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recycling strategy considering
carbon emotion from a closed-loop
supply chain perspective

Rong Guo?, Yongjun He?*, Xianjun Tian? & Yixin Li?

The negative impact of used batteries of new energy vehicles on the environment has attracted global
attention, and how to effectively deal with used batteries of new energy vehicles has become a hot
issue. This paper combines the rank-dependent expected utility with the evolutionary game theory,
constructs an evolutionary game model based on the interaction mechanism between decision
makers’ emotions and decision making, and studies the recycling strategy of new energy automobile
trams under the heterogeneous combination of emotions. The study shows that: (1) In addition to
the establishment of effective external norms, the subjective preference of decision makers can also
positively affect the recycling strategy of new energy vehicle batteries. (2) Fairness preferences can
have a significant nonlinear effect on new energy vehicle battery recycling strategies by changing
the utility function of decision makers. (3) When new energy vehicle manufacturers remain optimistic
and new energy vehicle demanders remain rational or pessimistic, the new energy vehicle battery
recycling strategy can reach the optimal steady state.

The transition from traditional energy to clean energy is the way to cope with the severe carbon emission reduc-
tion situation and achieve sustainable development. As a representative clean choice, new energy vehicles are
gradually replacing the use of fuel vehicles due to the advantages of less pollution and high energy efficiency'->.
Driven by environmental requirements and encouraging policies, the new energy vehicle industry has made
great progress in the past decade, especially in China*®.

According to statistics released by the International Energy Agency, the global inventory of new energy
vehicles has grown significantly from 14.97 million units in 2010 to 7.16783 million units in 2019, with a com-
pound annual growth rate of 116.28%. In China, the cumulative inventory of new energy vehicles is 2,306,300
units, accounting for 45% of the global inventory. In addition, the production and sales volume of new energy
vehicles increased significantly from 17.53 to 17.64 million units in 2013 to 12.42 and 12.06 million units in
2019, with a CAGR of 103.41 and 102.21%, respectively. At the same time, the penetration rate of new energy
vehicle production and sales (the ratio of new energy vehicle production and sales to total vehicles) increased
from 0.08% and 0.10% in 2013 to 4.83% and 4.68% in 2019, with compound annual growth rates of 98.07 and
89.83%, respectively. Power battery is the core component of new energy electric vehicles, and its average life is
about 8 years®’, which means that new energy electric vehicles, which have been produced on a large scale since
2014 and have exploded in growth, will usher in the "end-of-life wave" of power batteries in recent years®, and
the domestic power battery retirement volume is expected to reach 708,000 in 2030°. In this context, power bat-
tery recycling recovery has become an important part of the sustainable development of the new energy vehicle
industry®. The recycling of used power batteries is not only related to the response to the waste crisis, sustainable
use of resources and environmental protection'>', but also the key to effectively alleviate the challenges of scarce
resources such as nickel, lithium, cobalt and manganese under the trend of cobalt-rich nickel!®14,

New energy battery recycling is a complex system engineering involving multiple participating subjects and
multiple key links. Evolutionary game theory provides a systematic and effective research framework for studying
new energy battery recycling due to its ability to portray the dynamic process of adaptive adjustment of deci-
sion makers’ strategies over time!®. Wei et al.!® constructed a three-party evolutionary game model under finite
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rationality conditions to analyze the governance strategies of end-of-life electric vehicle battery recycling, and
found that in the early stage of battery recycling, penalty Zhang et al.'” modeled three parties including govern-
ment, manufacturing and consumers based on an evolutionary game model in order to solve the difficulties in the
reuse process of used batteries, and studied the problem of used battery resourcing under the subsidy reduction
scenario. he et al.'® explored the supply-side perspective based on game theory, and explored the EPR mechanism
of power battery recycling, and the study found that dynamic reward and punishment mechanism can make
consumers and nearly 97% of new energy vehicle manufacturers participate in the environmental protection of
power battery recycling. Guo et al.'* conducted a game analysis of power battery recycling in China based on the
context of the contradiction between supply and demand of key metals, and found that the cost of cooperation
will be a key factor affecting power battery recycling. In general, academic research results on new energy battery
recycling are fruitful, but there are still studies that are worth further exploration. Many scholars have shown
that decision makers have different emotional attitudes due to the differences in values and interests of decision
makers?, and the information processing, decision making and behavior of decision makers are largely influ-
enced and guided by emotions and emotions*, and the emotions of decision makers will then have a significant
impact on the system operation. Traditional game analysis methods cannot effectively explain the influence of
heterogeneous emotions of decision makers on behavior evolution due to their own limitations, which in turn
makes the scientific and rigorous interpretation of game results urgent to be improved.

In terms of the influence of emotions on low-carbon behavior, human emotional responses to global carbon
emissions, carbon emission reductions, and information in the field of climate change can potentially influence
their low-carbon behavior??. Domestic and international scholars have begun to explore how micro-subjects’
emotional responses to carbon emissions and climate change (referred to as carbon emotions in this paper) affect
their carbon reduction behaviors from the perspective of behavioral economics. The results show that carbon
sentiment determines the low-carbon behavior of government, enterprises and citizens by influencing people’s
psychological distance to carbon emissions®. As finite rational individuals®, the strategy choice of each partici-
pant in the new energy battery recycling process is not always theoretically optimal, and the new energy battery
recycling strategy is also influenced by the carbon sentiment of manufacturers, retailers, and other participants.
Therefore, it is necessary to consider the carbon sentiment of each participant in the new energy battery recycling
process into the new energy battery recycling game model.

Rank Dependent Expected Utility (RDEU) theory takes into account the influence of participants’ emotions
on decision-making behavior and incorporates subjective emotional indicators into the modeling process, which
makes up for the deficiency of traditional game theory that does not take enough account of realistic emotions®.
Regarding this theoretical approach, existing studies have focused on wastewater treatment?, energy structure
transformation?’, manufacturing resource sharing®, and trade conflicts®’, but there is limited research on how
emotional factors affect new energy battery recycling.

The above discussion shows that the recycling of used batteries for new energy vehicles is significant, and it
is crucial to discuss the recycling decisions and synergistic decisions of new energy vehicle manufacturers and
retailers. In this paper, we are interested in how new energy vehicle manufacturers and retailers should make
decisions to maximize their own benefits while taking into account the environmental benefits. In particular,
this paper focuses on the following research questions:

(1)  Under what circumstances is recycling batteries an optimal strategy for new energy vehicle manufacturers?

(2) Under what circumstances will new energy vehicle retailers choose to participate in the collaborative
recycling of used batteries?

(3)  Under limited rationality, under what circumstances is the effect of carbon sentiment on new energy battery
recycling strategies facilitative? Under what circumstances is it inhibiting?

(4) How can policy designers design incentives to influence the battery recycling strategies of new energy
vehicle manufacturers and retailers based on designing incentives?

In order to answer these questions, this paper constructs a two-party game model based on a closed-loop
supply chain perspective, analyzes the behavioral decisions of manufacturers and retailers in the process of new
energy battery recycling, explores the key parameters affecting new energy battery recycling, and then provides
practical guidance for new energy battery recycling.

Game model construction

Theoretical basis

Evolutionary game theory

Classical game theory has been questioned by academics about the credibility of its results due to its own limita-
tions such as the difficulty of solving Nash equilibrium, the irrationality of the assumption of complete rationality
of decision makers, and the inability to solve dynamic multiple game equilibrium®. By drawing on biological
evolution and its behavioral laws, Maynard proposed the idea of evolutionary games on the basis of classical
game theory in 1973%, and in the subsequent research, in order to enhance the dynamics of evolutionary game
theory so as to make it more relevant to the actual situation, Taylor proposed the replicator dynamics in 1978%.
Nowadays, due to its applicability in portraying the pattern of change in decision makers’ behavior in multi-
period and long-stage processes, evolutionary game theory has been widely used in many fields such as supply
chain management™, security management®, energy conservation and emission reduction®, PPP project®®, and
cooperative innovation¥, etc., and a lot of research results have been achieved.
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Rank-dependent expected utility theory

Rank-dependent expected utility (RDEU) theory, first proposed by Quiggin®, is a utility theory that takes into

account the psychological preferences and emotions of decision makers. Under the conditions of decision uncer-

tainty as well as high randomness, a real-valued function C defined by a utility function U(x) and a decision

weight function 7 (x;) is used to represent the degree of decision makers’ preferences for different decisions, i.e.,
n

Vi, u,m) = > n(x)U(x),i = 1,2,3,...,n

i=1

For the set of strategies X = {x;; i = 1,2,...n}, P = {X = xi} = p;. Assuming that strategy x; is ranked accord-
ing to the size of utility function U (x) and specifying x; > x > --- > Xy, the utility rank of strategy x; is defined as
RP;. The probability distribution function of the strategy is therefore RP; = P(X < x;) = Y »., pixi = 1,2,...n.
Therefore, the larger the utility of the strategy, the larger its cumulative probability, and accordingly the greater
the weight of the utility of the strategy in the decision.

The expression of the decision weight function is 7 (x)=w(p; + 1 — RP;) — w(1 — RP;). Where w(0) is a
sentiment function and w (OJ) is a monotonically increasing function that satisfies w (0)=0, w (1)=1.

The function w([J) can be used to amplify or reduce the probability of X < x.

There are three scenarios as follows:

(1) whenw(p) < p, w(0d)is a concave function and w () will reduce the likelihood of X < x, indicating the
pessimism of the participant;

(2) Whenw(p) > p, w(0)is a convex function and w () will magnify the likelihood of X < x, indicating the
optimism of the participant;

(3) When w(p)=p, the likelihood of X < x is neither enlarged nor reduced, indicating the rationality of the
participants.

RDEU theory treats decision weights in a nonlinear way, extending the expected utility theory in traditional
game theory. This approach can better portray the influence of uncertainty in the decision-making environment
and the limited rationality characteristics of the decision maker on the behavioral evolution, and to a certain
extent, make up for the research gap of traditional game theory in the emotional dimension.

Model construction
The specific parameters of the evolutionary game model of new energy battery recycling are set as shown in
Table 1:

key assumptions
In order to better construct the three-party evolutionary game model, the key assumptions of this paper are
shown below:

Parameter | Meaning

x Probability of aggressive battery recycling strategies by new energy vehicle manufacturers
y Possibility of new energy vehicle retailers choosing Active synergy
Cy Cost for new energy vehicle manufacturers to adopt an aggressive battery recycling strategy
Cy Cost of active synergy for new energy vehicle retailers

L, Base benefit for new energy vehicle manufacturers

Ly Base benefit for new energy vehicle retailers

K, Altruistic preferences of new energy vehicle manufacturers

Ky Altruistic preferences of new energy vehicle retailers

H, Marginal gain from battery recycling

H, "Pass-through" benefits due to spillover effects

D Peer incentives

F Peer penalties

M Positive consumer feedback

N Negative consumer feedback

L Quality risk

v Risk Factor

© Risk transmission coefficient

q Probability of risk occurrence

r Emotional intensity of new energy vehicle manufacturers

[0} Emotional intensity of new energy vehicle retailers

Table 1. Parameter symbols and their meanings.
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Key assumption 1

Consider a secondary new energy vehicle closed-loop supply chain consisting of a single new energy vehicle
manufacturer and a single new energy vehicle retailer. The new energy vehicle manufacturer produces new energy
vehicles and processes the recycled used batteries to obtain remanufactured batteries, after which the remanu-
factured batteries are used to produce new energy vehicles and wholesale the entire vehicle to the new energy
vehicle retailer, which eventually sells it to consumers. The strategy choice of new energy vehicle manufacturers
can be divided into (positive battery recycling, negative battery recycling). The strategy choice of new energy
vehicle retailers can be divided into (positive synergy, negative synergy). Each subject continuously adjusts its
own strategy in the game process, until the strategy evolution reaches the equilibrium state.

Key assumption 2

In the process of new energy vehicle battery recycling, each participant will show irrational state and carbon
sentiment will influence the battery recycling decisions of new energy vehicle manufacturers and new energy
vehicle retailers. The carbon sentiment intensity of new energy vehicle manufacturers and new energy vehicle
retailers is represented by r; and 5, respectively. According to the RDEU theory, under the influence of emotion,
the subjective probability function becomes w (p)=p", and p(0 < p < 1) represents the objective probability of
decision occurrence. When r; = 1, the subjective probability value is the same as the objective probability value,
the game subject does not have emotion and is in rational state; when r; < 1, the subjective probability value
is higher than the objective probability value, the game subject overestimates the choice probability and shows
optimism; when 7; > 1, the subjective probability value is lower than the objective probability value, the game
subject underestimates the choice probability and shows pessimism.

Key assumption 3

The production and sale of the product will generate the base revenue, with L, and Lj, denoting the base revenue
of the new energy vehicle manufacturer and the new energy vehicle retailer, respectively. The positive battery
recycling cost of the new energy vehicle manufacturer is Cy and the positive synergy cost of the new energy vehi-
cle retailer is C,. K, and K}, denote the altruistic preferences of the new energy vehicle manufacturer and the new
energy vehicle retailer, respectively. d denotes the marginal benefit of battery recycling, and for the convenience
of calculation, it is assumed that the new energy vehicle manufacturer and the new energy vehicle retailer do
not incur costs when they adopt negative strategies. In the process of new energy battery recycling, there is the
phenomenon of “free-rider” due to the spillover effect, and the “free-rider” benefit due to the spillover effect is
denoted by Hp. In order to better motivate new energy vehicle manufacturers and new energy vehicle retailers
to actively participate in battery recycling, all node enterprises in the closed-loop supply chain will contribute to
a peer incentive fund pool to motivate new energy vehicle manufacturers and new energy vehicle retailers with
positive battery recycling, and the incentive amount will be D. At the same time, new energy vehicle manufactur-
ers with negative battery recycling and new energy vehicle retailers with negative collaboration will be punished.
The penalty amount is F. D and F are fixed values.

Key assumption 4

Consumers, as end users of new energy vehicle products, are also affected by the decisions of new energy vehicle
manufacturers and new energy vehicle retailers. Retired power batteries generally have 70-80% of their initial
capacity and still have great economic value. It is assumed that when new energy vehicle manufacturers actively
recycle batteries and new energy vehicle retailers actively cooperate, the quality of the remanufactured vehicles
produced will be the same as that of new energy vehicles, and consumers will have a better consumption experi-
ence, which in turn will generate positive feedback to new energy vehicle manufacturers and new energy vehicle
retailers, and the positive feedback utility of consumers is represented by M. Conversely, quality risk will occur
with a probability of g, denoted by 1 as the risk factor. According to the risk sharing principle, when one party
chooses positive behavior and the other party chooses negative behavior, the quality risk L will be transferred
from one party to the other party according to the risk transfer coefficient . In this case, consumers will have
the negative feedback to the new energy vehicle manufacturers and new energy vehicle retailers because of the
negative "spillover" and get a poorer consumption experience. The negative feedback utility of consumers is
represented by N.

Revenue matrix
Based on the above discussion, the evolutionary game payment matrix of new energy vehicle battery recycling
is shown in Table 2.

Game analysis
Based on the above model assumptions and RDEU theory, the hierarchy-dependent expected utility models
of new energy vehicle manufacturers and new energy vehicle retailers with different strategies are constructed.

Strategy stability analysis of new energy vehicle manufacturers
For the new energy vehicle manufacturer, the utility ranking corresponding to its four strategy choices, based
on the relationship between the parameters of costs, benefits, incentives, and penalties, is:
L,—C+KHy+D+M+KyHy >L, —C+K;H, +D+ M —ylg
>L,+KyHy—F—N—9¢ylqg>L,—F—-N—1Iq
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New energy vehicle retailers

Participating parties Positive synergy y Negative synergyl — y

New energy vehicle manufacturers

Positive battery recycling Ly —C+KHy +D+M+KyHy, |Lo—Cy +KsHo +D+M—ylg
x Ly —Cy+ KpHa + D+ M +KHy | Ly —F — N+ K.Hp — ¢yrLq
Negative battery recycling L, +KyH, —F—N — ¢yLgq L,—F—-N-1Lg

1—x Ly—Cy+KyH, +D+M—yLlqg |L,—F—-N—1ILq

Table 2. Revenue Matrix.

The utility, probability, rank and decision weights corresponding to each strategy of the new energy vehicle
manufacturer are shown in Table 3.
The expected benefit of “positive battery recycling” for new energy vehicle manufacturers is:
Uiy = [La — Cy + KaHa + D + M + KpHply™ + [La — Cx + KaHa + D + M — Y Lgl(1 — y™)

=L,—C+KH,+D+M —(1 —yrz)lﬁLq-f—Kbeyrz M

The expected benefit of choosing “negative battery recycling” for new energy vehicle manufacturers is:

Uzx = (Lo + KpHy — F = N — o Lg)y™ + (Lg — F = N — Lg)(1 — y")

=L — F =N+ KyHpy? — (1 +o¥y™ — y?)iq @

The average expected benefit of the strategy choice for new energy vehicle manufacturers is:
ﬁx =L, —C+K;H; +D+ M+ Kbe)wA(x)’) + Ly —Cx+K;Hy +D+ M — I/fL‘])[CUA(x) - CUA(X)/)]
+ @La + KpHp —F = N — oY Lg)wa(x +y — xy) —wa(0)] + (Lg = F = N — Lg)[1 — wa(x +y — xy)]
= (KpHp+y¥Lg)(xy)"" + (—Cx + KyH, + D+ M — yLqg — KyHp + F + N + ¢ Lg)x"
+ (KpHy — o Lg+ Lg)(x+y —x))" + L, —F - N —Lq
©)
The replicated dynamic equation for the new energy vehicle manufacturer is
F(x) = dx/dt =x""(Ujy — Uy) = x"[F+ N +Lg— Cy + K.H, + D+ M
— (1= y")YLg+KpHpy"™ — (KpHp+¥Lg) (xp)" — (—=Cx + KoHa + D (4)
+M—yLg—KyHy + F+ N+ ¢oyLgx" — (KyHy — o9 Lq + Lg)(x +y — xp)" ]

From Eq. (4), it can be obtained that when x = 0, x = 1or x = x*, the new energy vehicle manufacturer can
achieve local stability by choosing an aggressive battery recycling strategy.

New energy vehicle retailer strategy stability analysis
For the new energy vehicle retailers, the utility ranking corresponding to its four strategy choices, based on the
relationship between the parameters of costs, benefits, incentives, and penalties, is:

Ly—C +KyHa+ D+ M+ KeHp > Ly —Cy + KyHa + D+ M — Y1g
>L,—F—-N+KHy, —¢yLg>L,—F—-N—-1Lg
The utility, probability, rank and decision weights corresponding to each strategy of the new energy vehicle

retailers are shown in Table 4.
The expected benefits of choosing "positive synergy" for new energy vehicle retailers is:

Uy =I[Ly — C, + KyH, + D+ M + K Hplx" + [Ly — Cy + KpyHy + D+ M — rLgl(1 — x™)
=L, —C+KyHs +D+M— (1 —x")YLg+ K Hpx"

The expected benefits of choosing "negative synergy" for new energy vehicle retailers is:

New energy vehicle manufacturers effectiveness | Probability Rank Decision weight

L, — Cy+K,H, + D+ M + KyHy, xy 1 wa (xy)

Ly — Ce+K,Ha +D+M— y1g x(1—y) 1—xy wa(x) — wa(xy)

L, +KyHy —F —N — ¢y¥lq 1 —=x)y 1—x wpA (X +y —xy) — wa(x)
L,—F—-N-1Lg Q1=x)1—-y) [1=x—y+xy |1—wslx+y—xy)

Table 3. Expected utility of new energy vehicle manufacturer rank dependence considering emotions.
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New Energy Vehicle Retailers Utility | Probability Rank Decision weight

Ly — Cy + KyHa + D + M + K,Hy xy 1 wp(xy)

Ly —Cy+KyH, + D+ M —YLq (1=x)y I—xy wp(y) — wp(xy)

Ly —F =N+ K,Hy — ¢¥Lq x(1—y) L—y wp(x +y — xy) — wp(y)
Ly,—F—-—N-—-1Iq A=x)1=y) |[1=x—y+xy |[1—wp(x+y—xy)

Table 4. Expected utility of new energy vehicle retailer rank dependence considering emotions.

Uy = (Ly — F = N + K;Hp — o Lg)x™ + (L — F = N — Lg)(1 — x™)

6
=L, —F—N+KHy, — (1 +¢yx" —x")Lg ©

The average expected benefit of the strategy choice of the new energy vehicle manufacturer is:

Uy = (Ly — C, + KpHy + D + M + K;Hp)wp(xy) + (Ly — Cy + KpHa + D + M — ¥ Lg)[wp(y) — wp(xy)]
+ Ly —F—N+K;Hp + oyLg)[wp(x +y — xy) —wp()]+ Ly —F — N — Lg)[1 — wp(x +y — xp)]
= (KoHp + Y Lg)(xp)? + (=Cy + KyHy + D+ M — yLqg+ F + N — K,Hy + o Lg) ()™
+ (KoHp — oY Lg+ Lg)(x +y —xy)? + Ly —F—N - Iq
(7)
The replicated dynamic equation for the new energy retailer is
F(y)=dy/dt =y (Ui, — U,) = y*[F+ N+ Lqg— C, + KyH, + D+ M
— (A —x")¥Llg+ KHpx" — (KoHp + ¥ Lg)(x)? — (=Cy + KyH, + D+ M ®)
—¥Llq+F+N—KHy+oyLg)(y)"” — (KaHp — 9 Lq + Lg)(x +y — xy)"]

From Eq. (8), it can be obtained that when y = 0, y = 1or y = y*, new energy vehicle retailers can achieve
local stability by choosing an aggressive synergy strategy.

Strategy combination stability analysis
From this “Strategy stability analysis of new energy vehicle manufacturers” and “New energy vehicle retailer
strategy stability analysis” analysis, it can be seen that the five local equilibrium points of the evolutionary game
model are E; (0,0), E2(0, 1), E3(1,0), E4(1, 1), Es(x*, y*).

According to the stability analysis of the evolutionary game, the stability of the strategy combination of each
game subject can be judged according to the Lyapunov indirect method, and the Jacobian matrix of the game
model can be obtained from the formula (4) and (8) as follows:

d0F(x)/0x0F(x)/dy

= | oFp)/axaE() /3y ®)

Among them:
BF(x)/dx = rix"\ U F 4+ N + Lg — Cx + KaHy + D+ M — (1 — y"2)¢ Lq+K, Hyy™ — (KpHp+Lg) (xp)!
— (=Cx +KqHa + D+ M — yLg — KpHp + F + N + oy L)x™ — (KpHy — ¥ Lg + Lg)(x + y — xp)" ]
+ X [~ (KpHp+y L) x™ 1y — (—Cy + KaHa + D+ M — yLg — KpHy, + F+ N + gy Lg)rix* 7!

— (KpHp — oW Lg + L)ri(1 — y)(x +y — xp)™ 71
(10)

IF(y)/dy = rpy* NF+N+Lq— Cy +KpHa + D+ M — (1 — x")yrLq + KoHpx" — (KoHjp, + ¥Lq) (xy)"
—(=Cy +KpHa + D+ M — yLg+ F + N — KgHy, + oY L) ()% — (KaHp — o Lq + Lg)(x +y — xp)"]
+ Y2 [~(KaHp + YLg)x" 12y — (=Cy + KpHa + D +M — YLq + F + N — KoHp + 9 Lg)ray™ !
— (KaHy — oY Lg + L)ra(1 = x)(x +y — xp)"2 7]

AF(x)/dy = x" [ry" "y Lq+rKpyHpy™ ™! — 11 (KpHp+y Lg)x" y"

rn—1 (12)
—r(KpHpy — o Lg+ Lg)(1 — x)(x +y —xp)" ']
IF(y)/dx = y2[nx" "' YLg + nKHpx" ' — (KaHy + Y Lg)rax™'y" 13
— (KaHp — o¥Lg + Lra(1 — p)(x +y — xp)" 1]
Det(J) = (0F(x)/9x)(dF(y)/dy) — (3F(x)/dy)(dF(y)/dx) (14)
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Tr(J) = 0F(x)/0x + dF(y)/dy (15)

Since the values of Jacobian matrix are related to the values of model variables, the values of Jacobian matrix
are different under different emotional states of game subjects, and thus the equilibrium points obtained are also
different. Therefore, based on the different emotional states of game subjects, this paper analyzes the stability of
strategy combinations of new energy vehicle manufacturers and new energy vehicle retailers in four contexts:
(rational, rational), (emotional, emotional), (rational, emotional), and (emotional, rational), respectively.

Scenario 1: new energy vehicle manufacturers are rational, new energy vehicle retailers are rational

When the new energy vehicle manufacturer is rational and the new energy vehicle retailer is rational, the senti-
ment parameter r; = 1,7, = 1 at this time. The sentiment parameters are brought into each replication dynamic
equation, at this time the strategy portfolio stability analysis is shown in Table 5.

As can be seen from Table 5, when the new energy vehicle manufacturer is rational and the new energy vehicle
retailer is rational, there are four saddle points in the system, which are E; (0, 0), E>(1,0), E3(0, 1), and E4(1, 1).
The stability of the local equilibrium point E5(p*, e*) also cannot be determined, and its stability depends on
the specific value taken.

Scenario 2: new energy vehicle manufacturers are emotional, new energy vehicle retailers are emotional

When the new energy vehicle manufacturer sentiment, new energy vehicle retailer sentiment, at this time the
sentiment parameter r; # 1,r, # 1. The sentiment parameters are brought into each replication dynamic equa-
tion, at this time the strategy portfolio stability analysis is shown in Table 6.

As can be seen from Table 6, when the new energy vehicle manufacturer emotion, the new energy vehicle
retailer emotion, the system exists three instability points: E; (0, 0), E> (1, 0), E3(0, 1), and a saddle point E4(1, 1),
at the same time, because the intensity of the new energy vehicle manufacturer and new energy vehicle retailer
emotion is unknown, that is, the specific value of the emotion parameter ry, r, cannot be determined, so the
stability of the local equilibrium point Es(p*, e*) can not be determined, its stability depends on the specific
value and emotion intensity.

Scenario 3: new energy vehicle manufacturers are rational, new energy vehicle retailers are emotional
When the new energy vehicle manufacturer is rational and the new energy vehicle retailer is emotional, at this
time the emotional parameter r; = 1,r, # 1. Bringing the emotional parameter into each replication dynamic
equation, at this time the strategy portfolio stability analysis is shown in Table 7.

As can be seen from Table 7, when the new energy vehicle manufacturer is rational and the new energy vehi-
cle retailer is emotional, the system has two instability points E; (0, 0), E2(1,0), and two saddle points E3(0, 1),
E4(1,1). At the same time, the stability of the local equilibrium point 7, cannot be determined because the emo-
tional intensity of the new energy vehicle retailer is unknown, i.e., the specific value of the emotional parameter
Es(p*, e*) cannot be determined, and its stability depends on the specific value and emotional intensity.

Equilibrium point | Det(J) Tr(J) | Stability
E1(0,0) X X Saddle point
E>(1,0) % X Saddle point
E3(0,1) X x Saddle point
E4(1,1) X X Saddle point
Es(x*,y*) Stability depends on specific values

Table 5. Stability analysis of strategy combinations under rational new energy vehicle manufacturer and
rational new energy vehicle retailer scenarios.

Equilibrium point Det(J) Tr(J) | Stability
E;(0,0) 0 0 Unstable
E>(1,0) 0 X Unstable
E;(0,1) 0 % Unstable
E4(1,1) X X Saddle point
Es(x*,y*) Stability depends on specific values and emotional intensity

Table 6. Stability analysis of strategy combinations under emotional new energy vehicle manufacturer and
emotional new energy vehicle retailer scenarios.
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Equilibrium point Det(]) Tr(J) | Stability
E;(0,0) 0 X Unstable
E>(1,0) 0 X Unstable
E5(0,1) X X Saddle point
E4(1,1) X X Saddle point
Es(x*,y*) Stability depends on specific values and emotional intensity

Table 7. Stability analysis of strategy combinations under rational new energy vehicle manufacturer and
emotional new energy vehicle retailer scenarios.

Scenario 4: new energy vehicle manufacturers are emotional, new energy vehicle retailers are rational

When the new energy vehicle manufacturer sentiment, new energy vehicle retailers rational, at this time the
sentiment parameter r; # 1,7, = 1. The sentiment parameter is brought into each replication dynamic equation,
at this time the strategy portfolio stability analysis is shown in Table 8.

As can be seen from Table 8, when the new energy vehicle manufacturer is emotional and the new energy
vehicle retailer is rational, the system has two instability points E; (0,0) and E3(0, 1), and two saddle points
E>(1,0), E4(1, 1). At the same time, the stability of the local equilibrium point r; cannot be determined because the
emotional intensity of the new energy vehicle manufacturer is unknown, i.e., the specific value of the emotional
parameter Es5(p*, e*) cannot be determined, and its stability depends on the specific value and emotional intensity’

Simulation analysis

In order to more intuitively analyze the evolutionary law between the new energy vehicle manufacturer and the
new energy vehicle retailer, the key parameters and the influence of heterogeneous emotions on the evolution-
ary stability are studied. In this paper, MATLAB is used for simulation analysis, and the parameters are set with
reference to the literature'>** and adjusted according to the opinions of experts in related fields, and the specific
parameter settings are shown in Table 9.

Influence of key parameters

Influence of altruistic preferences

Taking {K, = 0.1,K, = 0.2,K,; = 0.3,K, = 0.4, K, = 0.5}, the strategy evolution process and results are shown
in Fig. 1.

Taking {K; = 0.1,K, = 0.3, K, = 0.5,K; = 0.7, K,; = 0.9}, the strategy evolution process and results are
shown in Fig. 2.

As can be seen from Figs. 1 and 2, there is a nonlinear relationship between altruistic preference of new energy
vehicle manufacturers and new energy vehicle retailers and battery recycling. When the altruistic preference of
new energy automobile manufacturers is too low, the probability of battery recycling will remain at a low level,
and when the altruistic preference of new energy automobile manufacturers is too high, the "hitchhiking" behav-
ior of new energy automobile retailers will intensify, resulting in the deterioration of battery recycling effect of
new energy automobile manufacturers with the enhancement of altruistic preference; When the altruistic prefer-
ence of new energy vehicle retailers is too low, the probability of participating in battery recycling will remain
at a low level. When the altruistic preference of new energy vehicle manufacturers is too high, battery recycling

Equilibrium point | Det(J) Tr(J) | Stability
E1(0,0) 0 X Unstable
E>(1,0) X X Saddle point
E;(0,1) 0 X Unstable
E4(1,1) X X Saddle point
Es(x*,y*) Stability depends on specific values and emotional intensity

Table 8. Stability analysis of strategy combinations under rational new energy vehicle manufacturer and
rational new energy vehicle retailer scenarios.

Parameter x y C: |C |Ly |Ly |K, |Ky |H, |Hp
Initial Value |04 |04 |4 4 55 |5 04 |03 |2 2
Parameter D F M | N L v ) q |n 7
02 |05 |1 1

Initial Value

._.
—_
=}
%
o
w
—
o
)

Table 9. Parameter settings.
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Figure 1. Effect of K, on the evolution of the system.

p

Figure 2. Effect of K}, on the evolution of the system.

will be inflexible, and the battery recycling effect of new energy vehicles will not change with the change of
altruistic preference. This nonlinear feature makes the altruistic preference of new energy vehicle manufacturers

and new energy vehicle retailers only in a moderate range to better play its positive effect on battery recycling
of new energy vehicles.

Influence of peer mechanism

Taking {D = 0.2,D = 0.6,D = 1.0,D = 1.4, D = 1.8}, the strategy evolution process and results are shown in
Fig. 3.

Taking {F = 0.2,F = 0.6, F = 1.0, F = 1.4, F = 1.8}, the strategy evolution process and results are shown
in Fig. 4.

As can be seen from Figs. 3 and 4, the peer mechanism can significantly affect the battery recycling effect of
new energy vehicles, and the peer mechanism can effectively change the position of the system evolution equi-
librium point. By observing the horizontal and vertical coordinates of the equilibrium point under different peer
mechanisms, it is found that with the increase of incentive intensity and punishment intensity, the equilibrium
point of system evolution gradually changes from (0,0) to (1,0), and finally stabilizes around (1,1). Therefore, the
introduction of peer mechanism can significantly improve the probability that new energy vehicle manufacturers
actively recycle batteries and new energy vehicle retailers actively participate in battery recycling, and promote the
evolution of the stability strategy of new energy vehicle battery recycling system to the "Pareto optimal" direction.
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Figure 4. Effect of F on the evolution of the system.

Impact of feedback mechanism
Taking {M = 0.2,M = 0.5,M = 0.8, M = 1.1, M = 1.4}, the strategy evolution process and results are shown
in Fig. 5.

Taking {N = 0.2,N = 0.5,N = 0.8, N = 1.1, N = 1.4}, the strategy evolution process and results are shown
in Fig. 6.

As can be seen from Figs. 5 and 6, the feedback mechanism can significantly affect the battery recycling
effect of new energy vehicles, and the effect of positive feedback mechanism is better than that of negative feed-
back mechanism. By observing the horizontal and vertical coordinates of the equilibrium point under different
feedback mechanisms, it is found that under the positive feedback mechanism, with the strengthening of the
feedback mechanism, the equilibrium point of the system evolution gradually changes from (0,0) to (1,0), and
finally stabilizes around (1,1). Under the negative feedback mechanism, with the strengthening of the feedback
mechanism, the equilibrium point of system evolution gradually changed from (1,0) to (1,1). Therefore, the
introduction of feedback mechanism can significantly improve the probability that new energy vehicle manu-
facturers actively recycle batteries and new energy vehicle retailers actively participate in battery recycling, and
promote the evolution of the stability strategy of new energy vehicle battery recycling system to the "Pareto
optimal” direction.4.1.4 Impact of risk mechanisms.

Taking {yy = 0.2, = 0.4,¥ = 0.6,¥ = 0.8,y = 1.0}, the strategy evolution process and results are shown
in Fig. 7.

Taking {¢ = 0.2,¢ = 0.4,¢ = 0.6,¢ = 0.8, ¢ = 1.0}, the strategy evolution process and results are shown
in Fig. 8.
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Figure 8. Effect of ¢ on the evolution of the system.

Taking {L = 1.0,L = 3.0,L = 5.0,L = 7.0, L = 9.0}, the strategy evolution process and results are shown in
Fig. 9.

From Figs. 7, 8 and 9, it can be seen that the risk mechanism can significantly influence the effect of new
energy vehicle battery recycling, and the effectiveness of the role of different key elements varies. In terms of risk
coefficient, as the risk coefficient increases, the equilibrium point of system evolution shifts to a certain extent
in the vertical direction, and the probability of active participation of new energy vehicle retailers in battery
recycling is increased, and the increase in the willingness of new energy vehicle retailers to participate in battery
recycling is mainly due to the increase in the probability of quality risk. In terms of risk transfer coefficient, as the
risk transfer coefficient increases, the probability of new energy vehicle retailers actively participating in battery
recycling also increases, and the increase is greater than the increase in the probability under the influence of risk
coefficient, and the increase in the willingness of new energy vehicle retailers to participate in battery recycling
is mainly due to the transfer of risk. In terms of risk cost, the equilibrium point of system evolution gradually
changes from (1,0) to (1,1) with the increase of risk cost, and the increase of new energy vehicle retailers’ willing-
ness to participate in battery recycling mainly comes from the increase of potential risk cost.

Influence of heterogeneous emotions

(Rational, rational) state analysis

Figure 10 reflects the equilibrium strategy when the new energy vehicle manufacturer is rational and the new
energy vehicle retailer is rational. When r; =1, r,=1, the system evolutionary stability point is (1,0), i.e., the new
energy vehicle manufacturer chooses active battery recycling and the new energy vehicle retailer chooses negative
synergy. At this point, the increase of battery recycling of new energy vehicles mainly comes from the investment
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p

Figure 9. Effect of L on the evolution of the system.

Scientific Reports |

(2024) 14:688 | https://doi.org/10.1038/s41598-024-51294-2 nature portfolio



www.nature.com/scientificreports/

-=-=--r1=1.0,r=1.0
0.8 b
0.6 [ b
D

04 --T o,

\

1|

0.2 |

0 . : . :
0 0.2 0.4 0.6 0.8 1

p

Figure 10. Evolution of the game strategy in the (rational, rational) state.

of new energy vehicle manufacturers in battery recycling, and the new energy vehicle retailers can get most of
the incremental benefits due to the spillover effect, and the new energy vehicle retailers in the downstream of
new energy vehicles will enjoy the positive externality at no cost by "riding on the bandwagon". The downstream
retailers of new energy vehicles will enjoy positive externalities at no cost.

(Optimistic, optimistic) state analysis

Figure 11 reflects the equilibrium strategy when new energy vehicle manufacturers are optimistic and new
energy vehicle retailers are optimistic, that is, when r; < 1,7, < 1. When the optimism of new energy auto-
mobile manufacturers and new energy automobile retailers deepens year-on-year (r;=r3), the stable state of
system evolution does not change, and the convergence rate of the system gradually slows down. When there is
a difference in the optimism intensity between them, a new Nash equilibrium point of mixed strategy appears
in the system evolution. When the optimism of new energy automobile manufacturers is stronger than that of
new energy automobile retailers (r; < r2), the equilibrium point of system evolution moves from the lower right
corner of the coordinate area to the upper right corner of the coordinate area. When the optimism of new energy
automobile retailers is stronger than that of new energy automobile manufacturers (r; > r2), the equilibrium
point of system evolution moves upward from the lower right corner of the coordinate area, and the probability
of new energy automobile retailers actively cooperating increases to about 0.4. When the optimism of new energy
automobile manufacturers is deeper, new energy automobile manufacturers will release more positive signals,
and the willingness of new energy automobile retailers to participate in battery recycling will also increase. The
above conclusions show that due to the heterogeneity of enterprises, the combination of optimism with different
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Figure 11. Evolution of the game strategy in the (optimistic, optimistic) state.
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intensity is better than the combination of optimism with the same intensity in promoting the battery recovery
of new energy vehicles.

(Pessimistic, pessimistic) state analysis

Figure 12 reflects the equilibrium strategy when the new energy vehicle manufacturer is pessimistic and the
new energy vehicle retailer is pessimistic, i.e., whenr; > 1,7, > 1. When the pessimism of new energy vehicle
manufacturers and new energy vehicle retailers deepens year-on-year (r;=r), the steady state of the system
evolution does not change and the convergence rate of the system gradually becomes slower. When there is a
difference in the intensity of pessimism between the two, a new mixed strategy Nash equilibrium point emerges
in the system evolution. When the pessimism of the new energy vehicle manufacturer is stronger than that of the
new energy vehicle retailer (r; > r), the equilibrium point of the system evolution shifts upward from the lower
right corner of the coordinate region, and the probability of positive synergy of the new energy vehicle retailer
increases to about 0.3. When the pessimism of new energy vehicle retailers is stronger than the pessimism of new
energy vehicle manufacturers (r; < r2). The equilibrium point of the system evolution moves from the lower
right corner of the coordinate region to the upper right corner of the coordinate region. When the pessimism of
the new energy vehicle retailer is deeper, the more the new energy vehicle retailer does not trust the effectiveness
of the new energy vehicle manufacturer’s battery recycling, and the new energy vehicle retailer will choose more
negative synergy out of the pursuit of their own interests. The above findings suggest that due to the existence
of firm heterogeneity, the combination of different intensity of pessimism is better than the combination of the
same intensity of pessimism in promoting new energy vehicle battery recycling.

(Optimistic, pessimistic) state analysis

Figure 13 reflects the equilibrium strategy when the new energy vehicle manufacturer is optimistic and the
new energy vehicle retailer is pessimistic, i.e., whenr; < 1,7, > 1. When the new energy vehicle manufacturer
remains moderately optimistic and the new energy vehicle retailer remains moderately pessimistic, the equilib-
rium point of the system evolution moves from the lower right corner of the coordinate region to the upper left
corner of the coordinate region, at this time the new energy vehicle manufacturer, which is optimistic about bat-
tery recycling, is actively engaged in battery recycling while also releasing positive signals, while the new energy
vehicle retailer, which is in pessimistic mood, does not fully believe in the signals transmitted by the new energy
vehicle manufacturer, and the new energy vehicle retailer will more actively participate in battery recycling to
further protect its own interests. The pessimistic new energy vehicle retailers are not fully convinced by the signals
sent by the new energy vehicle manufacturers, and the new energy vehicle retailers will participate more actively
in battery recycling to further protect their own interests. When the optimism of new energy vehicle manufac-
turers or the pessimism of new energy vehicle retailers is too deep, the equilibrium point of system evolution
will move horizontally towards the upper left corner of the coordinate region, and the probability of new energy
vehicle retailers actively participating in battery recycling will be significantly reduced. Therefore, moderate
optimism of new energy vehicle manufacturers and moderate pessimism of new energy vehicle retailers will
help new energy vehicle battery recycling, while too high optimism and pessimism will inhibit this driving effect.

(pessimistic, optimistic) state analysis

Figure 14 reflects the equilibrium strategy when the new energy vehicle manufacturer is pessimistic and the new
energy vehicle retailer is optimistic, i.e., when r; > 1,r, < 1. (The heterogeneous combination of (pessimism,
optimism) does not change the overall trend of system evolution. As the pessimism of the new energy vehicle
manufacturers and the optimism of the new energy vehicle retailers deepen, the probability of the new energy
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Figure 12. Evolution of the game strategy in the (pessimistic, pessimistic) state.
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Figure 13. Evolution of the game strategy in the (optimistic, pessimistic) state.
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Figure 14. Evolution of the game strategy in the (pessimistic, optimistic) state.

vehicle manufacturers choosing positive battery recycling decreases significantly, and the strategy choice of the
new energy vehicle retailers stabilizes in negative synergy, and the rate of stabilization of the strategy choice keeps
increasing. (This heterogeneous combination of emotions (pessimism, optimism) has a significant inhibitory
effect on new energy vehicle battery recycling, with pessimism of new energy vehicle manufacturers reducing
their willingness to recycle batteries, and optimism of new energy vehicle retailers causing them to overly trust
new energy vehicle manufacturers to recycle batteries and thus choose inaction more often.

(Emotional, rational) state analysis

Figure 15 reflects the equilibrium strategy when the new energy vehicle manufacturer is emotional and the new
energy vehicle retailer is rational, i.e., when r; # 1,7, = 1. When the new energy vehicle manufacturer is opti-
mistic and the new energy vehicle retailer is rational (r; > 1,7, = 1), the equilibrium point of system evolution
gradually moves from the lower right corner of the coordinate region to the upper left corner of the coordinate
region, but it is worth noting that the relationship between the strength of the new energy vehicle manufacturer’s
optimism and positive battery recovery is nonlinear. When new energy vehicle manufacturers are pessimistic
and new energy vehicle retailers are rational (r; < 1, = 1), the rate at which the system evolution converges to
the equilibrium of (1,0) increases significantly as the pessimism of new energy vehicle manufacturers deepens. It
can be seen that the moderate optimism of new energy vehicle manufacturers and the rationality of new energy
vehicle retailers help new energy vehicle battery recycling, when new energy vehicle manufacturers maintain a
high level of investment in battery recycling and a positive attitude, while rational new energy vehicle retailers
will continuously strengthen their support and assistance to new energy vehicle manufacturers in battery recy-
cling, so as to better enjoy the positive Spillover effect, but the intensity of optimism is not the greater the better
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Figure 15. Evolution of the game strategy in the (emotional, rational) state.

or the smaller the better, but to maintain a moderate range of intervals. Therefore, it is important to be alert to
the inhibiting effects of pessimism and "non-moderate range" optimism on battery recycling.

(Rational, emotional) state analysis

Figure 16 reflects the equilibrium strategy when the new energy vehicle manufacturer is rational and the new
energy vehicle retailer is optimistic, i.e., when r;=1,r; # 1. When the new energy vehicle manufacturers are
rational and the new energy vehicle retailers are pessimistic (r; = 1,r; > 1), the equilibrium point of the system
evolution gradually changes from (1,0) to (0,1). When the new energy vehicle manufacturer is rational and the
new energy vehicle retailer is optimistic (r; = 1,7, < 1), the equilibrium point of the system evolution moves
upward parallel to the coordinate axis, and the strategy choice of the new energy vehicle manufacturer remains
unchanged, and the probability of the new energy vehicle retailer to participate in battery recycling increases
slightly. Thus, the pessimism of the new energy vehicle retailers increases their probability of participating in
battery recycling, while the rational new energy vehicle manufacturers can choose to "piggyback” to save their
own costs. Optimistic new energy vehicle retailers are also more likely to participate in battery recycling by
amplifying the signals sent by new energy vehicle manufacturers.

Conclusion
This paper combines RDEU theory with evolutionary game theory to investigate how to achieve optimal steady

state in new energy vehicle battery recycling when considering heterogeneous emotions of decision makers.
The study shows that:
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Figure 16. Evolution of the game strategy in the (rational, emotional) state.
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Research conclusions

1

()

©)

In the new energy vehicle battery recycling system, the battery recycling is often in a non-coordinated
state due to the fact that there is no unanimous cooperation between multiple actors, which leads to a
non-Pareto-optimal evolution trend in the system evolution. There are two types of key factors affecting
the recycling of new energy vehicle batteries. One is external factors, such as government policies, industry
regulations, market environment, etc., which together constitute the external framework of new energy
vehicle battery recycling. The other category is internal factors, which mainly refer to the cost and benefit
trade-offs of battery recycling between new energy vehicle manufacturers and new energy vehicle retailers.
The regulation of these two types of factors is the key to influencing the battery recycling strategies of new
energy vehicle manufacturers and the synergistic strategies of new energy vehicle retailers.

The effect of altruistic preference on new energy vehicle battery recycling is nonlinear, which makes the
altruistic preference of new energy vehicle manufacturers and new energy vehicle retailers better exert its
positive effect on new energy vehicle battery recycling only when they are in the moderate range. The peer
mechanism can effectively change the location of the equilibrium point of the system evolution, which in
turn can significantly affect the effect of new energy vehicle battery recycling. Feedback mechanism can sig-
nificantly affect the effect of new energy vehicle battery recycling, and the effectiveness of positive feedback
mechanism is better than that of negative feedback mechanism. In addition, as for the risk mechanism, the
risk factor, risk transfer coeflicient and risk cost can significantly improve the effect of new energy vehicle
battery recycling, and the effectiveness of risk cost is better than that of risk factor and risk transfer coef-
ficient.

Emotions, an irrational factor, can significantly change the stability of the evolution of the new energy
vehicle battery recycling system by influencing the behavioral decisions of decision makers, and heterogene-
ous emotions have different effects on the evolution of the system. (The combination of (optimism of new
energy vehicle manufacturers, pessimism of new energy vehicle retailers) and (optimism of new energy
vehicle manufacturers, rationality of new energy vehicle retailers) is more effective than other emotion
combinations, and the motivation of new energy vehicle manufacturers to recycle batteries and the degree
of positive signals they send are higher in the above context. The driving force is also higher, and it is easier
to achieve an optimal and stable state for new energy vehicle battery recycling.

Managerial implications
Based on the above research conclusions, the following Managerial implications can be obtained:

(1)

(2)

(©)

New energy vehicle battery recycling can realize the optimal recycling steady state by establishing external
norms and regulating subjective preferences. On the one hand, it is necessary to improve relevant laws
and regulations to provide a legal basis for new energy vehicle battery recycling, and to create a healthy
development environment and a low-carbon atmosphere for new energy vehicles through good external
norms. In addition, government regulators should also strengthen the matching of basic policy tools with
the recycling industry chain, and implement the policy instrument combination of “one place, one policy”
based on different real-life situations®. On the other hand, new energy vehicle manufacturers and demand-
ers should establish an economic partnership to form a community of interest and social responsibility, to
ensure that waste battery recycling enterprises make profits, and to enhance the intrinsic driving force of
new energy vehicle battery recycling.

Government regulators should emphasize the role of incentive policies and give policy support to relevant
subjects. Government regulators and relevant industry associations should establish a comprehensive peer
mechanism, giving full play to the promotion of peer incentives and the disciplinary role of peer penalties.
Government regulators should also strengthen the consumer feedback mechanism to support battery recy-
cling. Strengthen the correct perception of risk, enhance risk prevention awareness and enhance altruistic
preference of the main actors involved in the measures can effectively promote the new energy vehicle
battery recycling to achieve a steady state. However, it is also necessary to be vigilant against the inhibit-
ing effect of "free ride" and "non-moderate zone" altruistic preference on battery recycling. In addition,
the government should strengthen cooperation with the market, utilize blockchain technology and other
emerging technologies to continuously innovate incentive mechanisms and crack down on unqualified
recyclers®.

For new energy vehicle manufacturers, an optimistic atmosphere should be created, and favorable informa-
tion on battery recycling should be actively released to enhance the self-confidence of new energy vehicle
manufacturers in the long-term returns of battery recycling. For new energy vehicle retailers, a rational or
pessimistic atmosphere should be created, and negative signals should be released through various chan-
nels to strengthen the awareness of new energy vehicle retailers of the severe situation of battery recycling
in the context of the "scrapping wave". In addition, the government should strengthen cooperation with
academia, establish an industry-academia-research platform, conduct in-depth research on the impact
of decision-makers” emotions on battery recycling, and strengthen the role of emotional mechanisms in
supporting and guiding industrial practices.

The model designed in this paper mainly discusses the behavioral evolution between new energy vehicle

manufacturers and new energy vehicle retailers, but there are multiple recycling modes of new energy vehicle
battery recycling. Therefore, it would be a valuable research direction to construct an evolutionary game model
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based on other recycling modes with the participation of multiple subjects, and to study the influence of hetero-
geneous emotions on the evolutionary behavior of multiple subjects.

Data availability
Data can be obtained from the corresponding author upon reasonable request.
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