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Abstract

Efficient recycling of end-of-life power batteries from new energy vehicles is central to the low-carbon
transformation of transport and to reducing dependence on imported critical minerals. This study builds
a tripartite evolutionary game involving the government, manufacturers and consumers, and embeds
four heterogeneous policy instruments: a recycling technology innovation policy, a deposit-refund
system, a subsidy policy and a tax incentive policy. The strategic interactions of single policies and their
combinations are examined through system dynamics simulation across sixteen scenarios. The results
show that, first, individual policies have limited reach and cannot achieve systemic synergy; second, the
triple combination of deposit-refund, subsidy and tax incentive is the optimal scheme, balancing
incentives and constraints; third, instrument intensity must stay within an appropriate range, since a
moderate deposit preserves fiscal sustainability whereas excessive tax-rebate ratios or subsidy levels
raise fiscal pressure and weaken effectiveness. The findings offer a quantitative reference for designing
coordinated power battery recycling policies and advancing the circular economy.
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1. INTRODUCTION

Driven by global warming, environmental pollution, and energy crises, many countries have
prioritized the adoption of new energy vehicles, particularly electric vehicles (EVs). By 2025,
the global EV fleet is projected to increase by 33 % to 85 million units, with China accounting
for roughly 58 % [1]. This rapid expansion will inevitably generate a large volume of end-of-
life power batteries. Typically retired after five to ten years of service, global battery
decommissioning is expected to reach 120 GWh by 2030 [2]. Spent batteries contain scarce
metals such as lithium, cobalt, and nickel. Standardized recycling processes not only reduce
reliance on imported mineral resources but also mitigate environmental hazards [3, 4].
Therefore, effective battery recycling represents a critical enabler for ensuring the closed-loop
development of the new energy industry [5].

To promote the effective recycling of power batteries, governments such as those of the
United States, the European Union, and Japan have introduced various policies [6, 7]. As the
country with the largest vehicle fleet in the world, China has also enacted a series of measures
at both central and local levels [8-10]. However, the synergistic effects of these policies remain
unclear in practice. Moreover, the current state of battery recycling in China is far from
optimistic: responsible parties are reluctant to fulfil their obligations, and consumers, lacking
awareness of recycling importance, tend to choose informal channels offering higher prices.
These issues highlight the urgent need to optimize policy design in order to regulate the
behaviour of recycling entities.

The issue of power battery recycling has attracted considerable attention from researchers.
In terms of policy, existing studies have primarily focused on evaluating the effects of
individual policies such as subsidy policies [11], deposit-refund systems [12-14], and reward-
penalty mechanisms [15, 16], with few investigations into the synergies among multiple
policies. To address this gap, this study draws on evolutionary game theory and system
dynamics, and comprehensively considers several types of policies already implemented in

https://doi.org/10.2507/1JSIMM25-3-C0O12 500



mailto:lixin20@sdjzu.edu.cn

Li, Zhan, Guo, Li: System Dynamics Simulation of Regulatory Instruments for Power Battery ...

practice — namely, recycling technology innovation policies, deposit-refund systems, subsidy
policies, and tax incentive policies — to explore the synergistic effects and optimal design of
heterogeneous policy mixes.

The main contributions of this study are twofold. First, it analyses the interactive effects and
synergies of heterogeneous policy combinations through modelling. Second, it identifies the
optimal policy mix and optimizes the design of its parameters. The findings aim to provide
theoretical guidance for improving the policy system for power battery recycling and to support
the high-quality and sustainable development of the new energy vehicle industry.

2. LITERATURE REVIEW

This study reviews literature related to research on power battery recycling policies, including:
the recycling technology innovation policy, the deposit-refund system, the subsidy policy, and
the tax incentive policy.

The recycling technology innovation policy aims to reduce costs and improve resource
utilization. Jiao et al. [17] integrated GPT-4 into Bayesian network modelling under the PSR
framework, identifying two key transmission pathways: infrastructure—recycling outlets—
market potential-innovation and green finance—R&D investment—innovation. Xu et al. [18]
developed a closed-loop supply chain game model, showing that government subsidies
effectively promote technological innovation among manufacturers and recyclers, with
manufacturers being more sensitive to such subsidies.

The deposit-refund system directs consumers to formal recycling channels and incentivizes
manufacturers to participate in recycling through a "deposit upon purchase, refund upon formal
recycling" mechanism. Li et al. [19] compare four joint recycling models, finding that the
deposit-refund system effectively improves recycling rates, but an excessively high deposit may
reduce profits, and the optimal alliance model depends on competition intensity. Zhang et al.
[20] showed that the deposit-refund system performs well in alleviating government fiscal
pressure.

The subsidy policy directly reduces manufacturers' recycling costs through fiscal subsidies,
which can quickly enhance their short-term willingness to recycle. Zhang et al. [21] found that
government subsidies, as an economic lever, effectively incentivize manufacturers to increase
R&D and recycling investments by raising repurchase and recycling prices, significantly
improving the recovery of end-of-life power batteries. Li et al. [22] investigated synergies
between subsidies and technological progress in a three-channel recycling system, revealing
that recycling subsidies notably increase manufacturers' recycling shares, while technological
progress more effectively incentivizes retailers and third-party recyclers. Notably, once
technological progress reaches a sufficiently high threshold, system stability persists even after
subsidy phase-out, providing empirical support for long-term post-subsidy policy design. Bai
et al. [23] found that government intervention can enhance both R&D levels and recycling rates,
and that subsidizing both battery manufacturers and vehicle manufacturers yields the greatest
benefits in terms of consumer surplus and social welfare.

The tax incentive policy enhances the profitability of enterprise recycling activities through
tax reductions or exemptions. This policy can improve corporate cash flow over the long term,
but the tax refund ratio must be appropriately aligned with the profit margins of the recycling
industry. Yan [24] conducted an empirical study on tax incentive policies across 28 European
countries from 2012 to 2014. Employing cost-benefit analysis and ordinary least squares
regression, the study identified registration tax exemption as a core and effective instrument,
while finding that annual circulation tax exemption had no significant impact on consumer
decisions.
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In summary, most existing studies focus on three policy types, with limited attention to tax
incentives, and few examine the interactive effects of multiple policies. While most adopt game
theory, this study uses system dynamics, which is more effective for policy simulation [25, 26].

To address the aforementioned research gap, this study systematically investigates the
heterogeneous effects and synergistic mechanisms of multiple policy instruments — including
the recycling technology innovation policy, the deposit-refund system, the subsidy policy, and
the tax incentive policy — on power battery recycling. This study not only enriches the
theoretical research framework for power battery recycling policies but also establishes a
theoretical foundation for the optimal design of policy mixes in this field.

3. PROBLEM DESCRIPTION AND MODEL ASSUMPTIONS

3.1 Problem description

This study examines the stakeholder entities involved in the recycling of power batteries: the
government, power battery manufacturers, and consumers. The relationships among the three
parties are illustrated in Fig. 1. The government formulates policies and supervises their
implementation, using instruments such as subsidies and tax incentives to guide manufacturers
and consumers [27]. As primary recycling agents under the Extended Producer Responsibility
system, manufacturers choose their recycling strategies based on policy incentives or penalties
[28]. Some actively recycle to fulfil social responsibility and maintain brand reputation, while
others adopt a passive approach due to high network costs, immature technologies, and low
profitability. Consumers, who decide between formal and informal channels, hold the right to
dispose of end-of-life batteries [29].
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Figure 1: Logical relationship diagram of the three parties.
3.2 Model assumptions and parameter settings

Building on existing research [30-33], this section describes the behaviours of each agent in the
game-theoretic model and lays out the fundamental assumptions:

All three parties are boundedly rational. The probabilities of the government choosing
policy implementation (I), manufacturers choosing active recycling (R), and consumers
choosing formal participation (P) are denoted as x, y, z € (0, 1), respectively. Their
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counterparts—non-implementation (N), passive recycling (N), and non-participation (N) are
l-x, 1-y, 1-z.

When manufacturers actively recycle and consumers participate, the government gains
environmental benefit £. Under the implementation strategy, the government also receives
higher-level rewards and credibility gains 4. If manufacturers are passive or consumers do not
participate, the government bears pollution treatment loss F. Additionally, the government
incurs supervision cost Cg and infrastructure cost /.

An active manufacturer incurs collection point cost C, transportation, storage and
disassembly costs 7, and pays consumers recycling price G per unit quantity Q. It gains metal
revenue H and intangible benefits (e.g., corporate image) W, and pays corporate income tax R.
A passive manufacturer faces government penalty D.

When both consumers and manufacturers participate, consumers obtain environmental
preference benefit P. Under formal recycling, consumers receive price G; under informal
channels, they receive higher benefit V' (where G <V).

In addition to the parameter settings in the above assumptions, this study draws on existing
policies and related studies [20, 34] to formulate the assumptions regarding the policies as
follows:

With reference to the recycling technology innovation policy of Jingmen city [9], this study
assumes that by investing in research and development costs for technological innovation,
denoted as C,, manufacturers enhance the recovery rate of key metals in the power battery
recycling process through innovation in recycling technology, thereby increasing corporate
revenue by E,1. Consequently, the manufacturer receives a one-time government subsidy Si.
The manufacturer must invest the research and development cost Cs to activate the benefits
brought by technological innovation (E,1+S1). Simultaneously, the government incurs a
supervision cost Cq1 in implementing this policy. A policy switch parameter 6 is defined to
indicate whether the policy is implemented (6=0,1).

With reference to the deposit-refund system piloted in Shenzhen [8], this study assumes that
consumers pay a deposit Py upon purchasing a vehicle. If they choose formal recycling channels,
the deposit is refunded; if they opt for informal recycling channels, the deposit is forfeited as a
penalty, resulting in a loss of Ps. Additionally, manufacturers that complete formal recycling
are eligible for a one-time subsidy S>. During the policy implementation and supervision
process, the government incurs supervision and management costs Cg. A policy switch
parameter f is defined to indicate whether the policy is implemented (8=0,1).

Under the subsidy policy [9], the government provides a subsidy 3 to manufacturers based
on the actual recycling volume Q of used batteries, while simultaneously supervising the
manufacturers at a supervision cost of Cgs. A policy switch parameter y is defined to indicate
whether the policy is implemented (y=0,1).

Drawing on the tax incentive policy [10], manufacturers actively recycling power batteries
receive a tax refund amount equal to the tax amount R multiplied by the refund ratio k. The
government's supervision cost for this policy is Ces. A policy switch parameter ¢ is defined to
indicate whether the policy is implemented (¢=0,1).

4. EVOLUTIONARY GAME MODEL

4.1 Derivation of the replicator dynamic equations

Based on the above assumptions, to clearly illustrate the payoff interactions among the
government, manufacturers, and consumers in the tripartite game, the model constructs the
evolutionary game payoff matrix for each agent, as shown in Table I, by assigning different
values to the policy switch parameters (6, S, y, €).
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Table I: Game payoff matrix.

Strategy Consumer
combination Government payoff Manufacturer payoff payoff
IRP R+E+A-1-0(Si1+Co)—p(S2+ | H+W-C-T-R-GQ+0(Em G+P
Ca2) =y (S3+Cg3)—¢ (kR + Cgs) +S1-C)+BS:+ySs+e(kR)
IRN A*I*F*HC@7ﬂngfng378Cg4 W*C*T*QCS‘F,BPdQ V*ﬁPd
INP D+A-1-F-0Cq—-pCp—yCgxn—c¢ _C-D-GO G
Caes
INN D+A*I*F*9%’L*ﬁCngCg3*8 —~C-D+BPsQ V—PB P
&
NRP E+R W—-R-T-C+H-GQ G+P
NRN -F wW-C-T v
NNP D-F -C-D-GQ G
NNN D-F -C-D V

Based on the above payoff matrix, the replicator dynamic equations for the government, the
manufacturer, and the consumer are respectively as follows:

Fx = % =x(1 = )[(A—1-6Cy; = BCgz = ¥Cy3 — Cga) — y2(8S1 + BS, +¥S3 + ekR)] (1)
Fy =22 =y(1—y)[W =T +D +z(H — R) + x2(BS; + S + £kR) + x6(2(Epnsy + S1) — ;)] (2)
FZ:%:Z(l—z)(G—V+yP+x,6’Pd) 3)

The tripartite evolutionary game reaches a stable state when the rate of change in the strategy
selection of the three game agents equals 0, which is satisfied when Fx = Fy = Fz = (. Solving
this set of equations yields the equilibrium points of the evolutionary game process. Taking the
scenario of the combined effect of four policies as an example, i.e., by setting (d=f=y=¢e=1),
there are eight pure strategy equilibrium points under this scenario.

In evolutionary game theory, the Jacobian matrix method is commonly used to assess
equilibrium stability via eigenvalue signs. However, due to the numerous undetermined
parameters in the proposed model, this analytical approach is impractical. Therefore, this study
develops a tripartite evolutionary game simulation model based on system dynamics to
intuitively analyse equilibrium points and evolutionary paths.

4.2 Construction of the system dynamics model

This study simulates the tripartite evolutionary game using a system dynamics model (see Fig.
2). The initial values for each parameter variable are listed in Table II. This study validates the
model using behavioural validity and pure strategy simulation tests, both of which consistently
confirm its satisfactory validity.

Table II: Initial values of parameter variables.

Parameter Initial value Parameter Initial value Parameter | Initial value

E 15 million RMB w 5 million RMB Cqi 500,000 RMB
F 10 million RMB G 7,000 RMB/unit Co 400,000 RMB
R 15 % D 6 million RMB Can 500,000 RMB
K 30 % P 400 RMB Cos 400,000 RMB
C 8 million RMB 14 7,600 RMB/unit 0 8,400 t

H 15 million RMB Cs 6 million RMB S3 80 RMB/t

Em 5 million RMB Si 500,000 RMB Py 960 RMB/unit
S> 500,000 RMB
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Figure 2: System dynamics model.

S. SIMULATION ANALYSIS

5.1 Comparative analysis of heterogeneous policy combinations

This section uses system dynamics to simulate the strategic evolution of the three parties. Policy
switch variables are set for four policy types, revealing evolutionary patterns across 16
scenarios under five policy categories.
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Figure 3: Simulation results under Figure 4: Simulation results under the quadruple-policy
the no-policy scenario. combination scenario.

As shown in Fig. 3, under the baseline scenario without policy intervention, consumers sell
batteries to informal recyclers that offer higher prices and ultimately choose the non-
participation strategy. Manufacturers, unable to obtain sufficient power batteries and burdened
with high infrastructure costs, face recycling costs that far exceed their benefits. Consequently,
consumers and manufacturers eventually adopt non-participation and passive recycling,
respectively. Without policy guidance, the market mechanism alone cannot establish an
effective recycling system.

As shown in Fig. 4, under the quadruple-policy combination, the government converges
slowly toward policy implementation due to excessive fiscal pressure. Manufacturers initially
choose passive recycling, but as the government and consumers gradually adopt their respective
strategies, manufacturers shift toward active recycling driven by increased revenues and
subsidies. However, delayed returns from recycling technology innovation hinder the rapid
establishment of an effective recycling system in the short term.

Individual policies target only a specific link or agent within the power battery recycling
system. As shown in Figs. 5 a, ¢, and d, manufacturer-targeted policies — such as recycling
technology innovation, subsidies, and tax incentives — fail to secure consumer participation, as
consumers prefer informal recyclers offering higher prices. Consequently, the system evolves
toward passive recycling. In contrast, under the consumer-targeted deposit-refund system
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(Fig. 5b), consumers face deposit forfeiture if they opt out of formal enterprises, leading them
to adopt the participation strategy. However, manufacturers still choose passive recycling
because their short-term revenues cannot cover costs.

Thus, under single policies, manufacturers and consumers cannot simultaneously choose
active recycling and participation, making an effective recycling system unattainable.

As shown in Figs. 6 a, d, and e, combining the deposit-refund system with any manufacturer-
targeted policy (recycling technology innovation, subsidy, or tax incentive) outperforms
individual implementation. In all three scenarios, consumers adopt the participation strategy.
However, when combined with recycling technology innovation, manufacturers incur high
initial costs, leading to passive recycling. Conversely, when the deposit-refund system is
combined with subsidy or tax incentive policies, manufacturers receive financial support and

gradually shift to active recycling in the mid-to-late stages.
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Figure 5: Simulation results under the single-policy scenarios: a) Recycling technology innovation
policy, b) Deposit-refund system, c) Subsidy policy, d) Tax incentive policy.

1 Ve 1 /r " Va
/ / /
0rs | f 015 |/ o7 | /
/ /
/ / /
o 03 e 05 a 0
025 I"x 0.25 5’\ 025 |}
a) |\ b |v SELS
i R I e e e o o o SR T 0 = . i e L _ |
1 1030 1060 109 1120 L1150 1180 1 1030 1060 1090 1120 1150 LiS0 1 1030 1060 LO90 L1200 L1500 1180
Time (Year) Tine (Year) Time (Year)
e R X —t—t———t—1— B x 2
¥ R S ¥ 2
// 3 [ 7 1 ‘{/
i:’ :/ﬁ fl
075 | 075 f 075 | f
/ /
/ /
e o 05 o 03
02s |\ 025 || 025
X\ R N I \
d P P S e s b2 3
LN
0 o 0 e . - _ | _
1 1050 1060 109 1120 1150 L1180 1 1030 1060 LO%0 1120 1150 1180 1 1030 1060 1090 1120 1150 1180
Timne (Year) Tine (Year)

Time (Year)
z 3 —s—=3 z ———3%—5—5—% x + z
. y 22

2

y 2%

Figure 6: Simulation results under the dual-policy combination scenarios: a) Recycling technology
innovation policy + deposit-refund system, b) Recycling technology innovation policy +
subsidy policy, ¢) Recycling technology innovation policy + tax incentive policy, d) Deposit-
refund system + subsidy policy, ¢) Deposit-refund system + tax incentive policy, f) Subsidy

policy + tax incentive policy.

Figs.6b, ¢, and f show that implementing any two manufacturer-targeted policies
simultaneously fails to increase consumer willingness; consumers still choose higher-priced
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channels, and the outcomes mirror those of single-policy scenarios. Thus, dual-policy
combinations targeting only manufacturers fail to ensure both active recycling and participation;
only measures for both groups can achieve collaborative participation.

As shown in Figs. 7 a and b, under the combinations of "recycling technology innovation +
deposit-refund + subsidy" and "recycling technology innovation + deposit-refund + tax
incentive", manufacturers ultimately choose passive recycling due to high initial investment
costs that cannot be offset by returns. Fig. 7 ¢ shows that in the combination of recycling
technology innovation, subsidy and tax incentive, manufacturers also converge toward passive
recycling, as consumers opt out of formal recycling, rendering volume-dependent subsidies and
tax incentives ineffective. According to Fig. 7 d, in the combination of deposit-refund, subsidy
and tax incentive, manufacturers initially tend toward passive recycling, then shift to active
recycling, and finally stabilize. In the early stage, high network establishment and maintenance
costs exceed benefits, reducing manufacturers' willingness to recycle actively. In the mid-stage,
external policy incentives and improved internal returns drive manufacturers to converge
toward active recycling.
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Figure 7: Simulation results under the triple-policy combination scenarios: a) Recycling technology
innovation policy + deposit-refund system + subsidy policy, b) Recycling technology
innovation policy + deposit-refund system -+ tax incentive policy, ¢) Recycling technology
innovation policy + subsidy policy + tax incentive policy, d) Deposit-refund system + subsidy
policy + tax incentive policy.

Thus, among triple-policy combinations, only the mix of deposit-refund, subsidy, and tax
incentive leads manufacturers to active recycling and consumers to formal participation. The
deposit-refund system is critical for an effective recycling system and indispensable for its long-
term operation.

5.2 Sensitivity analysis

Based on the above analysis, this section examines the optimal policy combination (deposit-
refund, subsidy, and tax incentive). With initial strategies set to (0.5, 0.5, 0.5), sensitivity
analyses are conducted by varying the deposit amount, tax refund ratio, and subsidy amount.
The resulting tripartite evolutionary trajectories are presented in Figs. 8, 9, and 10.

As shown in Fig. 8, increasing the deposit amount accelerates the convergence of
manufacturers and consumers toward their respective stable states. Specifically, when the
deposit exceeds 13 RMB/kWh, consumers quickly adopt formal recycling to avoid forfeiting
their deposit. When the deposit reaches 16 RMB/kWh, manufacturers also begin to converge
toward the active recycling strategy, with the convergence speed increasing as the deposit rises.
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For the government, a higher deposit enhances consumer participation in the early stage, driving
the government to implement the policy. However, when the deposit exceeds 30 RMB/kWh in
the later stages, rising fiscal pressure from increased recycling volumes drives the government
toward non-implementation of the policy.

As shown in Figs. 9 and 10, increasing the tax refund ratio and subsidy amount significantly
strengthens manufacturers' willingness to recycle actively, but has no notable effect on
consumer participation decisions. For the government, when the tax refund ratio exceeds 45 %
or the subsidy amount exceeds 130 RMB/t in the later stages, substantial fiscal pressure forces
the government to shift toward non-implementation of the policy.
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Figure 8: Impact of deposit amount on agents' strategy selection: a) Government, b) Manufacturer,
¢) Consumer.
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Figure 9: Impact of tax refund ratio on agents' strategy selection: a) Government, b) Manufacturer,
¢) Consumer.
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Figure 10: Impact of subsidy amount on agents' strategy selection: a) Government, b) Manufacturer,
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Figure 11: Evolutionary trajectory of agents’ strategy selection under different initial probability
combinations: a) Government, b) Manufacturer, ¢) Consumer.

Under the optimal policy mix with initial probabilities of all three agents set to 0.5, varying
the probabilities of any two agents yields the evolutionary trajectories shown in Fig. 11. When
the initial probabilities of manufacturers’ active recycling and consumers’ participation are both
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below 0.6, the government converges faster to policy implementation. When the initial
probabilities of government intervention and consumer participation are both below 0.5,
manufacturers remain unlikely to choose active recycling. When the initial probabilities of
government intervention and manufacturers’ active recycling are both below 0.1, consumers
initially choose non-participation but eventually converge to participation. Thus, agents’
strategic evolution exhibits strong interdependence and clear threshold effects. Notably,
government intervention, particularly the deposit-refund system, is the most critical factor
constraining consumers’ participation decisions.

Thus, agents' strategic evolution shows close interdependence and a clear threshold effect;
notably, government intervention — especially the deposit-refund system — strongly constrains
consumers' participation decisions.

6. CONCLUSION

This study constructs a tripartite evolutionary game model involving the government,
manufacturers, and consumers, and combines it with system dynamics simulation to investigate
the impacts of four heterogeneous policies and their combinations on the power battery
recycling system. The main conclusions are as follows:

(1) Individual policies exhibit notable limitations. Subsidies and tax incentives can only
enhance manufacturers' recycling willingness but fail to guide consumers toward formal
recycling participation; the deposit-refund system can constrain consumer behaviour but is
insufficient to incentivize manufacturers to engage in active recycling.

(2) The triple-policy mix of deposit-refund, subsidy, and tax incentive policy is identified
as the optimal scheme, as it effectively balances incentives and constraints. Dual-policy
combinations incorporating the deposit-refund system lack sufficient incentive intensity, while
the quadruple-policy combination is constrained by lagged returns from technological
innovation and increased fiscal pressure.

(3) Under the optimal policy mix, the deposit amount should be controlled within the range
of 1630 RMB/kWh. A tax refund ratio exceeding 45 % or a subsidy standard higher than 130
RMB/t would increase the government's fiscal burden, ultimately leading to its withdrawal from
policy implementation in later stages.

This study provides quantitative references for power battery recycling policy design.
However, it does not incorporate the dynamic behaviours of informal recyclers, and some
parameters are affected by regional economic differences. Future research can further refine the
model to enhance its practical guidance value.
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