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Abstract: The used power batteries of new energy vehicles have become a combined issue of environ-
mental pollution, resource scarcity, and economic sustainability. Power battery recycling is inevitably
becoming the key link in the formation of the green closed-loop supply chain for new energy vehi-
cles and the green cycle of the new energy vehicles industry. This study establishes a three-party
evolutionary game model of “new energy vehicle manufacturers, power battery manufacturers, and
power battery recyclers”, simulates the dynamic evolution process of each game player’s strategy,
and analyzes the effects of the digital transformation factor and other factors leading to the evolution
trend. The main results show that: (i) in the absence of sufficient incentives and constraints, the green
closed-loop power battery supply chain cannot be formed naturally; (ii) digital transformation is an
important factor in the journey of the green closed-loop supply chain for power battery recycling, and
(iii) government rewards and penalties can promote the formation of the green closed-loop supply
chain for power batteries. This research innovatively investigates the concept of the green closed-loop
power battery supply chain and its formation mechanism, which provides theoretical support to
promote the recycling of used power batteries to achieve sustainability.

Keywords: power battery recycling; green closed-loop supply chain; digital transformation;
evolutionary game

1. Introduction

During the recent years, new energy vehicles have stood out as an option among vari-
ous fuel-powered vehicles, due to their low pollution and energy consumption advantages.
By the end of 2022, China had surpassed 13 million new energy vehicles [1], increasing the
tightness in supply of lithium, cobalt, nickel, and other metal materials. As the new energy
vehicle industry continues to progress, there is a rising concern about how to effectively
manage used power batteries. Recycling used power batteries and metal materials can re-
lieve the pressure of resource tension and achieve sustainable development [2]. According
to statistics, in 2022, the actual amount of lithium batteries recycled in China is only 54.46%
of the theoretical recycling volume, as shown in Figure 1. Meanwhile, according to the
EVTank, the theoretical used battery recycling volume in China will reach 2,312,000 tons in
2026. Suppose these used batteries are not properly disposed of, they can potentially lead
to environmental pollution, such as heavy metal contamination of soils, which leads to a
great danger to the sustainability of the environment [3].

The Ministry of Industry and Information Technology and others jointly formulated
the “Interim Measures for the Administration of Recycling and Utilization of New Energy
Vehicle Power Batteries” on 26 January 2018 (hereafter referred to as the “Measures”) to
solve the above problems. The “Measures” clearly stipulate that the new energy vehicle
manufacturers (NEVMs) should take the main responsibility of power battery recycling
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and supply chain companies should fulfill obligations in all aspects to ensure effective
usage and environmental protection of the batteries.
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Figure 1. The amount of lithium battery recycling in China, 2018-2022. Data source: China YiWei
Institute of Economics (http://www.evtank.cn/ (accessed on 31 May 2023) ).

Currently, the primary emphasis of power battery recycling research is on technologi-
cal advancements [4-6]. The green closed-loop supply chain perspective has not received
adequate attention. In addition, digital transformation brings new business model opportu-
nities and can also promote cooperation among green closed-loop supply chain actors [7].
Thus, encouraging the recycling of power batteries and making it easier for the establish-
ment of a sustainable, eco-friendly, green, closed-loop supply chain is another crucial topic
that needs attention.

We extract a three-party game model consisting of NEVMs, power battery manufac-
turers (PBMs), and power battery recyclers (PBRs) from reality. We take into account the
green closed-loop supply chain relationship and explore the decision-making process of
power battery recycling stakeholders along with their influential factors, in response to
national policy, to promote enhancements in the recycling system.

The innovation of this paper is that we focused on the reverse part of the green
closed-loop supply chain of power batteries based on a game model under the conditions
of limited rationality and incomplete information. Unlike previous studies that take the
government as the subject of the game, the focus of this study is not on the gains and
losses of the government, but on the mechanism of the formation of the green closed-loop
supply chain for power battery recycling under government rewards and penalties. In
addition, this study innovatively introduces the variable of digital transformation and
explores the impact of digital transformation and other influences on the green behavior
of power battery supply chain subjects. Finally, based on the simulation results, the study
finds that NEVMs are the key nodes in the formation of the green closed-loop supply chain
of power batteries, which provides an important reference for further promoting green
power battery recycling.

The main questions we will discuss are: the impact of digital transformation and other
factors on power battery recycling and the formation mechanism of the green closed-loop
supply chain of power batteries. The following is the organization of the remainder of
our study. In Section 2, we combed through the relevant literature. Section 3 develops
an evolutionary game model of power battery recycling and examines its stability. We
then proceed to a simulation analysis, based on Section 3, in Section 4. Finally, we give
the conclusions and implications, proposing strategic recommendations for enterprises
and government.
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2. Literature Review

The existing literature on battery recycling has been fruitful. The literature is evaluated
and analyzed from the following angles: power battery recycling, green closed-loop supply
chain and its influencing factors, and theoretic models of power battery recycling.

2.1. Power Battery Recycling

While the production process and sales process of power batteries are similar to the
pattern of ordinary products, the reverse recycling of power batteries is very different from
ordinary products. Scholars employ various theories to explore power battery recycling
from different perspectives. In terms of the recycling process, there are two ways to
recycle used power batteries: step utilization and disassembly. After the used power
battery is recovered by the recycler, it will first go through residual power detection. When
the residual energy reaches the step utilization standard, the power battery could be
used in step utilization to play its residual value [8]. Some scholars have analyzed the
problems existing in the process of step utilization in our country and have put forward
some suggestions for achieving efficient cyclable power battery echelon utilization, such
as breaking through the technical bottleneck of step utilization, improving the standard
system, etc. [9,10]. The second situation is: if the used power battery fails to meet the
requirements of step utilization after detection, it must be professionally disassembled,
and the disassembled raw materials will be recycled [11]. At the current stage, the power
batteries mostly use ternary material batteries and lithium iron phosphate batteries. Ternary
material batteries provide better energy density compared to lithium iron phosphate
batteries, but the capacity of the ternary battery decreases rapidly after decommissioning,
and considering the safety factors, it is not suitable for step utilization. Considering that
there are too many participants in the step utilization, this paper chooses to discuss the
process of power battery disassembly and recycling.

Concerning the current state of power battery recycling, Li et al. [12] addressed the
state in China, proposing to speed up the construction of the recycling system. Jiao and
Evans [13] found that building a business model for power battery recycling could help
reduce production costs. Based on the extended producer responsibility (EPR) perspective,
Ma [14] discussed the interests of relevant subjects to the EPR and proposed more effective
suggestions for power battery recycling.

On the factors affecting recycling, according to some scholars, power battery recycling
can be influenced by recycling policies and incentives, such as subsidies [15,16]. Gov-
ernment subsidies can influence the price of recycling, which in turn provides a positive
incentive for recycling behavior [17]. The factors that affect enterprises’ participation in
power battery recycling are not only the relevant regulations, policies, and economic fac-
tors formulated by the government, but also the social responsibility of enterprises and
the environmental awareness of consumers [18]. Some scholars have conducted research
on consumer willingness to recycle and found that perceived behavior has the greatest
impact on consumer recycling behavior [19]. Wang and Li [20] introduced product quality
heterogeneity as a new variable in the game model of market recovery and analyzed how
the government would formulate the optimal plan to deal with discarded products when
multiple parties are involved in recycling.

In terms of the power battery recovery mode, some scholars use the game theory
approach to study the subjects of pure electric vehicle power battery recycling and be-
lieve that the government, enterprises, and consumers should collaborate to establish an
effective recycling system [21]. Tang et al. [22] conducted a comparative analysis of power
battery recycling models under the incentive and penalty mechanism, finding that total
social welfare was the highest among the recycling modes of manufacturers and retailers.
Zheng et al. [23] proposed cooperation with producers to establish a nationwide internet
recycling information platform. In addition, through the simulation analysis, it is found
that the recycling mode requires a large investment upfront, the recovery efficiency is low,
the middle stage is obvious, and the later stage presents steady and sustained growth. Lui
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and Ma [24] developed a model of power batteries and investigated the role of influencing
factors such as subsidy model and scale effect of recyclers.

2.2. Green Closed-Loop Supply Chain and Its Influencing Factors

Supply chain is a complex network that is based on collaborative and mutually ben-
eficial relationships between multiple agents, and any changes or actions taken by one
stakeholder can create a ripple reaction to the entire network [25]. Closed-loop supply chain
is a model that integrates forward supply chain activities with reverse logistics processes,
which is defined as a closed loop connected end to end, and the products produced are in
this closed loop from production to scrap recovery [26]. From production to recycling to
reuse, each stage will influence the others. All participants involved in power battery recy-
cling, including NEVMSs, PBMs, and PBRs, are considered key subjects in the closed-loop
supply chain.

The green closed-loop supply chain is a closed-loop supply chain that maximizes
environmental benefits by recovering and reusing waste resources [27,28]. Green closed-
loop supply chain aims to achieve both economic and environmental benefits, without
sacrificing one for the other. It seeks to find a balance between the two, achieving the best
possible outcomes for both. In the field of power batteries, the establishment of the green
closed-loop supply chain is to achieve a closed-loop from sales to recycling, especially the
proper disposal of used power batteries.

The recycling subjects can be divided into three modes: manufacturing enterprises,
sales enterprises, and recycling and dismantling enterprises according to the recycling
subjects [29]. Yao and Teng [30] studied the closed-loop supply chain that consisted of
manufacturers, retailers, and recyclers based on fairness concerns, and analyzed the impact
of competitive behavior of the two retailers. Some scholars also apply the system dynamics
model to study waste recycling patterns in the context of closed-loop supply chains [31].

Achieving an efficient and environmentally friendly green closed-loop supply chain
system is important. Like in the closed-loop supply chain, collaboration among multiple
enterprises in the green closed-loop supply chain can enhance the efficiency and benefits of
the supply chain [32,33]. Asymmetric information in the green closed-loop supply chain
will lead to the reduction of the manufacturer’s profits in the recycling process, while the
retailer’s profits will increase [34]. If the government can effectively coordinate the roles of
members by offering various incentive policies to those within the green closed-loop supply
chain, then both profits and output are likely to improve [35]. Zhang et al. [36] indicated
that the power battery recycling rate is the highest, and the total profits are highest when
the government imposes incentives and penalties on vehicle companies.

Scholars have also explored other influences in addition to the government. During
the battery recycling process, some scholars have found that technological innovation
can increase the recycling rate while enhancing the economic benefits of the circulation
system [35,37,38]. With the development of digital technology, scholars have found that
digital transformation can also catalyze collaboration in the green closed-loop supply
chain [39].

Digital transformation involves leveraging digital technologies to reconfigure business
models and enhance the overall user experience [40,41]. However, few scholars have inves-
tigated the combination of the green closed-loop supply chain and digital transformation.
Research on enterprise digital transformation has focused on several aspects of business
management, organizational structure, and production efficiency [42—44]. Whether digital
transformation can promote power battery recycling, thus forming a green closed-loop,
becomes a question worth exploring.

2.3. Theoretic Models of Power Battery Recycling

Evolutionary game focuses on the dynamic process of strategy selection within a
group, with a focus on understanding the evolutionary stability of equilibria [45].
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In the area of recycling, scholars have conducted in-depth discussions. Xu et al. [46]
studied the relationship between online and offline recycling enterprises of e-waste with
the help of an evolutionary game model. Wang et al. [47] studied the evolutionary stabil-
ity strategies in different stages of industrial development by building an evolutionary
game model, and proposed that the government should take the leading position in the
e-waste recycling industry. Li et al. [48] analyzed the strategy of each subject in the gov-
ernment regulation game of e-waste recycling governance by building an evolutionary
game model of manufacturers, recycling enterprises, and the government, and proposed
policy recommendations.

The research model of e-waste recycling provides references for power batteries.
Wang et al. [49] investigated the factors influencing the investment patterns of PBRs based
on the evolutionary game model. Zhang et al. [50] have verified the importance of gov-
ernment participation in power battery recycling based on the evolutionary game model,
proposing a typical mechanism for establishing urban revolving subsidies. Other scholars
discussed the EPR mechanism based on an evolutionary game model and proposed that
the dynamic rewards and penalties could positively promote power battery recycling [51].

Meanwhile, evolutionary game models have been applied to the construction of
green closed-loop supply chains. Huo et al. [52] explored the choice and equilibrium
degree of different manufacturing companies under different recycling decision conditions.
Zhang et al. [53] employed an evolutionary game model to explore the reversal mechanism
for the development of closed-loop supply chains to promote their development towards
being low carbon and green.

In conclusion, the process of power battery recycling is a multi-stakeholder dynamic
game process, involving multiple interests. The specific mechanism and influencing factors
remain to be explored. This research investigates how to promote green recycling of
power batteries and how the green closed-loop supply chain is formed. It analyzes how
digital transformation and other factors impact power battery recycling and makes targeted
strategic recommendations.

3. Evolutionary Game Model Building

Optimal collaboration in power battery recycling requires all subjects to possess
complete information transparency and be fully rational. However, in reality, it can be
difficult for agents to maintain these qualities in a complex market environment. Given that
the power battery recycling business is in its infant stage, the instability of cooperation and
uncertainty about the future development of the industry make the various subjects in the
green closed-loop supply chain have a certain degree of mistrust. Therefore, it is hard for
the game subjects to have complete information conditions and complete rationality [34].
Evolutionary game theory examines the dynamic evolution process of group selection
strategy, as it considers the bounded rationality and incomplete information transparency
of agents within the game [54]. Evolutionary game theory focuses more on the trend of
changing strategies compared to classical game theory [55].

As a result, to explore power battery recycling in the green closed-loop supply chain
research framework, choosing the evolutionary game model is the most feasible and
appropriate course of action.

3.1. Game Model Assumptions

The strategy choice of each subject of battery recycling can be seen as an evolutionary
game process. Therefore, this paper hypothesis three subjects: NEVMs, PBMs, and PBRs,
and we assume that all three subjects are bounded rationality, as shown in Figure 2.
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Figure 2. Power battery recycling process chart.

The model does not account for other players who may affect each side of the game.
The parameter assumptions of this paper are shown in Tables 1-3.

Table 1. Strategies for each subject.

Probability Implication Range
x Probability of NEVMs choosing green strategies [0,1]
1-—x Probability of NEVMs choosing non-green strategies [0,1]
Y Probability of PBMs choosing green strategies [0,1]
1-y Probability of PBMs choosing non-green strategies [0,1]
z Probability of PBRs choosing green strategies [0,1]
1-z Probability of PBRs choosing non-green strategies [0,1]

Table 2. Fundamental parameters of power battery recycling.

Parameters Implication Range
nq NEVMs’ digital transformation degree a1 >0
xp PBMs’ digital transformation degree ap >0
o3 PBRs’ digital transformation degree a3 >0
Eq The fundamental benefits of NEVMs T >0
Ey The fundamental benefits of PBMs 7 >0
E; The fundamental benefits of PBRs 3 >0
Cq The strategic risk cost of NEVMs C1>0
C The strategic risk cost of PBMs C >0
Cs The strategic risk cost of PBRs C3>0
Ky Cost of NEVMs assistance to PBMs Ky >0
K> Cost of NEVMs assistance to PBRs Ky, >0
K3 PBMs’ technology input K3 >0
Ky PBRs’ technology input Ky >0
G Additional benefits when all three subjects choose green G

. >0
strategies
61 Additional earnings distribution factor for NEVMs 0<6; <1
0> Additional earnings distribution factor for PBMs 0<6,<1
63 Additional earnings distribution factor for PBRs 0, i%zei 9§3 1:’ 1
Rq Benefits of collaboration between NEVMs and PBMs R >0
R, Benefits of collaboration between NEVMs and PBRs R, >0
R3 Benefits of collaboration between PBMs and PBRs Rz >0
w1 Gain factor when NEVMs and PBMs collaborate 0<w £1
wy Gain factor when NEVMs and PBRs collaborate 0<wy <1

w3 Gain factor when PBMs and PBRs collaborate 0<w3<1
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Table 3. Government rewards and penalties parameters.
Parameters Implication Range
51 Government rewards for NEVMs choosing green strategies 51>0
Sy Government rewards for PBMs choosing green strategies S, >0
S3 Government rewards for PBRs choosing green strategies S3>0
Py Government penalties for NEVMs choosing non-green strategies P >0
P, Government penalties for PBMs choosing non-green strategies P, >0
P Government penalties for PBRs choosing non-green strategies P; >0

(a) NEVMs

The NEVMs select either of two strategies: “green” or “non-green”. “green” indi-
cates that NEVMs actively participate in green power battery recycling and establish a
green recycling network. “non-green” means that NEVMs are not involved in power
battery recycling.

(b) PBMs

The PBMs select either of two strategies: “green” or “non-green”. “green” means
PBMs actively participate in green power battery recycling, actively cooperate with other
manufacturers, buy back raw materials from battery recycling companies that meet national
standards, etc. “non-green” means that PBMs are not involved in power battery recycling
and choose low-priced metal materials.

(c) DPBRs

v

The PBRs also select either of two strategies: “green” or “non-green”. “green” means
PBRs actively participate in green power battery recycling, strictly implement national
regulations and industry standards, and dismantle the used power batteries. “non-green”
means that PBRs dismantle power batteries in a non-environmentally friendly way to seek
higher profits.

Considering the reality of power battery recycling, we also make the following as-
sumptions:

(d) We posit that the level of digital transformation for NEVMs, PBMs, and PBRs are a7,
ap, and a3, and their fundamental benefits are Eq, E; and E3, respectively.

(e) Assume that the strategic risk cost of choosing green strategies for NEVMs, PBMs and
PBRs, respectively, are C1, C; and C3. When both NEVMs and PBMs choose the green
strategies, NEVMs pay assistance cost K; and PBMs pay technology cost K3. When
both NEVMs and PBRs choose the green strategies, NEVMs pay assistance cost Kp
and PBRs pay technology cost Kj.

(f)  When all three subjects choose green strategies, the supply chain generates additional
benefits G. The coefficients of benefits for each of the three are 61, ,, and 603, respec-
tively. When only two subjects choose the green strategies, we consider the synergistic
benefits generated Ry and the distribution coefficient wy, as shown in Table 2.

Government rewards and penalties can influence the decision-making process and
income of subjects [56]. Therefore, new parameters are introduced into the model, as shown
in Table 3. Government rewards for the subject who chooses green strategies are Sy, and
the government penalties for the subject who chooses non-green strategies are Py.

3.2. Strategy Combinations and Payment Matrix

Table 4 displays the resulting strategy combinations and payoff matrix based on the
aforementioned assumptions.
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Table 4. Tripartite strategy combination and payment matrix.

Strategies NEVMs PBMs PBRs
XY,z a1(E1+6,G)—C; — K1 — Ky + 51 ap(Ex +6,G) —Co — K3+ 53 a3(Ez+603G) —C3 — K4 + S3
x,yl—z a1 (E1 + Rywy) — C1 — K1 + 51 (B2 +Ri(1-wy)) —C— K3+ S, E3—DP;
a3(E3 + Ro(1 — w2)) — G5 —
,1—vy, E R —C;—K S E, — P
x v,z w1 (Eq1 + Rown) 1 2+51 2— P Ky+Ss
x1-yl-z EE-CG+5 E;—P E3—DP5
a3(E3 + R3(1 — ws3)) — C3 —
1—x,y, E,—P E R —C,—K S
XY,z 1— P a2(Ez + Raws) — Co — K3 + 52 K, + 53
1-xy1-2z Ei—P E,—Co+ 5, Ez—P3
1-x,1-y,z E1—P; E,— P, E3—C3+ 53
l—x,l—y,l—z El—Pl E2—P2 E3—P3

3.3. Replicator Dynamics Equations

According to the above results, the replication dynamic equations are established [57].
The expected benefits of NEVMs’ choosing green strategies Uj; and the expected benefits
when they choose non-green strategies are obtained from Uj,. The average expected return
is Uy (U = Uypx + Upp(1 — x)).
This leads to the replication dynamic equation for the NEVMs to choose green strate-
gies as:
F(x) =x(Ujy —Uy) = x(1 —x)(P; — C1 + S1 — Eyy — E1z — Kjy — Koz + Eyqy + Eyqz
+E1yz + Rywia1y + Rowpaqz — Eyaqyz + GTlagyz — Rywiaqyz — Rowoaqyz)
=x(1—x)(Py —Cy +S1+ (—Ey — Ky + Eya1 + Rywiag)y + (—E; — Ky + E1a1 + Rywoag)z
+(E1 — Ejaqyz + GT1lay — Rywiag — szzal)yz)

)

Similarly, the expected benefits of PBMs’ choosing green strategies Uy; and the ex-
pected benefits when they choose non-green strategies are obtained from Uy,. The average
expected return is Up(Up = Upy + U (1 —y)). The replication dynamics equation for
PBMs choosing green strategies is:

F(y) = y(u21 - LTZ) =y(1—y)(P, — Cy + Sy — Epx — Exz — Kzx — K3z + Exapx + Epanz
+Ryarx + Exxz + K3xz — Ryapxz — Riwiasx 4+ Rywsapz — Eparxz + GOrarxz + Riwiaoxz  (2)
—R3w3zapxz)

The expected benefits of PBRs’ choosing green strategies Us3; and the expected benefits,
when they choose non-green strategies, are obtained from Us,. The average expected return
is U3(Us = Uz1z + Uz (1 — 2)). The replication dynamics equation for PBRs choosing green
strategies is:

F(z) =z(U3 — U3) = z(1 —z) = (P3 — C3 + S3 — E3x — Egy — Kyx — Kgy + Ezazx + Ezazy
+Roazx + Raasy + Ezxy + Kgxy — Roasxy — Raazxy — Rowpazx — Rzwsagy — Ezazxy 3)
+GO3a3xy + Rywrazxy + Rywsazxy)

3.4. Tripartite Stability Analysis

According to Lyapunov’s indirect methodology [58,59], to further analyze the system
stability, we introduce the Jacobi matrix of the evolutionary game.

oF(x) oF(x) JF(x)
ox oy 0z

dF(y) 9JF(y) JF(y)

ox oy 0z
0F(z) 0F(z) 0F(z)
ox ay 0z

] =

4)

As the game process evolves, based on the principle of stability of differential equa-
tions, the dynamic system tends to a stable state when the replicated dynamic equations of
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the three parties are equal to zero [60]. Combining Equations (1)-(3), let
F(x) = F(y) = F(z) = 0, eight equilibrium points can be obtained: E;(0,0,0), E»(1,0,0),
E3(0,1,0), E4(0,0,1), E5(1,1,0), E¢(1,0,1), Ez(0,1,1), Eg(1,1,1). Weibull demonstrated
that the ESS for evolutionary games involving multiple populations (two or more) must
be a pure strategic equilibrium and a strict Nash equilibrium [61]. As mixed strategic
equilibrium cannot satisfy the requirements of strict Nash equilibrium, only pure strategic
equilibrium points are selected for further discussion in this study. Then, the pure strategic
equilibrium points E;~Eg are incorporated into Formula (4). The results are listed in Table 5
after solving for the Jacobian matrix eigenvalues.

Table 5. Equilibrium points (x, y, z) and eigenvalues A;.

Equilibrium Eigenvalues
Points M A2 As
El(0,0,0) Pp—-Ci+5 P,—Cy+ 5, P;—C3+ S3
E>(1,0,0) Ci—P -5 Py = Co+ S+ Ex(az — 1) P3 —C3+ 53— (1—a3)E;
—K3 + Roap(1 — wy) —Kyg + a3Ry(1 — wy)
E5(0,1,0) Pp—Ci+S1—(1—-a1)E Cy—Py—S, Py —C3+S3 — (1 —a3)E;
—Ki + aq1Rqwq —Ky4 + a3R3(1 — ws)
E4(0,0,1) P —Ci 45— (1-m)E P, —Cy+ S+ Ex(ap — 1) C3—Py—S;
—Ki +a1Rpwo —K3 4+ R3znpws
E5(1,1,0) G -P—=S1+(1-m)E Co— P — S+ Exy(1—ap) Py —C3+S3—(1—a3)E3
+Ki —a1Rjwy +K3 4+ Riap(wy — 1) —Ky + a303G
E6(1/0/1) Cl—P1—51+(1—061)E1 Pz—C2+Sz+E2(062—1) C3—P3—S3+(1—1X3)E3
+Ky — a1 Rrwp —K3 4+ a20,G +Ky4 + azwrRy
E7(0,1,1) Pp=Ci+S5—(1—ay)Ey Co— Py — Sy +Ex(1—ap) C3—Ps—S3+ (1—a3)Es
—K; — Ky +a10:G +K3 — Rzapws +Kyg — a3R3(1 — w3)
Eg(1,1,1) Ci—P =S+ (1-a)Ey Co— P — Sy + Ex(1—ap) C3—P3—S3+ (1 —a3)E;3
+Ky + Ky —a160,G +K3 — 000G +Ky4 — 303G

According to the judgment criteria of the equilibrium point in Lyapunov’s rule, [58,59],
combined with the results in Table 5, all eight equilibrium points may be ESS, but in
reality, we hope to evolve toward points Eg(1,1,1). Therefore, the more the level of
digital transformation of the subjects, the higher the government rewards, and the more
severe the government penalties, the more conducive circumstances will be to power
battery recycling.

4. Simulation and Analysis

The influence of various parameters on multi-party strategy selection needs to be
reflected more directly. To illustrate the influence trend more intuitively between variables,
we use Matlab2016b to conduct numerical simulations and set the variable parameters as
reasonably as possible.

According to the way some scholars set their values [62,63] and research, simulation
values are shown in Table 6:

Table 6. Simulation values.

Parameters Initial Value Parameters Initial Value Parameters Initial Value
o 1.2 K, 0.5 w1 0.6
a 1 K; 0.55 wy 0.5
o3 1 K4 0.45 w3 0.4
Eq 0.45 G 1.82 S1 0.6

E, 0.26 6 0.5 S 0.3
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Table 6. Cont.

Parameters Initial Value Parameters Initial Value Parameters Initial Value

Es 03 0, 0.2 S 0.7
C 1.45 05 0.3 P 0.5
G, 0.5 Ry 0.37 P, 0.7
Cs 1.8 Ry 0.35 P 0.8
K 0.4 Rs 0.71 - -

4.1. Initial Evolutionary Paths Analysis

The parameters were set based on the initial conditions listed in Table 6. As a result,
the system ultimately evolved to the (0, 1,0) steady state.
Figure 3 illustrates the initial evolutionary path.

0.8
0.6
0.4

0.2

Figure 3. Initial evolution paths. Different color.

Through the preliminary evolution path, we find that the numerical simulation results
are consistent with the theoretical analysis. Secondly, the rate at which the three subjects
converge decreases as their initial willingness to participate increases. Thirdly, the initial
value change does not change the stability inequality of E3. Upon observation, it was found
that regardless of the initial values, the system always evolved towards (0, 1,0). Therefore,
the stable state of evolution remains unchanged with changes in the initial values. This state
can be explained by the fact that the current conditions make it challenging to achieve green
recycling. The proper disposal of used power batteries poses is a major challenge. NEVMs
and PBRs are more incentivized to prioritize the development of a green closed-loop supply
chain, as the cost of their operations has increased. This has raised their awareness and
willingness to pay more for power battery recycling.

4.2. Sensitivity Analysis

(1) Sensitivity analysis of digital transformation degree

The simulation of a is performed first. It is assumed that the average digital transfor-
mation of each agent is 1 and the probability of participating is 0.5.

Based on the information provided in Figure 4a, the decision-making of NEVMs
and PBRs is sensitive to a. Power battery makers’ decisions are less sensitive to a. From
Figure 4b,d, we can see that the decision-making of NEVMs is more sensitive to a« than that
of PBRs.



Sustainability 2023, 15, 10425

110f18

=3 a‘=1.2.02=1 O,a3=1v0
a,=14,a,=1.2,a,=1.2

—o a,=16,a,=1.4,a,=14

1

—%—0a,=1.2,0,51.0,a,=1.0
a‘=1 4.\12=1 2,03=1.2

0.8 —o—a,=16,0,=14,0,;=14 | -

061 &

0.4

0.2

(c)Sensitivity analysis of y.

Figure 4. Sensitivity analysis of «.

) o ?%:ee%eeeeeeeeee

08

—5—a,=12,0,1.0.a,=1.0
ﬂ1=1 4,02=1 2,03:1 2 1

0.6

—o—a,=16a,=14,a,=14

04 =
.

0.2

%

-,
. . . .Qgﬂt‘fv'*?ﬁsf e
o 2 4 6 8 10 12 14 16 18 20
t

(b)Sensitivity analysis of x.

——a,=1.2,0,=1.0,a,=1.0
0‘21.4‘az=| 2,03=1 2
08 —o—a,=16,0,=14,a,=14| 4

06

02f \
g3
LT
LR esss s

0 2 4 6 8 10 12 14 16 18 20
t

(d)Sensitivity analysis of z.

The increased level of digital transformation has changed the direction of NEVMs and
PBRs strategy choices while increasing the rate of convergence of gaming strategies to (green,
green, green), which is a result we would like to see. One plausible explanation for the above
state is that the higher the degree of digital transformation, the lower the expected cost of the
subject’s participation, and thus the expected return of the participation is relatively high [64].
In this process, the digital transformation achievements of NEVMs, such as the establishment
of cloud cooperation platforms, will promote the participation of all subjects.

(2) Sensitivity analysis of additional benefits.

This section analyzes the impact of the additional benefits (E, Ry) of power battery

recycling.

As seen in Figure 5, the additional benefits promote the convergence of subjects’ choices
towards “choosing green strategies”. The higher the added benefit, the faster the convergence.
In this case, NEVMs, PBMs, and PBRs converge quickly to (green, green, green).

% G=12R =0.37,R,=0.35R,=0.71

G=3R =06R,=06R =14
1 I —o G=45R =09R,=09R,=3

(a)Three-dimensional sensitivity analysis.
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Based on G = 3, Ry = 0.6, Ry = 0.6, R3 = 1.4, we vary the digitization level and get:

After we change the additional benefits, from Figure 6, digital transformation still
contributes significantly to the convergence of NEVMs and PBRs. Therefore, we argue that
green collaboration among subjects in power battery recycling facilitates the enhancement
of additional benefits and thus influences the choice of subject strategies [64,65].
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Figure 6. Further sensitivity analysis of .

Overall, the additional benefits can drive the choice of green strategies by the subjects.
In this process, digital transformation plays a positive moderating role.

(3) Sensitivity analysis of government rewards and penalties.

Even though we know that government rewards and penalties can have some effect,
it is still a question that needs to be explored as to which specific subjects receive rewards
and penalties. The results of the simulation are as follows:

As can be seen from Figure 7a, NEVMs and PBRs are sensitive to government rewards.
Government rewards for NEVMs or PBRs makers could give a positive boost. As shown in
Figure 7c, for PBMs, the effect of government rewards is not as great as the other two agents.
Therefore, subsidizing PBMs to promote power battery recycling has limited effectiveness.
Figure 8 illustrates that government penalties also have a significant effect on the decisions
of NEVMs and PBRs. Government penalties could facilitate the evolution of NEVMs and
PBRs toward choosing green strategies. Therefore, whether the government rewards or
penalizes, both NEVMs, and PBRs, especially NEVMs, are the objects that the government
or regulatory agencies should consider.
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(4) Other Parameters Simulation

If PBRs want to disassemble batteries more efficiently and completely, they need to
invest more funds into the research and development of equipment and disassembling
technology. From Figure 9, we find that when the cost of technology upgrades for recycling
and dismantling enterprises is continuously reduced, the power battery recycling enter-
prises will switch from non-green strategies to green strategies. High technical input costs
will make enterprises hesitant to participate in power battery recycling. Similarly, we can
simulate any parameter, and the results are consistent with the theory. However, due to
space limitations, we will not repeat the details.

—= K,=045
k,=0.25,

Figure 9. Sensitivity analysis of K.

5. Conclusions and Implications
5.1. Conclusions

Based on the incomplete information and limited rationality of each subject, this
study explores the power battery recycling problem. Distinguished from other studies
that consider the government or consumers as important recycling subjects [17-19,50], this
study establishes an evolutionary model, which involves three subjects: NEVMs, PBMs,
and PBRs, aiming to explore the formation of the green closed-loop supply chain for power
batteries. Next, based on the stability analysis, we conducted simulation analyses by using
Matlab2016b software to investigate the effects of digital transformation, additional benefits,
and government rewards and penalties on the strategy choice of the three subjects. The
influence mechanism and evolutionary trajectory of the three subjects were deduced and
solved. The key conclusions of this study are:

Firstly, with the assumption that all subjects in the game are finitely rational, all
subjects are aiming at maximizing their interests. The final result is that neither NEVMs
nor PMRs will adopt green recycling strategies. As can be seen, in power battery recycling
that lacks sufficient incentives and constraints, most enterprises tend to adopt non-green
strategies, and the final result will inevitably lead to the inability to form a green closed-loop
supply chain, which seriously affects the sustainability of the environment and resources.

Secondly, the digital transformation of each subject can potentially enlarge the effect
of benefits on decision-making, which provides a new research direction for power battery
recycling. As the level of digitization of the subject increases, the convergence of the
subject’s decision toward “choosing green strategies” accelerates. At the same time, the
increase in additional benefits can drive the evolution of the subject’s behavior in the
direction of “green”, and digital transformation can amplify this effect, which can lead to
an eco-friendlier green closed-loop supply chain.

Finally, government rewards and penalties can influence the strategic decisions made
by power battery recycling subjects. With the strengthening of government rewards
and penalties, the strategy of some subjects in the reverse supply chain has shifted from
“non-green” to “green”, which has greatly promoted the formation of a green closed-loop
supply chain. The NEVMs are the most sensitive to changes in government rewards
and penalties and should be the main target of government subsidies and regulation.
Meanwhile, technology input cost is also an important factor. Due to the consideration
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of investment risk and return rate, the high cost will make it difficult for PBRs to choose
green strategies.

5.2. Implications

The results and conclusions from this paper led to several proposed management
implications.

Firstly, power battery recycling is a key part of the green closed-loop supply chain.
The profits of new energy vehicles are mainly concentrated on the sales process, resulting
in people’s attention being on top of production and sales. To promote the formation of the
green closed-loop supply chain, we should pay more attention to power battery recycling to
achieve the closed-loop from production to sales, to recycling and reproduction. Strategies
such as battery coding and responsibility tracing can be adopted in the industry to clarify
the main responsibility of power battery recycling. Power battery buyback contracts can
also be signed with consumers in the sales process to ensure that used power batteries are
properly disposed of.

Secondly, the corporate profits of all subjects involved in the green closed-loop supply
chain, especially the whole life cycle profits, must be protected to promote more companies
to choose green strategies in the battery recycling process. Meanwhile, as digital trans-
formation can amplify the benefit-driven effect, NEVMs, PBMs, and PBRs need to seize
the opportunities brought by digitalization, accelerate transformation efforts, strengthen
cooperation, enhance corporate efficiency, and promote harmonious economic and environ-
mental development. In addition, the government should provide technical support and
professional advice on green technologies for PBRs to reduce the cost and risk of choosing
green strategies for enterprises.

Thirdly, one way for government and regulatory agencies to incentivize power battery
recycling is to build a system of reasonable rewards and penalties. NEVMs and PBRs
should be the main targets of government policies. Reward and penalty policies that are
set too high or too low can be detrimental to the achievement of effective green power
battery recycling. When rewards and penalties policies are too high, they may create
unintended consequences such as corruption and cheating to meet the targets. On the
other hand, when rewards and penalties policies are too low, they may fail to generate
enough incentive for companies to make the necessary investments in green power battery
recycling technologies and infrastructure. As such, government or regulatory agencies
must devise appropriate guidelines to ensure that rewards and penalties are reasonable
and effective in encouraging sustainable recycling practices. For example, government
or regulatory agencies could provide support for companies’ technological innovation.
Meanwhile, the government can offer subsidies based on the subjects” performance in
meeting specific recycling targets, such as the percentage of batteries recycled [66].

Finally, the NEVMs are strong promoters of power battery recycling, in line with the
“Measure’s requirements”. NEVMs are at the forefront of digital transformation and should
take on greater responsibilities in this area. They must be proactive in their efforts toward
driving power battery recycling. Given their role as creators of the allocation mechanism
and primary beneficiaries of collaboration in the green closed-loop supply chain, NEVMs
should play a leading role in developing recycling systems and promoting power battery
recycling. In this process, government policies and financial support will also play an
important role. Therefore, they should take more action, and the government should give
them more support and policy help at this time.

5.3. Limitations

We acknowledge that basic model assumptions have some significant limitations,
which could open up new research directions in the future. This paper only focuses on
analyzing NEVMs, PBMs, and PBRs as subjects in the context of power battery recycling.
There are many other subjects that we did not add to our model. Secondly, this paper is
analyzed under the framework of a static game, but in reality, power battery recycling
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is a lengthy and repetitive game process. Finally, the test of the model is not combined
with data from real companies. Therefore, future research could focus on the following
three areas: first, the inclusion of other subjects, such as consumers, when constructing the
evolutionary game model; second, an analysis of strategy selection of players in long-term
repeated games under incomplete information; and third, the combination of theoretical
findings and empirical research to test the replicability of our results.
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