhengce/zhengeeku/2022-02/28/content
5676109.htm.

WANG Z, DUAN Y R, HUO J Z. The impact of government intervention measures on recycling of waste electrical and electronic equipment in China


http://www.ttbz.org.cn/upload/file/20211122/6377316314882813511774211.pdf
https://doi.org/10.14026/j.cnki.0253-9705.2019.07.008
https://doi.org/10.12030/j.cjee.201910042
https://doi.org/10.14026/j.cnki.0253-9705.2021.06.012
https://doi.org/10.1016/j.jclepro.2018.08.007
https://doi.org/10.12030/j.cjee.202008156
https://www.mee.gov.cn/ywgz/fgbz/fl/202004/t20200430_777580.shtml
https://www.mee.gov.cn/ywgz/fgbz/fl/202004/t20200430_777580.shtml
https://www.mee.gov.cn/xxgk2018/xxgk/xxgk05/201901/t20190124_690792.html
https://www.mee.gov.cn/xxgk2018/xxgk/xxgk05/201901/t20190124_690792.html
https://doi.org/10.1038/246015a0
https://doi.org/10.1016/0022-5193(74)90110-6
https://doi.org/10.1007/s001910050054
https://doi.org/10.1016/j.biosystems.2009.08.008
https://doi.org/10.1016/j.jclepro.2020.122659
https://doi.org/10.1016/j.jenvman.2018.10.061
https://doi.org/10.1016/j.jenvman.2018.10.061
https://doi.org/10.1016/j.jclepro.2021.128685
https://doi.org/10.1080/00207543.2016.1203077
https://doi.org/10.1016/j.wasman.2021.12.003
https://doi.org/10.1016/j.ejor.2022.06.013
https://doi.org/10.1016/j.resconrec.2019.104618
https://doi.org/10.1088/0264-9381/6/10/011
https://doi.org/10.1080/00207179208934253
https://doi.org/10.1016/j.jclepro.2020.122281
https://doi.org/10.1016/j.wasman.2020.12.005
https://doi.org/10.3969/j.issn.1673-7776.2017.08.011
https://doi.org/10.1016/j.ijpe.2018.09.006
http://www.gov.cn/gongbao/content/2016/content_5139407.htm
http://www.gov.cn/zhengce/zhengceku/2022-02/28/content_5676109.htm
http://www.gov.cn/zhengce/zhengceku/2022-02/28/content_5676109.htm
http://www.gov.cn/zhengce/zhengceku/2022-02/28/content_5676109.htm
http://www.gov.cn/zhengce/zhengceku/2022-02/28/content_5676109.htm

3842 ok L B ¥ W EEAVE S

considering consumer decision[J]. Energy Policy, 2022, 160: 112697.

[47]  Zewete, BT, PMELE. SRORRRT™ G T ST 06 IR IR — ST 5 7 i TR G (] AR5 280, 2021, 37(1): 27-34,

[48] SHANHY, YANGIJL. Promoting the implementation of extended producer responsibility systems in China: A behavioral game perspective [J]. Journal of
Cleaner Production, 2020, 250: 119446.

[49] ZHAO X M, BAI X L. How to motivate the producers' green innovation in WEEE recycling in China? - An analysis based on evolutionary game theory[J].
Waste Management, 2021, 122: 26-35.

[50] -3, 220, SRIEAR. LIARE PERTE SR RGBSR R (1], IR AL T, 2020, 49(3): 215-216+219.

(1] g, 2 5a s, WRRRTE . HET-Hmok 90 1o 0 A ol st ) M) B IR S PR R U S L] 0, 2017, 54(2): 55-59+64.

[52] 4, FAS, TIOF, 4. TTI0A8 R AR & A i SR BT TR KO 9T (9], Rl AR Q13r, 2017(21): 17-18.

(FUAEZ R4 2BEL)

Analysis of main problems and countermeasures in waste Lead-acid battery
recycling in China based on evolutionary game theory
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Abstract The amount of waste lead-acid batteries is very large every year in China, and the irregular recycling
has brought severe pollution to the environment. In recent years, China has issued a number of policies to
regulate the recycling of waste lead-acid batteries, but there are still many problems within the industry. Based
on the investigation, the current situation of waste lead-acid batteries’ recycling was explored , that was, the
battery flows and guarantee mechanism in the process of recycling were expounded. Based on the complex
game relationship among stakeholders in the recycling process of waste lead-acid batteries, an evolutionary
game model was introduced with being illustrated the process of the evolutionary game from the aspects of
model construction, solution and result visualization. By clarifying the contradictions and conflicts of various
stakeholders in the recycling process, tripartite evolutionary game models were constructed for regular
collecting, the implementation of extended producer responsibility and regular recycling. Finally, combined with
qualitative analysis, this paper putted forward corresponding suggestions, including strengthening the
application of Internet of things technology, issuing economic incentive policies, establishing a standardized
recycling system, reasonably planning and distributing renewable lead enterprises, cracking down on illegal acts,
and so on.

Keywords waste lead-acid battery; evolutionary game model; recycling; extended producer responsibility
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