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Highlights

Please indicate how your work links to systems science via your contributions to systems
practice, theory, and/or methodology.

e A government-consumer evolutionary game captures adaptive feedback between
fiscal policies and NEV adoption.

e  Static and dynamic tax—subsidy mechanisms are compared through stability, equilib-
rium, and sensitivity analyses.

What are the main findings and/or the implications of the main findings?

e  Dynamic policy mechanisms promote system convergence, with static tax and dynamic
subsidy showing relatively favorable performance.

e  Coordinating tax stability with adaptive trade-in subsidies can support the transition
toward demand-driven NEV adoption.

Abstract

Purchase tax exemption and vehicle trade-in subsidies are important demand-side pol-
icy instruments for promoting new energy vehicle (NEV) adoption in China. This study
examines how static and dynamically adjusted tax and subsidy mechanisms affect the
strategic evolution of the government and consumers. Based on the assumption of bounded
rationality, this study develops a government-consumer evolutionary game model and
derives replicator dynamics to analyze equilibrium stability under different policy mech-
anisms, followed by numerical simulations and sensitivity analyses. The results show
that: (1) the static tax and subsidy mechanism does not converge asymptotically, whereas
dynamic mechanisms enable the strategies of both the government and consumers to
converge toward an interior equilibrium, with the static-tax and dynamic-subsidy com-
bination showing relatively more favorable performance; (2) a moderate increase in the
NEV purchase tax during the phase-out period raises the equilibrium probabilities of
policy implementation and NEV adoption, but slows convergence and increases market
fluctuations, with consumers more sensitive to changes in the NEV purchase tax than to
changes in the fuel-vehicle purchase tax; (3) higher trade-in subsidies granted when an
old vehicle is replaced with an NEV increase fiscal pressure and weaken the government’s
implementation incentive, whereas higher subsidies for replacement with a conventional
fuel vehicle strengthen the government’s implementation incentive but reduce consumers’
probability of choosing NEVs; and (4) policy management costs affect consumers’ strategic
choices, while improvements in the baseline utility of NEVs can reduce reliance on policy
intervention. These findings provide theoretical insights for coordinating purchase-tax and
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trade-in-subsidy adjustments and supporting a gradual transition toward demand-driven
NEV adoption.

Keywords: electromobility; demand-side fiscal incentives; purchase tax exemption; vehicle
trade-in subsidy; consumer adoption; policy feedback

1. Introduction

Promoting green and low-carbon transformation in transportation is a shared global
objective for combating climate change and advancing sustainable development [1]. Data
from the International Energy Agency indicate that the transport sector accounts for ap-
proximately 24% of global energy-related CO, emissions, with road vehicles contributing
about 70% of direct transport emissions [2,3]. Against this backdrop, new energy vehicles
(NEVs) have become a central pillar in the electrification and low-carbon transition of
the automotive industry, playing a critical role in restructuring energy use and curbing
transport-related carbon emissions. China’s New Energy Vehicle Industry Development
Plan (2021-2035) identifies NEVs as a vital route to green economic growth. The NEV
industry not only lessens fossil fuel dependency and enhances air quality, but also drives
upstream and downstream sectors—including raw materials, components, vehicle assem-
bly, and after-sales services. In this way, it holds strategic significance for cultivating
new quality productive forces, expanding domestic demand, and stabilizing economic
growth [4].

Policy support from central and local governments has been instrumental in the
industry’s rapid ascent. On the tax side, the purchase tax exemption for NEVs, in place
since 2014, has undergone repeated extensions and refinements, culminating in a phased
phase-out: full exemption for 2024-2025, followed by a 50% reduction for 2026-2027. On the
subsidy side, China first introduced trade-in subsidies for automobiles in 2009, with related
trade-in incentive schemes subsequently expanded and strengthened [5]. In 2024, the
State Council issued the Action Plan for Promoting Large-Scale Equipment Renewals and
Consumer Goods Trade-Ins, designating vehicle trade-ins as a core strategy for boosting
domestic demand and stimulating consumption upgrades [6]; in 2026, the subsidy shifted
from a fixed-amount to a proportional model. Together, these two policy instruments
have fueled sustained and rapid expansion of the NEV market. According to the China
Association of Automobile Manufacturers, NEV sales reached 16.49 million units in 2025, a
year-on-year increase of 28.2%, with the market penetration rate reaching 47.9%—signaling
that China’s automotive market is continuing its transition toward a new energy-dominated
phase [7]. Currently, the purchase tax exemption is being gradually phased out, and the
trade-in subsidy also needs dynamic adjustment as market penetration rises. The combined
effect of subsidy and tax policy changes on NEV consumption has become a core research
focus in this field. Optimizing the tax and subsidy policies for NEVs not only offers practical
guidance for the sustainable development of the industry but also provides insights into
the cultivation and upgrading of strategic emerging industries in China.

Tax and subsidy policies are important instruments for influencing NEV demand and
can affect both producers and consumers [4]. On the supply side, manufacturers’ produc-
tion decisions, technological innovation, product attributes, and pricing strategies shape
the availability and attractiveness of NEVs, while consumer adoption is also influenced by
price sensitivity and the price elasticity of vehicle demand [8,9]. The effects of demand-side
policies therefore depend not only on policy incentives but also on firms’ supply responses
and the resulting price and utility conditions faced by consumers [10,11]. This study focuses
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specifically on the demand-side intervention mechanism, examining consumers’ choices
between NEVs and conventional fuel vehicles under different purchase tax and trade-in
subsidy schemes. In recent years, the purchase tax exemption has entered a gradual phase-
out, while the trade-in subsidy has shifted from a fixed-amount to a proportional model,
making the dynamic nature of the policy mix increasingly salient. Accordingly, this study
develops an analytical framework incorporating dynamic tax and subsidy mechanisms
to examine how these two policy instruments jointly affect consumer purchase behavior.
Specifically, this study seeks to address the following questions: Which combination of tax
and subsidy policies shows relatively better performance in promoting NEV adoption in
terms of the equilibrium adoption probability, local stability properties, and convergence
speed? Do dynamically adjusted policies outperform static ones in guiding consumer
behavior? How do different policy mixes influence consumers’ strategic choices? How do
changes in government policy management costs affect the evolutionary process? And how
should the government optimize the combination of purchase tax exemption and trade-in
subsidy to achieve stable and sustained guidance for consumer behavior?

To answer these questions, this study develops an evolutionary game model involving
the government and consumers. This model characterizes the evolutionary dynamics
of government promotion strategies and consumer purchase strategies under the joint
influence of purchase tax exemption and trade-in subsidies. It systematically analyzes
the local dynamical stability of equilibrium points under both static and dynamic policy
scenarios, compares the evolutionary performance of different policy combinations, and
examines how tax and subsidy interventions affect consumer strategy evolution. On the
one hand, this study broadens the research perspective on NEV tax and subsidy policies,
shifting the analytical focus from the traditional single-subsidy approach to a composite
framework of “tax exemption plus trade-in subsidy.” On the other hand, in the post-subsidy
era—where purchase subsidies have been fully withdrawn and policy focus has turned to
demand-side targeted incentives—this study provides theoretical foundations and decision-
making references for governments to optimize industrial policies and achieve dynamic
policy adaptation.

The remainder of this study is organized as follows: Section 2 provides a literature
review; Section 3 constructs the evolutionary game model under different tax and subsidy
mechanisms and conducts stability analysis; Section 4 performs numerical simulations
using Matlab R2023b, analyzes the evolutionary trajectories and equilibrium outcomes
under various policy combinations, and carries out sensitivity analysis on key parameters;
and Section 5 presents the conclusions and discussion.

2. Literature Review

This study constructs an evolutionary game model between the government and
consumers to examine the joint effects of purchase tax exemption and trade-in subsidy
policies on NEV promotion and to compare the evolutionary outcomes and stability prop-
erties under static and dynamic policy scenarios. Consequently, the literature review is
organized into the following parts: implementation forms of NEV tax and subsidy policies,
implementation effects of NEV tax and subsidy policies, and dynamic tax and subsidy
mechanisms in the evolutionary game.

2.1. Implementation Forms of NEV Tax and Subsidy Policies

Tax and subsidy policies for NEVs have undergone continual adjustments in their
implementation. Currently, on the tax side, the purchase tax exemption follows a gradual
phase-out schedule; on the subsidy side, the trade-in program has evolved from a pilot
phase and fixed-amount subsidies to a proportional model [5,12]. Together, the purchase tax
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exemption and the trade-in subsidy serve as the core demand-side policy instruments for
stimulating NEV consumption. Recent studies indicate that China’s NEV policy framework
has gradually evolved toward a more diversified, differentiated, and coordinated combi-
nation of policy instruments. Liu et al. [13] classified China’s EV incentive policies into
monetary incentives, privilege incentives, demonstration incentives, and charging incen-
tives, highlighting the increasingly combined use of different policy tools. Zhao et al. [14]
further examined EV policy mixes in Chinese cities and emphasized the transition from
broad purchase subsidies toward more differentiated and cost-effective combinations of in-
centives as the market matures. In the post-subsidy era, Du et al. [15] discussed alternative
policy arrangements, including vehicle scrappage, carbon trading, and other complemen-
tary instruments, stressing the importance of coordination among different policy tools.
With respect to tax incentives, Lu et al. [16] compared alternative continuation and phase-
out schedules for the NEV purchase tax exemption, indicating that the timing and intensity
of tax withdrawal have become important dimensions of policy implementation. More
recently, Wang et al. [17], based on an analysis of 950 provincial NEV policy documents,
identified a shift from single-instrument dominance toward synergistic and regionally
differentiated policy mixes. Overall, the implementation of China’s NEV tax and subsidy
policies has evolved from relatively uniform and direct financial support toward a more
diversified, differentiated, coordinated, and progressively phased-out policy framework.

2.2. Implementation Effects of NEV Tax and Subsidy Policies

The ongoing implementation of tax and subsidy policies for NEVs has attracted growing
scholarly attention. Researchers have examined the relationship between fiscal and tax policies
and NEV industry development from various angles, yielding a range of perspectives.

Numerous studies have examined the effects of tax policies on NEV industry develop-
ment. For example, Yao et al. [18], using provincial energy and economic data from 2016
to 2021 in China, constructed an empirical model and found that green taxes significantly
promote NEV industry growth. Jreige et al. [19] showed through policy simulations that
doubling fuel taxes increases the potential market share of NEVs. Zeng et al. [20], em-
ploying a two-way fixed-effects model, reported that tax incentives significantly improve
NEV firm performance, with stronger effects observed in eastern regions. On the subsidy
side, related studies have also identified significant policy effects. Wang and Wang [21]
developed a game-theoretic model to analyze pricing and trade-in strategies among com-
peting manufacturers. Their findings indicate that these strategies are shaped not only by
government subsidies but also by consumer range anxiety and preferences for substitute
products. Zhang et al. [22] reported that trade-in subsidies significantly boosted consumer
participation. Wang et al. [23] constructed a network evolutionary game model to evaluate
alternative subsidy policies, concluding that adaptive subsidies are more cost-effective
than uniform ones and recommended flexible subsidy design. Liu et al. [24] built a tri-
partite evolutionary game model to examine charging infrastructure subsidy strategies
that account for consumer low-carbon preferences. They found that consumer low-carbon
preferences, government subsidy levels, and fuel vehicle prices exert the greatest influence
on the strategies of both manufacturers and consumers. Nevertheless, some researchers
have pointed out problems with subsidy policies. For instance, Ren [25] noted that certain
manufacturers obtain government subsidies through fraudulent means, thereby increasing
local fiscal pressure. Nie et al. [26] found that subsidies for consumer NEV purchases
are less effective than those directed at charging infrastructure, such as charging stations
and piles.

Empirical studies based on China’s automobile market provide further evidence on the
actual effects of fiscal incentives. Using the vehicle purchase tax exemption policy as a quasi-
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natural experiment, Liu [27] employed a difference-in-differences approach and found that
the policy significantly increased electric vehicle sales. Using the 2022 vehicle purchase
tax reduction as a quasi-natural experiment, Mao and Zhang [28] similarly found that the
policy significantly increased automobile sales. Based on survey data from participants in
China’s 2024 vehicle trade-in program, Dua [12] found that the subsidy induced additional
vehicle replacements and accelerated vehicle turnover, with stronger responses among
lower-income consumers. Using panel data from 275 Chinese cities, Zhao et al. [14] further
found that the effectiveness of EV incentive policies varies across policy combinations and
market conditions; in particular, multiple incentives do not necessarily generate stronger
effects, and some policy combinations may exhibit crowding-out effects. Taken together,
these empirical findings confirm that purchase tax incentives and trade-in subsidies can
stimulate vehicle demand and replacement, while also showing that their effectiveness
depends on policy design, policy interactions, and market conditions.

In addition to direct fiscal incentives, consumer utility is an important determinant of
NEV adoption. Existing studies indicate that consumers’ vehicle choices are shaped not
only by purchase costs and government subsidies, but also by factors such as range anxiety,
preferences for alternative vehicle types, low-carbon preferences, and the availability of
charging infrastructure [21,24,26]. Shi and Cheng [29] further incorporated consumers’
low-carbon preference into a tripartite evolutionary game involving the government, NEV
manufacturers, and consumers, showing that government subsidies and consumer pref-
erences jointly shape participants’ strategic choices and NEV diffusion. These factors
influence the utility consumers derive from NEVs relative to conventional fuel vehicles
and, consequently, their vehicle choices. This literature provides a basis for incorpo-
rating baseline consumer utility alongside tax and subsidy incentives into the present
government-consumer evolutionary-game framework.

Beyond single-policy instruments, some scholars have further examined the combined
effects and comparative analysis of tax and subsidy policies. For example, Yu et al. [30]
developed a tripartite evolutionary game model and found that a combination of differenti-
ated carbon taxes and subsidies effectively curbs manufacturer free-riding and incentivizes
low-carbon transitions. Chakraborty et al. [31], in both monopoly and duopoly market
contexts, found that combining subsidies with green taxes generates higher social welfare
than either policy in isolation. Zhou et al. [32] constructed a system-dynamics-based evolu-
tionary game model to assess the influence of price subsidies and tax incentives on electric
vehicle industry development. Their results reveal that dynamic incentive policies lead
to a stable equilibrium, and that tax incentives outperform direct subsidies in stimulating
EV production.

2.3. Dynamic Tax and Subsidy Mechanisms in the Evolutionary Game

Most of the aforementioned studies adopt static policy frameworks. In practice, how-
ever, tax and subsidy policies are often adjusted dynamically in response to evolving market
conditions. Static policy settings may be less responsive to changes in agents’ strategic
behavior, whereas dynamic mechanisms allow policy incentives to adjust with evolving sys-
tem conditions [33]. Evolutionary game theory provides a useful framework for analyzing
adaptive strategic interactions under bounded rationality [34]. Recent research has further
examined perceptual rationality in evolutionary games, emphasizing that decision-making
may also be shaped by agents’ perceptions of their environment [35]. Scholars have applied
evolutionary game models to investigate the effects of dynamic tax or subsidy policies
on agent behavior across various domains, including green buildings [36], sustainable
aviation fuel promotion [37], port shore power promotion [38], and low-carbon innovation
systems [33]. These studies generally indicate that dynamic feedback mechanisms can
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improve system convergence and alter evolutionary stability relative to static policy settings
under certain conditions.

In the NEV sector, evolutionary game models have also been widely used to examine
the effects of tax and subsidy policies on the strategic behavior of different participants. For
example, Liu et al. [39] constructed a government-manufacturer evolutionary game and
compared static and dynamic tax—subsidy scenarios, showing that dynamic taxation or sub-
sidy mechanisms can improve system convergence relative to static policy settings. Zhou
et al. [32] assessed the influence of price subsidies and tax incentives on electric vehicle
industry development. Chen and Hu [34] examined manufacturers’ behavioral responses
to different carbon tax and subsidy mixes. Liu et al. [40] analyzed the evolutionarily stable
strategies of local governments and automakers under various subsidy-carbon tax combi-
nations. Sun et al. [41] further examined dynamic subsidy adjustment in a tripartite game
involving governments, NEV firms, and consumers. More closely related to the present
study, Li et al. [4] constructed a two-party evolutionary game between the government and
consumers and compared the evolutionary outcomes under different static and dynamic
tax-subsidy mechanisms.

These studies demonstrate that dynamic fiscal-policy mechanisms can influence the
evolutionary trajectories of governments, firms, and consumers in the NEV market. How-
ever, relatively limited attention has been paid to the joint effects of the two major demand-
side policy instruments considered in this study—purchase tax exemption and vehicle
trade-in subsidies—particularly their differentiated impacts on government policy imple-
mentation and consumers’ vehicle choices.

2.4. Brief Review

The existing literature provides an important foundation for understanding the role
of fiscal and tax policies in NEV promotion. Previous studies have examined the effects
of taxes, subsidies, and their dynamic adjustment on the evolutionary behavior of gov-
ernments, manufacturers, and consumers, and have shown that feedback-based policy
mechanisms can alter system stability and evolutionary trajectories. Building on this litera-
ture, the present study focuses on the joint effects of purchase tax exemption and vehicle
trade-in subsidies within a government-consumer evolutionary-game framework.

Relative to previous studies, this paper makes two specific contributions. First, it inte-
grates the purchase tax exemption and vehicle trade-in subsidy into a unified government—
consumer evolutionary-game framework, thereby extending the analysis of dynamic fiscal
incentives to a more specific demand-side policy combination. Second, by comparing the
effects of different tax and subsidy parameters on the evolutionary strategies of the two
participants, the study further identifies the differentiated behavioral responses associated
with the two policy instruments. In particular, the simulation results show that consumers
are more responsive to changes in the NEV purchase tax than to changes in the tax burden
on conventional fuel vehicles, and are more sensitive to NEV trade-in subsidies than to
trade-in subsidies associated with conventional fuel vehicles.

3. Evolutionary Game Model Construction
3.1. Problem Description

The strategic choices made by the government and consumers jointly influence the pro-
motion effectiveness of NEVs. Based on the assumption of bounded rationality, consumers
choose vehicle types with the goal of maximizing their own utility, while the government
formulates promotion policies aimed at expanding NEV consumption and advancing the
low-carbon transition in transportation. This paper first constructs an evolutionary game
model under a static tax-and-subsidy mechanism, assuming that both the purchase tax
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exemption and the trade-in subsidy are exogenous fixed values that do not vary with con-
sumers’ strategic choices. Subsequently, we introduce a dynamic adjustment mechanism,
whereby policy intensities evolve in proportion to the share of consumers choosing NEVs.
We also design multiple policy combination scenarios for comparative analysis, in order to
reveal the strategic evolution patterns of game participants and the conditions for system
stability under different mechanisms.

3.2. Model Assumptions

Based on existing studies [4,12,21] and the actual policy characteristics of the purchase
tax exemption and trade-in subsidy for NEVs, the following basic assumptions are proposed.

Assumption 1. Game participants and strategy choices. The two participants in the evolutionary
game are the government and consumers, both of whom are boundedly rational agents and con-
tinuously adjust their strategies through long-term interactions. The government’s strategy set is
{implement promotion policies, do not implement promotion policies], where “implement promotion
policies” refers to the government promoting NEV development via purchase tax exemptions and
trade-in subsidies, and “do not implement policies” indicates that neither incentive measure is
adopted. Let x denote the probability that the government chooses to implement promotion policies,
and 1 — x the probability of not implementing. The consumers’ strategy set is (choose NEV's, choose
conventional fuel vehicles), with the corresponding probabilities denoted as y and 1 — y, respectively.

To focus on the core strategic interaction between government policy implementation
and consumer vehicle choice, this study adopts a binary strategy space for both players.
Specifically, the government chooses between implementing and not implementing the
promotion policy, while consumers choose between NEVs and conventional fuel vehicles.
This binary setting is a theoretical simplification intended to isolate the feedback mechanism
between policy intervention and consumer adoption within a tractable evolutionary-game
framework, rather than to represent the full range of decisions available in the actual
vehicle market.

Assumption 2. Government Payoffs. When the government implements promotion policies, it
incurs a management cost M. In this case, if consumers purchase NEVs, the government provides
incentives through purchase tax exemptions Ty and trade-in subsidies Sy ; if consumers purchase
conventional fuel vehicles, the government levies a fuel vehicle purchase tax Tz and provides trade-in
subsidies Sy , while also bearing environmental governance costs Eq arising from fuel vehicle use.
When the government does not implement promotion policies, trade-in subsidies are absent; the
purchase tax on fuel vehicles remains T3 , and the purchase tax on NEVs is T, (with T, being the
full rate, and Ty < T, ; given the 50% reduction in NEV purchase tax during 20262027, we
set Ty = 0.5T, ). Additionally, the government bears a public credibility loss L due to inaction,
as well as environmental governance costs Ey from fuel vehicle use. Here, L represents the loss
of public credibility associated with the government’s non-implementation of NEV promotion
policies, reflecting reduced confidence in policy continuity and government commitment [4]. The
environmental governance costs E1 and Ey represent the aggregate environmental management
and mitigation burdens associated with fuel-vehicle use when the policy is implemented and not
implemented, respectively. Because policy implementation is assumed to promote NEV adoption and
reduce reliance on conventional fuel vehicles, the environmental governance burden is expected to be
lower under policy implementation than under non-implementation, i.e., Ey < E, . These costs are
modeled as exogenous parameters to capture the aggregate economic consequences of environmental
externalities without introducing additional environmental-output equations.

Assumption 3. Consumer Payoffs. Consumers derive a baseline utility Ry from purchasing
NEVs and Ry from purchasing conventional fuel vehicles. When the government implements
promotion policies, consumers who purchase NEV's benefit from purchase tax exemptions and
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trade-in subsidies Sy ; those who purchase fuel vehicles pay the full purchase tax T3 and receive
trade-in subsidies Sy (with S1 > Sy , consistent with actual policy settings). When the government
does not implement promotion policies, consumers who purchase NEVs pay the full purchase tax T, ,
while the purchase tax for fuel vehicles remains Ts.

The parameters and their definitions mentioned in the above assumptions are summa-
rized in Table 1.

Table 1. Main parameters and their explanations.

Parameter Definition
x Probability of the government implementing a tax and subsidy combined policy
y Probability of consumers choosing NEVs
T NEYV purchase tax when the policy is implemented
T NEV purchase tax when the policy is not implemented
T3 Purchase tax for fuel vehicles
51 Trade-in subsidy for NEVs
Sy Trade-in subsidy for fuel vehicles
M Management cost of government policy implementation
Eq Environmental governance cost caused by fuel vehicles when the policy is implemented
E, Environmental governance cost caused by fuel vehicles when the policy is not implemented
L Public credibility loss when the policy is not implemented
Ry Basic utility of consumers purchasing NEVs
Ry Basic utility of consumers purchasing fuel vehicles

3.3. Model Construction and Stability Analysis Under Static Tax and Subsidy Mechanisms
3.3.1. Model Construction

Based on the above assumptions, four strategy combinations of the government and
consumers can be derived, and the game payoff matrix is shown in Table 2.

Table 2. Payoff matrix of the government—consumer game.

Game Participants Consumers
y 1-y
G ¢ b (Tl—M—Sl,R1+S1—T1) (Ts— M —E1 — Sy, Ro+ S, — Ts)
overnmen 1—x (T — L, Ry — T») (Ts — L — Ep, Ry — T)

According to evolutionary game theory and the payoff matrix, the expected payoff of
the government when implementing the policy, denoted as Uj, is given by:

Un=y(h —M=51)+(1-y)(ls-M-E=5) ey
The expected payoff when not implementing the policy is:
U =y(T,— L)+ (1 -y)(Ts —L—E) ()
The average expected payoff of the government is:
Uy = xUn + (1 —x)Uso ©)
Therefore, the replicator dynamics equation of the government is:

F(x) =% =x(Uy —Uy) @)
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Similarly, the expected payoffs for consumers choosing NEVs and conventional fuel
vehicles are respectively:

Uy = x(R1+ 81— T1) + (1 —x)(Ry — T2) 5)

Uy = x(Ry+S2 — T3) + (1 = x)(Ry — T3) (6)

The average expected payoff of consumers is:
Uy = yUz + (1 —y)Ux )

The replicator dynamics equation of consumers is:

Fly) =% =y(Uy — W)

=y(1-y)[Ri —Ro+ T3 —To+x(51 = S2 + To — Tq)]

3.3.2. Stability Analysis

Let F(x) = 0 and F(y) = 0, there always exist four local equilibrium points, namely
(0,0),(0,1),(1,0),(1,1).
When 0 < M <1,0< L—M_S,+Ep_E, I < 1, there exists a fifth equilib-

S1=5,+T3— S1=52 =Tk =
rium pomt( ,y)
Ry RitTy-Ty g _LoM_SpiEp_Fy
Here, x* = S, =S, 4T,—T, ’ v T 51=S+T,-Ti+E—E -

Proposition 1. (Existence condition of the interior equilibrium point) For the interior equilibrium
point (x*,y*) , if the following two conditions hold simultaneously:

i) Ri+S—-Th >R +S5—Ts;

(ii) Tl—M—51<T2—L.

and the denominators satisfy S1 — Say+Tp — Ty > 0and S — So+Tp — Ty + Eo — E1 > 0, then
the interior equilibrium point (x*,y*) satisfies 0 < x* < 1and 0 < y* < 1, i.e., the interior
equilibrium point exists.

a+b
c+ b’

b="T,, ¢c=5 —S, — T, then x* = Z i Z Since the denominator is positive, 0 < x* < 1is

equivalenttoa 4+ b < ¢ + b, whichis equivalent to a < c. The condition a < c is equivalent
toRp — Ry — T3 < §1 — Sp — Tq, rearranged as Ry + S; — Ty > Ry + Sp — T3, which is

condition (i). Similarly, decompose y* into ?+ ¢ whered =L—M,e=—S, + E, — Ey,

Proof. Decompose the expression of x* into the form wherea = Ry — Ry — T,

f = S1 + T, — T;. Since the denominator is positive, 0 < y* < 1 is equivalent to
d + e < f + e, whichisequivalenttod < f,ie., T} — M —S; < T, — L, which is condition
(ii). This completes the proof. [

Condition (i) indicates that when the policy is implemented, the total benefit for
consumers purchasing NEVs exceeds that for conventional fuel vehicles, implying that the
tax and subsidy policies effectively enhance the relative advantage of NEVs. This serves
both as a prerequisite for policy effectiveness and as a necessary condition for the existence
of a mixed-strategy equilibrium. Condition (ii) indicates that when consumers choose
NEVs, the government’s payoff from not implementing the policy is higher than that from
implementing it, implying that the government has a “free-rider” incentive—that is, the
market has spontaneously shifted toward a green transition, and the government tends
to save fiscal expenditure. Together, these two conditions constitute the necessary and
sufficient conditions for the existence of the interior equilibrium point (x*, y*).

Following the stability analysis method of Friedman [42], the local dynamical stability
of the equilibrium points is first examined using the Jacobian matrix of the replicator
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system. Because the present model is an asymmetric two-population evolutionary game
between the government and consumers, this study distinguishes the local asymptotic
stability of a rest point of the replicator dynamics from the stricter game-theoretic concept
of an evolutionarily stable strategy (ESS). Accordingly, the Jacobian analysis below is
used primarily to characterize the local dynamical stability of the equilibrium points. The
Jacobian matrix derived from the replicator dynamic equations is as follows:

dF (x) oF(x)

Jx 0
Jy) = | ar(y) orly) ©)
dx 9y
I: (1 22)[y(Ty — Ty — Sy + Sy + E — E3) + (L — M — S5 + E5 — Ey))] x(1=x)(Th — T, —S1+S2+ E; — Ep) (10)
1 y1-y)(S1 =5 +T,—T) (1-=2y)[Ry =Ry + T3 = To +x(S1 = So + To — T1)]

For a two-dimensional continuous dynamical system, a hyperbolic equilibrium point
is locally asymptotically stable when Det ] > 0 and Tr ] < 0. When Tr ] = 0 and Det ] > 0,
however, the corresponding eigenvalues are purely imaginary, and the linearization alone is
insufficient to determine the nonlinear stability of the equilibrium. Therefore, an additional
nonlinear analysis is required for the interior equilibrium of the static-policy system. The
determinant Det ] and trace Tr ] are given respectively as follows:

OF(x) oF(y) _ 9F(x) IF(y)

Det] = dx 9y dy ox ’

Tr] = + =2 (11)

The relationship between R; and R; is first discussed. If Ry > Rj, according to
the payoff matrix, consumers will always choose to purchase NEVs regardless of the
government’s strategy; the game then degenerates into a single-agent decision problem,
losing the analytical value of the evolutionary game model. Therefore, this study assumes
Ry < Rj. This assumption is also consistent with reality: the conventional fuel vehicle
industry is relatively mature, while some consumers still have concerns about NEVs in
terms of range, safety, and charging convenience, resulting in a lower basic utility than that
of fuel vehicles.

Based on the Jacobian matrix, the signs of the determinant and trace corresponding

to each equilibrium point are determined. Under the conditions 0 < w <1,
51—=S+T—-Th

0 < g2l < land Ry + S — Ty > Ry + S — Ts, the stability analysis is

performed, and the stability results for the five equilibrium points are presented in Table 3.

Table 3. Stability analysis of the system under static tax and subsidy mechanism.

Equilibrium Points Det] Symbol Tr] Symbol
(0,0) (L=M—=S;+E;— - (L-—M—S+E—E) Uncertain
E1)(Ri—Ry+ T3 —Tp) +(Ri—Ry+ T3 —T7)
(0,1) (T =T —S1 + L— - (h-To =S +L—M) Uncertain
M)(RZ_R1+TZ_T3) +(R2—R1+T2—T3)
(1,0) (M+SZ 7L+E1 7E2)(R1 — (M+SZ 7L+E1 7E2) +(R1 Uncertain
—Ro+T3+5 -5 —T) —Ry+T3+5 -5 —T)
(1,1) (Tl —Tz—Sl-‘rL—M)(Rl _ (Tz—Tl-i-Sl —L+M)— (Rl Uncertain
7R2+T3+51752*T1) *R2+T3+517527T1)
(x*,y%) + + 0 0

As shown in Table 3, under the parameter regime considered above, the four bound-
ary equilibrium points (0,0), (0,1), (1,0), and (1,1) are not locally asymptotically stable,
whereas the interior equilibrium (x*, y*) satisfies Det ] > 0 and Tr J = 0. Therefore, the
Jacobian matrix at (x*,y*) has a pair of purely imaginary eigenvalues. Importantly, purely
imaginary eigenvalues alone do not establish the nonlinear stability of the interior equi-
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librium, because the linearization is inconclusive in this case. Therefore, the nonlinear
properties of the static system are examined further.
For notational simplicity, define

A=T1—-T,—-S1+S+E—E,B=L—-M-S+E,—E;
C=51—-5+T,—T1,D=R| —Ry+ T3 — Tp.
Equations (4) and (8) can then be rewritten as
F(x) =x(1—-x)(Ay+ B) (12)

F(y) =y(1-y)(Cx+D) (13)

For any interior trajectory with x,y € (0,1), dividing the two differential equations
and separating variables gives

Ay+B ,  Cx+D
y1—y)~ T x1—x)

Integrating both sides yields the following first integral:

dx (14)

H(x,y) = Blny — (A+ B)In(1 —y) — Dinx + (C + D)In(1 — x) (15)

Direct differentiation verifies that

dH(x,y) _
— =0 (16)

along every interior trajectory of the static-policy system. Hence, each interior trajectory
remains on a level set of H(x,y). The interior equilibrium satisfies

* D *__E

Under the denominator restrictions imposed in Proposition 1,
C=51-5+T,—-T1 >0 (18)

and
—A=5—-5+TH—-T1+E—E >0 (19)

which imply A < 0 < C, and hence AC < 0. At the interior equilibrium, the second
derivatives of the first integral are

o’H C
Era T (D B 20
*H A
52 = = <0 (21)
W |y Y (1 —y")

while the cross derivative is zero. Therefore, H(x, y) has a strict local maximum at (x*, y*).
The nearby level sets of H are consequently closed curves surrounding the interior equi-
librium. Thus, (x*,y*) is a nonlinear center: it is stable in the Lyapunov sense but not
asymptotically stable. A trajectory starting away from the equilibrium remains on a
closed periodic orbit around (x*,y*); it neither converges to nor asymptotically approaches
the equilibrium.
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Proposition 2. (Stability properties of the system under the static tax and subsidy mechanism)
Under the parameter regime in which the interior equilibrium (x*,y*) exists and satisfies the
conditions summarized in Table 3, the interior equilibrium is a center rather than an asymptotically
stable equilibrium. Accordingly, interior trajectories starting away from (x*,y*) exhibit persistent
periodic oscillations and do not converge asymptotically. The following boundary equilibria may be
locally asymptotically stable under the corresponding payoff conditions:

(i)  When L — M — Sy + Ey — Ey < 0, the equilibrium (0, 0) is locally asymptotically stable.

(i) When M+ Sy —L+E; —Ey <0and Ry — Ry + T3+ S1 — So — T1 < 0, the equilibrium
(1, 0) is locally asymptotically stable.

(i) WhenTp —T1+S1 —L+M <0and Ry — Ry + T3+ S1 — Sp — Ty > 0, the equilibrium
(1, 1) is locally asymptotically stable.

Proposition 2(i) implies that when the government’s payoff from implementing the
policy is lower than that from not implementing it, (0, 0) becomes a locally asymptotically
stable equilibrium, regardless of the effectiveness of the tax and subsidy policies. This
situation may occur in the early stage of NEV development, when fiscal pressure is high
or policy incentives have not yet taken effect, and the cost of implementation exceeds the
benefits; consumer acceptance is also low, leading both parties to converge to a state of
non-implementation and non-purchase of NEVs.

Proposition 2(ii) implies that when the government’s payoff from implementing the
policy is higher than that from not implementing it, and the tax and subsidy policies are in-
effective, (1, 0) becomes a locally asymptotically stable equilibrium. This situation may arise
when policy implementation is inadequate or supporting facilities such as charging infras-
tructure are underdeveloped, resulting in persistently low consumer acceptance. Although
the government is willing to implement the policy, consumers still prefer conventional
fuel vehicles.

Proposition 2(iii) implies that when the government’s payoff from implementing the
policy is higher than that from not implementing it, and the tax and subsidy policies are
effective (i.e., the total benefit for consumers purchasing NEVs exceeds that for conventional
fuel vehicles), (1, 1) becomes a locally asymptotically stable equilibrium. This situation may
occur in the growth or maturity stage of NEV development, representing an equilibrium
where policy incentives align with market demand.

Overall, the stability outcome of the static tax and subsidy system depends on the
underlying payoff conditions. Under the interior-equilibrium parameter regime considered
in Table 3, the interior equilibrium (x*,y*) is a center and the system exhibits persistent pe-
riodic oscillations rather than asymptotic convergence. Under alternative payoff conditions
specified in Proposition 2(i)—(iii), however, the corresponding boundary equilibrium can be
locally asymptotically stable.

3.4. Model Construction and Stability Analysis Under Dynamic Tax and Subsidy Mechanisms

The above analysis assumes that tax and subsidy levels are static and fixed. In practice,
however, NEV fiscal incentives are increasingly adjusted in response to changes in market
development. In China, the purchase tax exemption has entered a gradual phase-out, while
the trade-in subsidy has shifted from a fixed-amount scheme toward proportional and dy-
namically adjusted arrangements. Meanwhile, existing studies have commonly introduced
state-dependent linear functions to characterize the adaptive adjustment of policy instru-
ments in response to changes in market participation or strategy proportions [4,32-34,43].
Drawing on these studies and the actual adjustment direction of China’s NEV policies, this
study specifies tax and subsidy intensities as functions of the probability y that consumers
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x1=0,x0=1y =

choose NEVs. Specifically, the dynamic tax is set as T; (y) = yTj, and the dynamic subsidies
are setas 51(y) = (1 - y)S1 and S1(y) = (1 - y)S.

This specification implies: (1) as the probability y of consumers choosing NEVs in-
creases, the purchase tax exemption for NEVs gradually decreases (i.e., T1 () is monoton-
ically increasing), while the trade-in subsidies S1(y) and S;(y) decrease monotonically;
(2) at y = 0, the purchase tax exemption and trade-in subsidies reach their maximum levels;
(3) at y = 1, the purchase tax reaches its maximum level, while the trade-in subsidies
decline to zero. This dynamic design is consistent with the current policy logic of the
gradual phase-out of the purchase tax exemption and the dynamic adjustment of trade-in
subsidies, reflecting the government’s progressive withdrawal of intervention as market
penetration rises, which facilitates the transition to a spontaneous market equilibrium [4].

Next, the modeling and stability analysis of three dynamic policy scenarios are con-
ducted to explore the evolutionary trajectories of the system and the stable equilibrium
outcomes of the agents under different strategy combinations.

3.4.1. Dynamic Tax and Static Subsidy

Assume that the government implements dynamic tax and static subsidy, i.e., the
purchase tax is positively correlated with y, with the tax function given by T;(y) = yT;. T»
and T3 remain unchanged, and the subsidies are still S; and S;. The dynamic tax function
indicates that the higher the proportion of consumers purchasing NEVs, the higher the
tax Ty (y).

The replicator dynamics equation for the government is:

:x(l—x)[y(Tl—T2—51+52+E1—E2)+(L—M—SZ+E2—E1)]
=x(1-x)[y(Ti(y) —Ta = S1+S2+ E1 — E2) + (L — M — S+ Ex — Ey)] (22)
=x(1-x)[y"Ti +y(S2 = S1 — T + E1 — E2) + (L = M — Sy + E; — Ey)]
Let F(x) = 0, we obtain:
1—E1—52+T2+E2—\/(51—El—52+T2+E2)2—4T1(L—M—E1—52+E2) ’3
T, (23)
The replicator dynamics equation for consumers is:

Fy)=% =yQ-y)[Ri—Rp+T3— T+ x(S1 — S+ T — T1)]
=y(1-y[R1—R+T3—Ta+x(S51 = S2+ To — T1(y))] (24)
=y(1-y)[R1 =R+ T3 — o +x(51 — Sp + To) — xyT]

Let F(y) = 0, we obtain:
« Ry—Ri+T1T,-T
p=0y=1x=_—_2 3 (25)

S-S+ -yT

Under dynamic tax and static subsidy, the system always possesses four local equilib-
rium points: (0,0), (0,1), (1,0), (1,1). When 0 < x* <1and 0 < y* < 1, there exists a
fifth equilibrium point (x*, y*). Following Friedman's stability analysis method [42], the
local asymptotic stability of the equilibrium points is assessed using the Jacobian matrix
of the system. The Jacobian matrix derived from the replicator dynamics equations is

IF(x) IF(x)
ox )
J2= [ aF(y) 3F(y) ] = [

as follows:

(26)

Jiu T2 ]

1 J»
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Ju=1-20)’Ti +y(S2—To—S1+ E1 —E2) + (L— M — Sy + E» — Ey)]
Jiz = x(1 = x)[2yTq + (S2 — T2 — S1 + E1 — E2)]
Jn =y(1—=y)[(S1— 52+ T2) —yTi]

[

]22 = (1 — Zy) ( —Ry+T5 — Tz) + x(Sl — S+ Tz) — XyTﬂ — xy(l — y)Tl

The stability analysis results for the system under dynamic tax and static subsidy are
presented in Table 4.

Table 4. Stability analysis of the system under dynamic tax and static subsidy.

Equilibrium Points

(x

(0,0)
(0,1)
(1,0)

(1,1)
“y")

Det] Symbol T Symbol
(L-—M—-S;+E— — (L=M—S+E—Ep)+ Uncertain
El)(R17R2+T37T2) ( R2+T37T2)

(T — T, —S1+L— _ (T — T, —=S1+L—-M)+ Uncertain
M)(Ry — Ry +Tp — T3) (R27R1+T27T3)
(M+S,—L+E —Ep)(Ry — (M+S—L+E —E)+ Uncertain

—Ry+ T3+ 51— 52) (Ri =Ry + T3+ 51 —S3)
(1 — T, —S1+L—M)(Ry — (h—=T1 +S1—L+M)— Uncertain
—R2+T3+51—52—T1) (Rl_R2+T3+Sl_SZ_Tl)

+ + — -

Analysis shows that (x*, y*) is a locally asymptotically stable equilibrium of the system,
and the evolutionary trajectory of the differential equation system spirally converges to the

point (x*,y*).

Proposition 3. Under the scenario of dynamic tax and static subsidy, the partial derivative analysis
of the probabilities for the government and consumers yields the following relationships:

; ox* ox* ox* ox*
(l) ﬁ>0 TT3<O’E<O’852 O’aR <0’3R2>0

oy oy ay* ay” oy
(i) 5y <0, T >0, 35 <0, 35 < 0.

Proposition 3(i) indicates that the probability x* of the government implementing the
promotion policy is positively correlated with Ty, Sp, and R;, and negatively correlated
with T3, 51, and R;. An increase in Ty directly raises tax revenue, alleviates fiscal pressure,
and thereby strengthens the government’s willingness to implement the policy. Although
S is a subsidy expenditure, under the constraint E; < Ej, the environmental governance
cost would be higher if the policy were not implemented; therefore, the government tends
to adopt incentive policies to steer consumer behavior. An increase in R, implies a stronger
consumer preference for fuel vehicles, prompting the government to intensify intervention.
Conversely, a higher T3 suppresses fuel vehicle demand and indirectly encourages NEV
purchases, reducing the necessity of government intervention. Excessively high S increases
fiscal burdens and weakens the government’s implementation incentive. An increase in
Rj drives consumers to spontaneously shift toward NEVs, diminishing the government’s
intervention motivation. This proposition reveals that, under a mixed policy framework
with dynamic tax and static subsidy, government behavior is jointly influenced by fiscal
revenue, environmental governance costs, and baseline market preferences.

Proposition 3(ii) indicates that the probability y* of consumers choosing NEVs is
positively correlated with Tj, and negatively correlated with M, Sq, and S,. Although an
increase in T; directly raises the tax cost for consumers, under the dynamic tax mechanism,
T; is linked to the purchase behavior y*. The increase in T; boosts government fiscal
revenue, prompting more proactive policy implementation, which in turn strengthens
consumers’ expectations of market stability and enhances their purchase intentions. An
increase in M will affect policy implementation efficiency and stability, thereby influencing
consumer decisions. Although S; is intended to incentivize demand, excessively high
subsidies under a static framework lack dynamic adjustment capability, increasing fiscal
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pressure and adversely affecting consumer expectations. An increase in S, directly enhances
the relative attractiveness of fuel vehicles, inducing consumers to switch back to them.
This proposition reflects that, under the combination of dynamic tax and static subsidy,
consumer behavior is shaped not only by direct price incentives but also by expectations of
policy stability and fiscal sustainability.

3.4.2. Static Tax and Dynamic Subsidy

Assume that the government implements static tax and dynamic subsidy for con-
sumers, i.e., the trade-in subsidies are negatively correlated with the probability that
consumers choose NEVs, set as S1(y) = (1 —y)S; and Sa(y) = (1 — y)S,, while the
taxes Ty, T, T3 remain fixed. The dynamic subsidy function indicates that the higher the
proportion of consumers purchasing NEVs, the lower the subsidies S1(y) and Sz (y).

The replicator dynamics equation for the government is:

F(x) = % = x(l —x)[y(T1 —Tp)—514+S+E — E2) + (L —M—5,+Ey — El)] 27)
=x(1-x)[y(Th — T2 = S1(y) + S2(y) + E1 — E2) + (L — M = S2(y) + E2 — E1)]
Let F(x) = 0, we obtain:
x L-—M-5(y)+E—E
x1 =0, xp =1, = 28
T TR S0+ b Tt B b )
The replicator dynamics equation for consumers is:
Fy)=% =yl -y9)[Ri —Ro+ T~ T+ x(S — S+ T, — T)] 29)
=y(1=y)[R1 = Ry + T3 = T+ x(S1(y) — Sa(y) + T2 — T1)]
Let F(y) = 0, we obtain:
% Ry—Ri+T, - T3
=0, =1 x"= 30
=0 5i0) - S0) + 5T 0
Under static tax and dynamic subsidy, the system always possesses four local equilib-
rium points: (0,0),(0,1),(1,0),(1,1). When 0 < x* < 1and 0 < y* < 1, there exists a fifth
equilibrium point (x*,y*). Based on Friedman'’s stability analysis method [42], the local
asymptotic stability of the equilibrium points is assessed using the Jacobian matrix of the
system. The Jacobian matrix is as follows:
oF (x) oF (x) I T
J3 = ox 9y _ 1 J12 (31)
° o) —ag(yy ) Ja1 J22
Ju = (1-20)[(Ty Tz)]/ y(1=y)S1 = (B = B)(1 = y) = $(1=y)" + (L= M)]
Jiz = x(1—x)[2y(S +(Th = T2) = S1 + (E1 — E2) + 28]
Jn = y(1 =y)[( 1/)( 52) (Ty = T2)]
Joo = (1=2y)[(R1 = Rp + T3 = To) + x((1 = y)(S1 = S2) — (T1 — T2))] — xy(1 — y)(S1 — S2)
The stability analysis results for the system under static tax and dynamic subsidy are
presented in Table 5.

Similarly, (x*,y*) is a locally asymptotically stable equilibrium of the system, and
the evolutionary trajectory of the differential equation system spirally converges to the

point (x*,y*).
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Table 5. Stability analysis of the system under static tax and dynamic subsidy.
Equilibrium bol

Points Det] Symbol TrJ Symbo

(0,0) (L—M—S;+Ey— - (L-=M—5+E —E)+ Uncertain
E1)(Ri =Ry + T3 —T7) (Ri — Ry + T3 — T»)

(0,1) (T = To + L = M)(R, — (-T2 +L—-M)+ Uncertain
—R1+ T, —T3) (Ro =Ry + T, — T3)

(1,0) (M+S; =L+ E - E)(R (M+S,—L+E —E)+ Uncertain
—Ry+T3+S1—5,—T) (Ri =Ry + T3+ 8 —5,—T1)

(1,1) (i —Ta+L—-M)(R — (,—Th—L+M)— Uncertain
—Ro+T3—Th) (Ri =Ry + T3 = Th)

(", y") + + - -
Proposition 4. Under the scenario of static tax and dynamic subsidy, the partial derivative analysis
of the probabilities for the government and consumers yields the following relationships:

; ox* oax* ox* ox* ax* dx* .
@ 575 >0 55 <0, 55 <0, 55, >0, §x; <0, §g; > O;
.. a * a * ay* ay*

(i) 5y <0, 5 >0, 56 <0, 55 <0.

Proposition 4(i) indicates that the probability of the government implementing the
policy is positively correlated with T3, Sp, and R, and negatively correlated with T3, Sq,
and R;. Proposition 4(ii) indicates that the probability of consumers choosing NEVs is
positively correlated with T7, and negatively correlated with M, 51, and S,.

3.4.3. Dynamic Tax and Dynamic Subsidy

Assume that the government implements dynamic tax and dynamic subsidy, i.e., the
tax is set as T1(y) = yTy, the subsidies as S1(y) = (1 —y)S1 and Sy(y) = (1 — y)S,, while
T; and T3 remain unchanged. The replicator dynamics equation for the government is:

Fx) =% =x(1-x)[y(li—Ta—=S1+S2+E1 —E2) + (L—M =S, + E; — Fy)] 32)
=x(1=0)[y(Ti(y) = T2 = S1(y) + Sa(y) + E1 — E2) + (L = M = Sa(y) + E2 — E1)]

Let F(x) = 0, we obtain:

« L—M—Sz(]/)+E2—E1
X1 = 0, Xn = 1, = (33)
R TS S0 - Ty B - E

The replicator dynamics equation for consumers is:

Fy)=% =y(1—y)[Ri —Ro+ T3~ Ta+x(51 — S+ o — Ty)] 39)

=y =y)[R =R+ T3 = T+ x(S1(y) = S2(y) + T = Ta(y))]

Let F(y) = 0, we obtain:

Ry—R1+T,-T
=0y =11 = 2— kit 1 — 13 (35)

S1(y) = S2(y) + T — Ta(y)

Under dynamic tax and dynamic subsidy, the system always possesses four local
equilibrium points: (0,0), (0,1), (1,0), (1,1). When 0 < x* < 1and 0 < y* < 1, there
exists a fifth equilibrium point (x*, y*). Based on Friedman’s stability analysis method [42],
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the local asymptotic stability of the equilibrium points is assessed using the Jacobian matrix
of the system. The Jacobian matrix is as follows:

OF(x) OF(x
hz{a&x)&y)]:[]” ]”1 (36)

Jo1 J2

Jx 9y

Ji1 = (1—2x)[ 2 T1+Sl—52)+y(252—51—T2+E1—E2)+(L—M—52+E2—E1)]
hz—x 1—x)[ Yy T1+51—52)+(252—51—T2+51—E2)]
J1=y(1=y)[(S1 = S2+ T2) —y(T1 + 51— S2)]

J22 (1 —Zy)[ —Ry+T5 — Tz) + x(5 —Sz-i—Tz—y(Tl + 51 —52))] —xy(l —]/)(T1+S1 —Sz)

The stability analysis results for the system under dynamic tax and dynamic subsidy
are presented in Table 6.

Table 6. Stability analysis of the system under dynamic tax and dynamic subsidy.

Equilibrium Points Det] Symbol Tr] Symbol
(0,0) (L—M—S5;+Ey— - (L=M=S5+E—Ei)+  Uncertain
E1)(Ry — Ry + T3 — T2) (Ri =Ry + T3 — Tp)
(0,1) (T = T2+ L - M)(Ry - (i —To+L—-M)+ Uncertain
—Ri14+ T, —T3) (R =Ry + T — T3)
—Ry+ T3+ 51— 5)) (Ri =Ry + T35+ 51— S7)
(1,1) (T —To+ L= M)(R - (,—T1 —L+M)— Uncertain
—Ry+T3—Ty) (Ri —Ry+T3—Ty)

x*, %) + + - -

Similarly, (x*,y*) is a locally asymptotically stable equilibrium of the system, and
the evolutionary trajectory of the differential equation system spirally converges to the

point (x*,y*).

Proposition 5. Under the scenario of dynamic tax and dynamic subsidy, the partial derivative
analysis of the probabilities for the government and consumers yields the following relationships:

; ox* ax* ax* ox*

(i) aT1>0,B—T?)<O,K<O,a52>0,aR <0,aR > 0;
oy oy Wy y” oy~

(i) 531 <0, 577 >0, 357 <0, 35; <O.

Proposition 5(i) indicates that the probability of the government implementing the
policy is positively correlated with Tj, Sy, and R, and negatively correlated with T3, Sq,
and R;. Proposition 5(ii) indicates that the probability of consumers choosing NEVs is
positively correlated with T7, and negatively correlated with M, 51, and S,.

3.4.4. Comparative Analysis

Comparing the three dynamic policy scenarios, based on the replicator dynamics
equations and the stability analysis results in Tables 4-6, the following findings are obtained:

(1) In all three scenarios, there exist five equilibrium points, including four local
equilibrium points (0,0), (0,1), (1,0), (1,1) and one interior equilibrium point (x*, y*).

(2) The stability of the pure-strategy equilibrium points (0,0), (0,1), (1,0), (1,1)
requires further analysis under specific parameter conditions. In contrast, the interior
equilibrium point (x*, y*) is locally asymptotically stable in all three dynamic scenarios,
with the evolutionary trajectory of the differential equation system spirally converging to
(x*,y*). This indicates the existence of a locally asymptotically stable interior equilibrium
in all three dynamic policy scenarios.
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In this evolutionary-game framework, the mixed-strategy equilibrium represents strat-
egy proportions at the population level, rather than repeated randomization by individual
agents. Specifically, x* and y* denote the long-run strategy frequencies of government
policy implementation and consumer NEV adoption, respectively. Thus, convergence
to the interior equilibrium indicates that these aggregate strategy frequencies stabilize
over time, rather than that individual agents repeatedly switch randomly between alterna-
tive strategies.

(3) The directional effects of key policy parameters on (x*,y*) are consistent across the
three dynamic scenarios: an increase in T; raises both x* and y*; an increase in T3 lowers
x*; an increase in S1 reduces both x* and y*; and an increase in S raises x* but reduces y*.

Overall, the introduction of dynamic tax and subsidy mechanisms effectively ad-
dresses the limitation of static policies, under which the system fails to converge to an
evolutionary equilibrium. All three dynamic scenarios exhibit spiral convergence to a
locally asymptotically stable interior equilibrium, with consistent directional effects of
key parameters. To further elucidate the specific features of the system’s evolutionary
trajectories under different policy combinations and to assess the impact of key parameters
on evolutionary outcomes, the next section conducts numerical simulations to compare the
evolutionary paths across scenarios, along with sensitivity analyses of parameters such as
taxes and subsidies.

4. Numerical Simulation
4.1. Data Sources and Parameter Settings

This study employs MATLAB R2023b to conduct numerical simulations, analyzing
the evolutionary paths and equilibrium states of government and consumer strategies
under different policy scenarios, along with parameter sensitivity analyses. The initial
parameter settings are based on the following two aspects: (1) Reference to existing studies
and actual policy data. This study adopts the typical parameter setting methods from the
literature [4,32,43] and combines them with official data released by Chinese government
agencies. According to the Ministry of Finance data for 2025, the national vehicle purchase
tax revenue was 197.2 billion yuan. Based on data from the State Council and the Ministry
of Commerce, the number of vehicle trade-ins exceeded 11.5 million units in 2025, of which
NEVs accounted for approximately 57.2%. This yields an estimated 6.58 million NEVs and
4.92 million conventional fuel vehicles. Considering the differing subsidy standards for
scrappage and replacement trade-ins, this study takes the average value for calculation.
The initial values of the relevant tax and subsidy parameters are as follows: T} =5, T, = 10,
T3 =10, S1 =5, Sp = 3. (2) Satisfaction of the prerequisite assumptions for model stability
analysis. To ensure the model’s realism and research relevance, two conditions must be met:
first, the baseline utility of consumers purchasing NEVs is lower than that of purchasing
fuel vehicles, i.e., Ry < Ry, reflecting the lingering concerns of some consumers regarding
NEV range, safety, and charging convenience; second, when the government implements
purchase tax exemptions and trade-in subsidies, the total benefit for consumers purchasing
NEVs should exceed that for fuel vehicles, i.e.,, R +S; — Ty > Ry + S, — T3, which is a
prerequisite for policy effectiveness. Under these parameter constraints and considering the
cost-benefit structures of both the government and consumers under different strategies,
the remaining parameters are set as follows: Ry = 10, R, =12, L =7, M =2, E; =2,
E, =45.

The simulation parameters are expressed on a normalized, dimensionless numerical
scale, with tax- and subsidy-related values parameterized with reference to actual policy
settings and publicly available data. The simulations are therefore used to characterize the
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qualitative directions and evolutionary mechanisms of policy effects rather than to generate
quantitative predictions of real-world market outcomes.

4.2. System Evolution Analysis Under Different Tax and Subsidy Mechanisms

Figure 1a shows that under the benchmark parameter regime considered in the numer-
ical simulation, the evolutionary trajectories of the government and consumers form closed
elliptic orbits around the interior equilibrium point, consistent with the center dynamics es-
tablished in Section 3.3.2. Rather than converging asymptotically to the interior equilibrium,
the system exhibits persistent periodic oscillations. Figure 1b further shows that the strate-
gies of both parties remain on periodic trajectories around the interior equilibrium without
converging to or asymptotically approaching it. This numerical result corroborates the
nonlinear stability analysis in Section 3.3.2. Consequently, under this interior-equilibrium

parameter regime, the introduction of dynamic tax and subsidy mechanisms may improve
the convergence properties of the system.
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Figure 1. Evolutionary paths under the static tax and subsidy mechanism. (a) Static tax and subsidy
scenario; (b) evolutionary paths of strategy probabilities.

Figures 2—4 depict the evolutionary trajectories under three distinct dynamic tax and
subsidy mechanisms, respectively. In each case, the evolutionary trajectories of both the
government and consumers display a spiraling convergence toward an interior equilibrium
point—thereby corroborating the stability analysis in Section 3.4. This finding is consis-
tent with existing studies [32-34], which also find non-convergence under static policy
mechanisms and convergence toward equilibrium under dynamic policy mechanisms. To
compare the relative performance of the three dynamic mechanisms, this study focuses
on three dimensions commonly considered in evolutionary-game analyses: local stability
properties, the equilibrium outcome, particularly the equilibrium probability y* of con-
sumers choosing NEVs, and convergence speed [4,32,34,43]. The evolutionary paths under
the three dynamic policy mixes are compared in Figure 5. Under the benchmark parameter
setting, the static tax and dynamic subsidy mechanism exhibits relatively more favorable

performance in terms of these criteria, followed by the dynamic tax and dynamic subsidy,
whereas the dynamic tax and static subsidy mechanism performs relatively less favorably.
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Figure 2. Evolutionary paths under the dynamic tax and static subsidy mechanism. (a) Dynamic tax
and static subsidy scenario; (b) evolutionary paths of strategy probabilities.
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Figure 3. Evolutionary paths under the static tax and dynamic subsidy mechanism. (a) Static tax and
dynamic subsidy scenario; (b) evolutionary paths of strategy probabilities.
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Figure 4. Evolutionary paths under the dynamic tax and dynamic subsidy mechanism. (a) Dynamic
tax and dynamic subsidy scenario; (b) evolutionary paths of strategy probabilities.
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Figure 5. Comparison of evolutionary paths under three dynamic tax and subsidy mechanisms.

4.3. Sensitivity Analysis of Key Parameters
4.3.1. Effects of Tax Variations on System Evolutionary Trajectories

Under the static tax and dynamic subsidy mechanism, the effects of taxes T; and T3 on
the strategic evolution of the government and consumers are further analyzed. The initial
probabilities are set as x = 0.1 and y = 0.1, with other parameters held constant. Settings of
Ty =45, 5 55and Tz = 9, 10, 12 are sequentially applied, and the simulation results are
presented in Figures 6 and 7.
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Figure 6. Impact of T; on the evolutionary paths of the government and consumers. (a) Government;

(b) consumers.

Figure 6a shows that as T; increases, the probability of the government implementing
the policy rises, which is consistent with the conclusion in Section 3.4 that x is positively
correlated with T;. Figure 6b shows that as T; increases, the probability of consumers
purchasing NEVs also rises, confirming the analytical result that y is positively correlated
with Tj. As fiscal revenue, T; can alleviate fiscal pressure and enhance policy sustainability.
Although an increase in Tj slightly reduces the net utility of consumers purchasing NEVs
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Probability x

(R1+S1 —Ty),aslongas T1 < T3 (i.e., the NEV purchase tax under the policy is lower than
that without the policy), NEVs still maintain a relative price advantage over conventional
fuel vehicles. Furthermore, both Figure 6a,b show that an increase in T; prolongs the
time required for the system to converge toward the stable equilibrium, indicating that
higher taxes slow system convergence. Therefore, the adjustment of T} involves a trade-off
between the equilibrium outcomes and convergence speed.
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Figure 7. Impact of T3 on the evolutionary paths of the government and consumers. (a) Government;

(b) consumers.

Figure 7a shows that the fuel vehicle purchase tax T3 affects the government’s strategic
choices: a higher T3 leads to a lower probability x of the government implementing the
policy, which is consistent with the negative correlation between x and T3 established in
Section 3.4. Figure 7b indicates that, in the short term, an increase in T3 within a certain
range amplifies fluctuations in consumers’ strategic evolution; however, the long-term
values of y converge to a similar level, suggesting that a modest increase in T3 does not
alter consumers’ ultimate choices. Nevertheless, when T3 exceeds a certain threshold, the
government tends to opt for non-implementation of the policy, while 90% of consumers
choose to purchase NEVs. This may be attributed to the fact that a higher fuel vehicle
purchase tax significantly raises the acquisition and usage costs of fuel vehicles, prompting
consumers, driven by economic rationality, to switch to NEVs. Once consumers have
made this large-scale shift, the government’s need to incentivize such behavior through
tax reductions diminishes accordingly. This also implies that, in the future, if a substantial
environmental tax is imposed on high-emission fuel vehicles, consumers are likely to
spontaneously turn to NEVs, allowing the government to phase out purchase tax subsidies
while the market maintains a high penetration rate.

Figure 8 illustrates the effects of the purchase taxes T; and T3 on the proportion of
consumers purchasing NEVs. The simulation results indicate that T; exerts a positive effect
on y, while the influence of Tj; is relatively weak. Specifically, with T3 held constant, raising
T; from 4 to 6 increases y from approximately 0.47-0.48 to 0.81-0.83, an increase of over 70%.
By contrast, when T is fixed, increasing T3 from 9 to 11 has only a marginal effect on y. This
suggests that consumers are more responsive to changes in Tj than to those in T5. There-
fore, NEV promotion policies should prioritize purchase tax exemptions, with a carefully
calibrated phase-out gradient that balances fiscal sustainability and incentive effectiveness.
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Figure 8. Impact of T; and T3 on consumers’ evolutionary paths.

4.3.2. Effects of Subsidy Variations on System Evolutionary Trajectories

Under the static tax and dynamic subsidy mechanism, the effects of subsidies S; and
Sy on the strategic evolution of the government and consumers are further analyzed. The
initial probabilities are set as x = 0.1 and y = 0.1, with other parameters held constant.
Values of 51 =4, 5, 6 and Sy = 2, 3, 4 are sequentially applied, and the simulation results
are shown in Figures 9 and 10.
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Figure 9. Impact of S; on the evolutionary paths of the government and consumers. (a) Government;

(b) consumers.

Figure 9a,b show that, as S; increases, both the probability x of the government imple-
menting the policy and the probability y of consumers purchasing NEVs decline. This is
consistent with the negative correlation between x, y, and S; established in Section 3.4. The
rationale is that a higher S; raises fiscal expenditure, thereby weakening the government’s
policy implementation incentive and consequently suppressing y. Moreover, an increase in
51 accelerates convergence of both players to the stable point, indicating that excessively
low subsidies slow convergence and increase market volatility, whereas a moderate increase
facilitates faster stabilization. In designing trade-in subsidy policies, policymakers should
balance convergence speed and policy effectiveness. A comparison of Figure 9a,b reveals
that, under an equivalent change in S1, the magnitude of adjustment in consumer strategy
exceeds that in government strategy, suggesting that consumers are more responsive to
variations in Sq.
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Figure 10. Impact of Sy on the evolutionary paths of the government and consumers. (a) Government;
(b) consumers.

Figure 10a shows that as S; increases, the probability x of the government implementing
the policy rises, consistent with the positive correlation between x and S, established in
Section 3.4. Figure 10b shows that as S, increases, the probability i of consumers purchasing
NEVs declines, aligning with the negative correlation between y and S,. Furthermore, an
increase in S, prolongs the convergence time of both players to the stable point, suggesting
that excessively high subsidies slow convergence and amplify market volatility. A comparison
of Figure 10a,b reveals that, under identical changes in S, consumer strategy adjusts more
substantially than government strategy, indicating that consumers are more responsive to
variations in S;. Overall, neither S; nor S, should be set too high: raising S; reduces both
x and y, whereas raising Sy not only lowers y but also intensifies volatility and extends
convergence time.

Figure 11 examines the effects of S; and S; on y. Simulation results show that increases
in both subsidies reduce y. Specifically, with S, fixed, raising S from 4.5 to 7 lowers y from
0.70-0.74 to 0.53-0.63, a reduction of 14-24%. With S; fixed, increasing S, from 1 to 3.5
reduces y from 0.63-0.74 to 0.53-0.70, a decrease of 5-15%. This suggests that consumers are
more sensitive to changes in 51 than to those in S;. Overly generous subsidies may foster
consumer dependency on subsidies while diverting attention from the technical performance
and long-term usage costs of the products themselves. Therefore, the government should
design a phase-out mechanism for trade-in subsidies that is calibrated to market maturity,
gradually reducing subsidy intensity to foster the healthy development of the NEV industry.
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Figure 11. Impact of S; and S, on consumers” evolutionary paths.
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4.3.3. Effects of Government Management Costs on System Evolutionary Trajectories

Under the static tax and dynamic subsidy mechanism, the effect of government
management cost M on the strategic evolution of both the government and consumers
is further analyzed. The initial probabilities are set as x = 0.1 and y = 0.1, with other
parameters held constant. Simulations are sequentially performed with M =1.5,2, and 6,
and the simulation results are presented in Figure 12.
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Figure 12. Impact of M on the evolutionary paths of the government and consumers. (a) Government;
(b) consumers.

Figure 12a shows that an increase in M within a certain range dampens short-term
fluctuations in the government’s strategic evolution, while the long-term values of x tend
to converge—implying that a modest rise in M does not affect the government’s ultimate
strategy. However, once M exceeds a threshold, the government tends to choose not to
implement the policy. Figure 12b shows that a higher M reduces the probability y of
consumers purchasing NEVs, corroborating the negative correlation between y and M
established in Section 3.4. In the payoff structure, a higher M directly increases the cost
of policy implementation and reduces its relative payoff, thereby weakening the govern-
ment’s incentive to implement the promotion policy and indirectly affecting consumers’
evolutionary choices. Therefore, controlling policy management costs is important for
maintaining the effectiveness of policy implementation.

4.3.4. Effects of Consumer Purchase Ultility on System Evolutionary Trajectories

Under the static tax and dynamic subsidy mechanism, the effects of consumer utilities
Rj and R; on the strategic evolution of both the government and consumers are further
analyzed. The initial probabilities are set as x = 0.1 and y = 0.1, with other parameters held
constant. Values of Ry =9, 10, 12 and R; = 10, 12, 13 are sequentially applied, and the
simulation results are shown in Figures 13 and 14.

Figure 13a shows that a higher R; reduces the probability x of government policy
implementation, consistent with the negative correlation between x and R; established
in Section 3.4. This occurs because an increase in R; diminishes the need for policy
intervention, shifting the market from a policy-driven to a demand-driven mode. Figure 13b
indicates that, in the short term, an increase in R; amplifies fluctuations in consumers’
strategic evolution, while the long-run value of y remains unchanged. When R; = Ry, the
government opts not to implement the policy, and nearly 90% of consumers are willing
to purchase NEVs. Figure 14a shows that an increase in Rj raises x, consistent with the
positive correlation between x and R;. Figure 14b similarly indicates that variations in R;
within a certain range do not affect the equilibrium point. However, when Ry = Ry, the
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government opts not to implement the policy, and nearly 90% of consumers are willing to
purchase NEVs.
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Figure 14. Impact of R; on the evolutionary paths of the government and consumers. (a) Government;
(b) consumers.

In summary, for consumers, R; has little effect on their choices before reaching R,
but its impact becomes significant once R; equals Ry. For the government, enhancing
R; through improved charging infrastructure, extended driving range, and better vehicle

performance can reduce the need for policy intervention while sustaining strong mar-
ket demand.

5. Conclusions and Discussion

5.1. Main Conclusions

To investigate the mechanisms through which purchase tax exemption and trade-
in subsidy policy function, this study constructs a two-party evolutionary game model
involving the government and consumers. It compares the local stability properties and
equilibrium outcomes under the static tax and subsidy mechanism with those under
three dynamic mechanisms, and analyzes the effects of key parameters—including taxes,
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subsidies, policy management costs, and consumer utilities—on the evolutionary paths.

The main conclusions are as follows:

)

@)

®)

@)

©)

Under the static tax and subsidy policy, the system does not converge asymptotically;
instead, the evolutionary trajectories remain on closed periodic orbits around the
interior equilibrium. This implies that, under this parameter regime, fixed policies
cannot provide sustained and stable guidance toward a convergent state.

Among the three dynamic mechanisms—dynamic tax with static subsidy, static tax
with dynamic subsidy, and dynamic tax with dynamic subsidy—all enable the evolu-
tionary trajectories of the government and consumers to converge toward a locally
asymptotically stable interior equilibrium. Their relative performance is evaluated
based on the equilibrium outcomes, local stability properties, and convergence speed.
Based on these criteria, the static tax and dynamic subsidy mechanism shows rela-
tively more favorable performance, followed by the dynamic tax and dynamic subsidy
mechanism, while the dynamic tax and static subsidy mechanism performs relatively
less favorably.

The NEV purchase tax T; affects the evolutionary strategies of both parties, and
consumers are more sensitive to changes in T; than to changes in the fuel vehicle
purchase tax T3. An increase in T; raises both the probability of government policy
implementation and the probability of consumers choosing NEVs, but prolongs the
convergence time. Compared with T3, changes in T} exert a greater influence on
consumers’ vehicle choices.

The trade-in subsidies S; and S; have different effects on the strategies of both parties.
An increase in S; intensifies fiscal pressure, reducing both the government’s imple-
mentation probability and consumers’ probability of choosing NEVs. An increase in
Sy strengthens the government’s policy implementation incentive but reduces con-
sumers’ probability of choosing NEVs, while also prolonging convergence time and
exacerbating market volatility. Consumers respond more strongly than the govern-
ment to changes in both subsidies and are more sensitive to S; than to Sy.

The government’s management cost M and the baseline utility of NEVs R; jointly
affect the evolutionary strategies of the government and consumers. An increase in
M reduces the relative payoff of policy implementation and lowers the probability of
consumers choosing NEVs. By contrast, an increase in Rj reduces the government’s
reliance on policy intervention. When R; approaches or exceeds the baseline utility of
conventional fuel vehicles Ry, a high level of NEV adoption can be sustained with a
lower probability of government policy implementation.

5.2. Policy Recommendations

@

@)

Based on the above conclusions, the following policy recommendations are proposed:

Maintain relative stability in the purchase-tax policy while dynamically adjusting
trade-in subsidies in response to changes in NEV market penetration. The static-tax
and dynamic-subsidy mechanism exhibits relatively favorable evolutionary perfor-
mance in terms of stability, equilibrium outcomes, and convergence speed. Accord-
ingly, the purchase-tax schedule should remain relatively stable within each policy
stage, while trade-in subsidies can be gradually reduced as NEV market penetra-
tion increases. If market penetration declines substantially, subsidy intensity can be
adjusted upward within the existing trade-in policy framework.

Carefully calibrate the pace and magnitude of purchase-tax and trade-in-subsidy
adjustments to balance equilibrium outcomes and convergence speed. A higher T}
increases the probabilities of government policy implementation and consumer NEV
adoption, but slows system convergence. Excessively high S; increases the fiscal
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burden and reduces both probabilities, whereas a higher S,—the trade-in subsidy
granted when an old vehicle is replaced with a conventional fuel vehicle—reduces the
probability of NEV adoption and prolongs convergence. Therefore, abrupt changes in
tax and subsidy intensity should be avoided, and both S; and S, should be maintained
within moderate ranges. In particular, Sy should remain at a restrained level to
preserve the relative incentive for consumers to choose NEVs.

(3) Control policy management costs and enhance the baseline utility of NEVs to facilitate
the transition toward a more demand-driven market. Higher management costs M
weaken the incentive for policy implementation and reduce consumers’ probability of
choosing NEVs, whereas a higher baseline utility R reduces the need for continued
policy intervention. Policy implementation should therefore avoid unnecessarily high
administrative costs, while fiscal incentives can be gradually reduced as the baseline
utility and market competitiveness of NEVs improve.

5.3. Limitations and Future Research

This study has several limitations. The model adopts a binary strategy space for
the government and consumers and therefore does not represent intermediate behavioral
options such as vehicle retention, delayed purchase, or postponed trade-in. Consumers
are modeled as an aggregate population without explicitly considering heterogeneity in
income, charging-infrastructure availability, or responses to continuing improvements in
NEV technology and product performance.

These factors may influence consumers’ baseline utility and sensitivity to tax and subsidy
incentives. On the government side, subsidy fraud and binding fiscal-budget constraints are
not explicitly incorporated. The conclusions thus mainly characterize qualitative evolutionary
mechanisms and directional policy effects within the model setting, while their quantitative
magnitude may vary across market segments and implementation environments.

The comparison among dynamic policy mechanisms is based on local stability proper-
ties, equilibrium outcomes, and convergence speed. Fiscal expenditure, social welfare, and
system volatility are not incorporated into a unified evaluation framework, and the relative
performance of the policy mechanisms is therefore specific to the criteria considered in
this study. In addition, the conclusions regarding dynamic policies are derived under the
adopted linear feedback functions, and their robustness to alternative functional forms
remains to be examined. Future research can extend the model by introducing heteroge-
neous consumers, infrastructure and technological constraints, fiscal-budget constraints,
richer strategy sets, and alternative dynamic feedback functions. Incorporating automo-
bile manufacturers and broader fiscal and welfare indicators would also enable a more
comprehensive assessment of alternative tax-subsidy mechanisms.
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