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Abstract. With the development of the economy and the introduction of the con-
cepts of carbon peaking and carbon neutrality, the concept of sustainable devel-
opment has deeply penetrated people's hearts. In recent years, the rural economy
has developed rapidly, and electric vehicles have entered every household. Now-
adays, the recycling mode of electric vehicles in rural areas of China tends to be
sold to waste recycling stations. In order to realize the sustainable utilization of
resources, this paper analyzes the influencing factors of rural e-bike recycling
process in Liaoning Province through the PTSTLE model, analyzes the existing
problems of rural e-bike recycling in combination with the current situation of
rural e-bikes and relevant data, proposes three modes of manufacturers' independ-
ent recycling mode, government+Internet plus+manufacturers' cooperative recy-
cling mode, and waste recycling station recycling, and then analyzes and dis-
cusses the impact of economic, environmental and other factors on e-bike recy-
cling according to the evolutionary game analysis model, considering the carbon
emissions of multiple recycling methods, selects a recycling mode suitable for
the current development of Liaoning Province, and improves the recycling rate
of e-bikes.
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1 Introduction

According to statistics from the China Bicycle Association, the production of bicycles
worth over a thousand yuan in China has been increasing year by year. The annual sales
of electric bicycles in China exceed 30 million units, and the current number of electric
bicycles in the country has reached 350 million. The population living in rural areas in
Liaoning Province is 11.865 million, accounting for 27.86%. There are over 3.5 million
registered residential electric bicycles for personal use, with an average of one per
household. In 2019, high-end products represented by lithium-ion electric bicycles ac-
counted for 13.8% of the total production of electric bicycles, with an annual output of
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nearly 5 million units, reaching a new high in production. Through investigation, it was
found that the average service life of lithium battery electric vehicles is generally 3-5
years, which means that a batch of electric vehicles needs to be replaced approximately
every 3-5 years. The shells and lithium batteries of discarded electric bicycles can also
be recycled, and rural residents generally sell them directly to waste recycling stations,
resulting in resource waste. Therefore, recycling electric bicycles meets the require-
ments of national sustainable development. In summary, a single recycling channel can
lead to unclear flow of waste electric bicycles, and due to the lack of effective regula-
tory measures, some waste electric bicycles may be illegally dismantled and processed,
which not only wastes resources but also poses potential threats to the environment and
human health. Therefore, establishing unified recycling standards and regulatory mech-
anisms, regulating the behavior of recycling entities, is the key to solving the problem
of disorderly recycling channels for waste electric bicycles in Liaoning Province. Dong
Wang!!l investigated the influencing factors of these recycling behaviors of e-bicycle
citizens by incorporating local identity and environmental concerns into the extended
normative activation model, and proposed that environmental concerns have a moder-
ating effect on the perception of consequences, including personal norms and attitudes
towards recycling behaviors. Yuan Tang!? used the Pythagorean fuzzy decision method
to determine the choice of recycling suppliers. First, a pessimistically acceptable con-
sistent PFPR is extracted for a given IVPFPR. Subsequently, an optimization model
was constructed to calculate acceptable consistent PFPR and priority weight vectors.
Secondly, the subjective and objective weighting method of experts considering trust
is used. Sha Lou, Xiaoxin Zhang al® introduced recycling facilities into planning be-
havior theory to verify the effect of recycling facilities on user behavior. Also, structural
equation models were used to study the recycling behavior of 429 e-bike users in Tang-
shan City. In order to solve the serious problem of choosing a shared bicycle recycling
supplier, Xu Yuan ¥ proposed a two-stage multi-standard decision-making method us-
ing an orthogonal pair fuzzy technique using interval values. Qiumeng Li ¥ innovated
an alternative model of travel modes to identify changes in travel patterns caused by
the use of shared bicycles and quantify the corresponding impact on net carbon emis-
sions. Anja Cudok [*! By fusing models and literature from psychology, economics and
marketing, the main factors influencing users to refurbish electric cargo bikes are iden-
tified. and propose measures to improve user acceptance. Ian Philips [ population syn-
thesis methods were used to model the adult population within each small area of Eng-
land, taking into account the regional type of population and the geographical demo-
graphic situation. This is used to estimate the maximum capacity to reduce CO2 emis-
sions by replacing e-bikes with private cars. There is no clear research on the rural
electric bicycle recycling model, with the development of rural logistics, the rural multi-
party cooperation of electric bicycle recycling is also a blank space for resource recy-
cling.
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2 Analysis of Factors Affecting the Recycling of Electric
Bicycles

Analyze the influencing factors of recycling through PESTLE model; In terms of poli-
cies, the government supports the concept of recycling and sustainable development.
The release of the "Interim Measures for the Management of Recycling and Utilization
of New Energy Vehicle Power Batteries" and the "Guiding Opinions on Accelerating
the Construction of Waste Material Recycling System" are of great significance for
improving China's waste material recycling system, enhancing the level of resource
recycling, improving resource security capabilities, and helping to achieve carbon peak
and carbon neutrality goals. Economically, the main participants in recycling are the
government, manufacturers, retailers, waste recycling stations, and residents. They are
more concerned about whether the benefits they receive meet their psychological ex-
pectations and whether the cost expenditures are low; In rural areas of Liaoning Prov-
ince, the cultural traditions and values of the participants may be more inclined towards
whether they meet their expected benefits. And in the recycling process, convenience
is also a major factor to consider. Among them, the sustainable development of society
will not consider whether it can promote the utilization of social resources and make
full use of them; Technologically, the optimization of battery manufacturing technol-
ogy, the upgrading of battery materials, the improvement of battery recycling technol-
ogy, the enhancement of electric bicycle shell materials, and the strengthening of recy-
cling and reuse are key links and important measures to promote technological innova-
tion; Legally speaking, the proposal of the Environmental Protection Law currently
only pertains to the management measures for the recycling of renewable resources, but
there are no other legal norms for the utilization of recycled resources. In terms of the
environment, more consideration will be given to whether carbon emissions can be re-
duced. After all, electric vehicles will be sold to waste recycling stations without being
replaced by third-party retailers, which will result in incomplete battery recycling or
disposal, and also make valuable electric vehicle casings become waste and not fully
utilized. Based on the environmental analysis of the recycling process of rural electric
bicycles mentioned above, this article only considers the impact of economic, environ-
mental, and social factors.

3 Evolutionary Game Analysis of Electric Bicycle Recycling

3.1 Condition Based Assumption

In combination with the rise of "Internet plus+trecycling”, recycling modes are divided
into waste recycling bin recycling, manufacturer recycling, or Internet plus+manufac-
turer recycling under government supervision. Considering the advantages and disad-
vantages of the three types of recycling mechanisms, and combining the current recy-
cling situation in Liaoning Province, this paper chooses the mode of government su-
pervision, combining the Internet, and manufacturers responsible for recycling to build
a reverse logistics recycling network for waste electric bicycles in Liaoning Province.
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If the government only adopts subsidy policies, it needs to compensate for risk losses
and subsidy costs, which means that the development of electric bicycle recycling at
this time relies entirely on government policies. This undoubtedly does not increase the
government's financial burden. Relying solely on government subsidies to develop ex-
press packaging recycling is neither sustainable nor practical. The same applies when
the government punishes. Therefore, when exploring the government's policy of imple-
menting subsidies and punishments simultaneously, the decision-making evolution of
manufacturers and farmers among the participating entities and the policy strength re-
quired for the long-term development of recycling electric bicycles should be taken into
account.

(1) Assumption: The probability of the manufacturer choosing to cooperate is x, and
the probability of choosing not to cooperate is; The probability of villagers choosing to
cooperate is, and the probability of choosing not to cooperate is,

(2) Assumption: There is a mobile app where villagers can choose whether to par-
ticipate in the recycling process and receive rewards and punishments. The manufac-
turer then learns through the app's backend whether any villagers have chosen to return
the entire vehicle or not.

(3) Assumption: If the manufacturer chooses to cooperate and the villagers choose
not to cooperate, the manufacturer will inevitably suffer certain losses in technology,
personnel, and capital investment. The profit obtained by the manufacturer at this time
is. If the villagers choose to cooperate and the manufacturer chooses not to cooperate,
the profit obtained by the villagers at this time is. Among them,.

(4) Assumption: Whether villagers participate in recycling or not will receive re-
wards and punishments from manufacturers, while manufacturers will receive rewards
and punishments from the government. The reward is a function of cost, and the pun-
ishment is a function of profit. And the government's reward coefficient is greater than
the manufacturer's reward coefficient, that is, the government's punishment coefficient
is also greater than the manufacturer's punishment coefficient,

Both parties in the game may adopt either cooperative or non cooperative strategies.
With the gradual acquisition of market information, after multiple games and continu-
ous adjustment of strategy choices, an equilibrium state is ultimately reached. Based on
this, this study established parameter settings as shown in Table 1.

Table 1. Model parameters and their meanings

Parameter Meaning

X The probability of manufacturers choosing to cooperate

X The probability of manufacturers choosing not to cooperate

y The probability of villagers choosing not to cooperate

1—

y The probability of villagers choosing cooperation
1—

B

The benefits generated by the cooperation between both parties

a, Distribution ratio of profits among manufacturers during cooperation

1—a Distribution ratio of villagers' income during cooperation

C The total cost of cooperation
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Manufacturer's cost sharing ratio
1 g
1-4, Cost sharing ratio of villagers
P Villagers choose not to cooperate, and the profits obtained from cooperation with manu-
1 facturers
P, The profits obtained from the cooperation of villagers when the manufacturers do not
P p p g
cooperate
Ly Profit earned when the manufacturer does not cooperate
L, The income earned by villagers who do not cooperate
6, The government's subsidy level for manufacturers
Y1 The government's punitive measures against manufacturers
6, Subsidies provided by manufacturers to villagers
Y2 The severity of punishment imposed by manufacturers on villagers

3.2  Model Building

The decision matrix for the manufacturer and villagers regarding the recycling of elec-
tric bicycles at this time can be obtained as follows, shown in Table 2.

Table 2. Benefit matrix under the government reward and punishment model

Manufacturer cooperation Manufacturers do not cooperate
Village Coopera- a,;B-CB; + 6,5,C-6,(1 — B,)C L;(1-y1)-6,C(I-B,)
tion (-a)B-(1 = 6,)(1 = B))C P,+6,C(I-B;)
Villagers do not P;+0,4,C+y,L, L;(1-y1)-6,C(1-By)
cooperate L, (I-y,) L, (I-y,)

Villagers and manufacturers can randomly choose strategies for game between co-
operation and non cooperation.

According to the payoff matrix of the game between both parties, it can be inferred
that the expected payoff for manufacturers choosing to cooperate is:

Eqi=yla;B-CB; + 6,8,C-0,(1 — B1)Cl+(1-y)[P,+6, B, C+y,L,]
The expected benefits for manufacturers who choose not to cooperate are:
Eg=y|Li(1-y1)-02C(1-B,)]+(1-9)[L,(1-y,)-6:C(1-B,)]
So, the average expected revenue of manufacturers is:
E;=xE +(I-x)Ey,

According to evolutionary game theory, the replicative dynamic equation for manu-
facturers to adopt "cooperative" decisions is:

d;
F(x):%:x(Eﬂ—El) = x(1-)fy a1 B-CB,-P;Y,Ly 02 (1 — B, )C[+P; +618,C+y,L, 40, (1
- ﬁljc'LI (1-)/1)]

Similarly, the replicative dynamic equation for villagers to make decisions is:
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d
F@):;};:y(ffd-Ez) =y(Ay){x[d-a1)B-(1 — B, )JC-P,]+ P, + 05 (1-8,)C — L, (I-y, )}

3.3  Modeling

x*:Lz (1-}/2) - [Pz + 6’2(1-,81)C] -y*:LI(]-yl) - [P] +91B1C+]/2L2 +92(1 - ﬁl)q
(1-(11)3—(1 — ﬂl)C-PQ ’ alB-Cﬁl -P1 -}’sz-92(1 — ﬁl)C

Further analysis reveals that: when the government implements both subsidy and pen-
alty policies simultaneously, villagers and manufacturers will choose to cooperate to
complete the recycling of electric bicycles when the government subsidy and penalty
intensity meet certain conditions. Order,

®,;=P;+0,8,C+y,L,+60,(1 — By) C-L,;(I-y1),
w,=Py+ 0,(1-B,)C — L, (I-y,),
w;=ay B-CB, +61B,C-L;(1-v,),
w,=(1-a1)B — (1= B,)C +6,(1-B,) C-L; (1-7,)

Therefore, the equilibrium points for replicating the dynamic equation are O (0,0),
A (0,1), B (1,0), and C (1,1),a; B-CB; > Ly, (I-a;) B(1 — B;)C>L, , M(X*,y*)
which are also the equilibrium points of the system at that time. However, the equilib-
rium point is not necessarily the stable point of the evolutionary game system. The
stability of the equilibrium point can be obtained by analyzing the local stability of the
corresponding Jacobian matrix of the system. The Jacobian matrix of the system is as
follows, shown in Table 3 and Table 4.

Table 3. Jacobian matrix (1)

equilibrium det/
0,0) [P #6018, C+y, Lz +0,(1 — B1) C-L(1y)][Pr + 0,(18,)C — L (1-y,)]
[P1+6,81 C+Y2 Lz +8, (1 — B )C-L; (1 )][(1-0)B — (1 — B JC + 6, (1-5,)C
(1,0)
= Ly (1v,)]
0,1 oty B-CBy + 6, 81C — Ly (1y )][Py + 0, (1-B)C — Lz (17y,)]
(LD [a1 B-CB; + 015,C — Li(1-y)I[(Z-21)B — (1 — B;1)C + 8,(ZB1)C — Ly (14,)]

Table 4. Jacobian matrix (2)

equilibrium trJ
(0,0) [P/ +6,5,C+y,Ly+8,(1 — B)C-L,;(I-y)]+[P; + 6,(1-B1)C — L, (I-y,)]
(1,0) -[P1+6, B, C+y, Ly — L (1-y )]+ [(1-a )B-(1 — B )C — L, (1-y,)]
0,1) [a,B-CB;+8,p,C-L,(I-y)]-[P; + 6,(1-B)C — L, (I-y2)]
(1,1) —{layB-CB +8, 5, C-L,(I-y)1} — {(-a)B-(1 — B1)C + 8,(1-B1)C — L, (I-y2)}

From the analysis of the equilibrium point of the replicated power system in Table
3, it can be concluded that,
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(Day B-CB; > Ly, (1-a1) B-(1 — B,) C>L, Because L;>P,, L,>P,, Ly, >0,L5y, >0,
thereforew; > 0, w, > 0, at this point (1,1) is the equilibrium point of the system's
evolution. To make both parties' choices cooperative and the only equilibrium strategy
(ESS) for system evolution, i.e. (1,1) is the only equilibrium point that satisfies the
determinantdet/>0,tr/<0. It can be inferredw, > 0, w, > 0 that at this point,(x*,y™*),
it is not an equilibrium point, (0,0) is an unstable point, (1,0) and (0,1) are saddle points,
and only (1,1) is the stable point of the system.

Q)a, B-CB;, < Ly, (1-a,) B-(1 — B;) C<L,,To make (cooperation, cooperation) the
only system equilibrium point, it is necessary to satisfy det/>0,tr/<0 the determinant
(1,1).It is known that whenw;>0,w, > 0, w3>0,w, > 0,At this point, M(x*,y*) is not
the system equilibrium point.(0,0) is an unstable point, (1,0) and (0,1) are saddle points,
and (1,1) is the evolutionary equilibrium point of the system.

4 Conclusion

According to the results of evolutionary game theory, it can be concluded that in the
exploration period of electric bicycle recycling in rural areas of Liaoning Province un-
der government supervision, the benefits may not necessarily compensate for the cost
investment, such as the maintenance costs of the APP operated by the manufacturer to
cooperate in recycling electric bicycles. If the manufacturer is punished while providing
cost subsidies, it can encourage the manufacturer and villagers to move towards coop-
eration. With the continuous practice of electric bicycle recycling, technological up-
dates, cost reduction, and improved recycling utilization rate, the revenue generated
will increase, which can compensate for the cost investment. Both parties can benefit
from it. With appropriate policy rewards and punishments, both parties will eventually
reach cooperation. In the mode of Internet plus manufacturers' cooperation in recycling
waste electric bicycles, this can not only take care of farmers' income, but also reduce
the costs of manufacturers, effectively reduce carbon emissions, promote the recycling
of materials, and help economic development. The measures include the following two
points: strengthening publicity and guiding villagers to participate in the process of
electric bicycle recycling; The environmental awareness of villagers is relatively low,
so it is necessary to promote and improve their environmental awareness, and do a good
job in resource recycling and utilization. By recycling electric bicycles, villagers can
truly participate in protecting the environment. Secondly, strengthen regulatory efforts
and formulate policies; Not only can it effectively reduce the pollution of harmful sub-
stances to the environment and protect the health of the ecosystem, but it can also save
natural resources and achieve sustainable development of the industry. The govern-
ment, enterprises, and individual villagers should work together to promote the im-
provement of the recycling system for waste electric bicycles and contribute to the "dual
carbon" goal.
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