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Abstract: An improved understanding of how policies can promote the diffusion of electric vehicles
(EVs) is critical to achieving sustainable development. Previous studies of EV diffusion dynamics
have paid insufficient attention to consumer preferences. In this paper, a network-based evolutionary
game model considering dynamic consumer preference is constructed to study EV diffusion. Through
numerical experiments, the evolutionary processes and results of various promotion policies, includ-
ing carbon taxes, production subsidies, purchase subsidies, and information policy on EV diffusion,
are simulated. In particular, this paper explores the differentiated effects of supply-side policies and
demand-side policies. The simulation results indicate that: (1) The effectiveness of promotion policies
is sensitive to the size of the manufacturer network, and large networks can dampen periodical
fluctuations in diffusion rates. (2) Supply-side carbon taxes and subsidies facilitate a steady diffusion
of EVs. However, compared with the sustained effectiveness of subsidies, carbon taxes may inhibit
the rapid penetration of EVs. (3) Implementing purchase subsidies in the early stages of diffusion
is more effective than production subsidies, but the potential uncertainty of demand-side subsidies
should be noted. (4) The impact of information policy on the evolutionary trend of EV diffusion is
pronounced but is a longer-term impact, requiring a long enough implementation horizon.

Keywords: electric vehicles; environmental policy; consumer preference; evolutionary game theory

1. Introduction

The transportation sector, an important pillar of socioeconomic development, is energy-
intensive and accounts for approximately 30% of total global energy consumption [1].
With global population growth and economic activities expanding, transportation-related
energy demand is predicted to continue to grow. In particular, energy consumption due
to passenger vehicles is expected to show strong growth against the background of rapid
urbanization in emerging economies. However, environmental pollution and energy
shortages created by the transportation sector are becoming increasingly prominent and
may further exacerbate the systemic risks of climate change [2]. Promoting the diffusion
of electric vehicles (EVs) and thus replacing internal combustion engines vehicles (ICEVs)
has been widely recognized as a promising solution to address these issues and achieve
sustainable development [3].

The diffusion of EV faces many economic and technical barriers, including high up-
front costs, technological externalities, and lower consumer preference, making the EV
diffusion relatively slow and limited to niche markets. As governments have implemented
various EV-related policies to address market failures and promote EV diffusion, under-
standing and comparing the effects of different policy levers are critical to instituting
improved policies to achieve the target of large-scale EV penetration.

The effect of promotion policy on the diffusion of EV technology among manufacturers
is the focus of a growing body of literature. Many recent studies have investigated the
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dynamic diffusion of EVs among manufacturers and the effects of various policy inter-
ventions. For example, Li et al. [4] used a network-based evolutionary game model to
study the dynamic influence of tax, subsidy, and license restriction policies on EV diffusion.
Hu et al. [5] constructed an evolutionary game model in a small-world network to explore
the impact of policies such as subsidies, travel restrictions, and infrastructure construction
on manufacturers’ adoption of EV technology. Zhao et al. [6] utilized a three-stage evo-
lutionary game model to study the impact of government subsidies on the diffusion of
new-energy vehicles under different network structures.

Previous studies have provided valuable insights into the dynamic process of EV diffu-
sion and the effects of policy interventions on technology diffusion among manufacturers.
However, most of them have focused only on the complex interactions between manufac-
turers in the market and have treated consumers as an exogenous factor in the technology
diffusion system. In other words, existing EV diffusion studies tend to model technology
diffusion only among manufacturers on the supply side, without considering consumers
on the market demand side and their dynamic characteristics. From the perspective of
market supply and demand, the static consumer preferences imply that a fixed percentage
of consumers repeatedly buy a certain product each year, which not only omits the reality
of evolving consumer preferences, but also neglects relevant feedback mechanisms, such
as the periodical fluctuations of the market. Both manufacturers and consumers are an
integral part of the automotive market, and many theoretical and empirical studies have
proven that market demand is an essential driver of products diffusion [7,8]. Promoting
manufacturers to produce EVs alone will not create the market demand generated by con-
sumers purchasing EVs and may even lead to a “rebound effect”. Therefore, for the study
of EV diffusion among manufacturers, it is necessary to include consumers as stakeholders,
especially those with dynamic evolutionary characteristics.

Regarding the policy effect, many studies have examined EV-related policies using
various methodologies, but most of them discuss policies on one side of the market in
isolation and do not explore the differentiated impacts of supply-side policies with demand-
side policies, leaving a key knowledge gap. Additionally, considering the reality that the
policy mix of China’s EV industry has started to shift from being producer-oriented to
being consumer-oriented [9], it is worth discussing whether such a policy transition is
reasonable and what the differences are between the effects and mechanisms of these two
types of policies. Achieving the goal of large-scale EV penetration necessarily requires
the joint implementation of both types of policies. Comparing the implementation effects
and evolutionary trends of multiple policies on EV diffusion is vital for instituting a well-
designed policy package.

In light of the illustrated realities, there is a clear need to delve into the gaps above in
the literature. We seek to answer the following questions. First, regarding consumers as
stakeholders, how do dynamic consumer preferences affect the diffusion of EVs among
manufacturers? Second, how do various policies implemented for different stakeholders
affect the trends and results of EV diffusion? Third, what are the differential effects of
supply-side and demand-side policies on EV diffusion?

In this paper, we first choose two types of policies, supply-side and demand-side
policies, through literature review, and identify the main stakeholders in EV diffusion.
Then, we construct a network-based evolutionary game model to study the EV diffusion
in the manufacturer network. Subsequently, consumer dynamics within the coordination
game framework are introduced on the demand side to extend the EV diffusion model
from the perspective of dynamic consumer preferences. Through controlled numerical
experiments, we simulate the process and results of EV diffusion under various policies,
thus providing further insights into the effects of various policies and their differences and
informing the effective implementation of government policies.

Academically, this study contributes to the existing literature in three ways: (1) An EV
diffusion model that includes dynamic consumer preferences in the manufacturer network
is constructed to fill the research gap in the previous literature that treats only manufacturers
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and governments as stakeholders, ignoring consumer behavior. (2) By analyzing the
dynamic effects of supply-side and demand-side policies on EV diffusion and comparing
the differences in the effects of differently oriented policies, this paper theoretically enriches
the insights on different types of interventions. (3) This paper provides a theoretical tool for
governments to develop effective policy intervention mechanisms and design an improved
policy package.

This paper proceeds as follows: Section 2 conducts a review of relevant literature and
then presents the knowledge gap. Section 3 offers the framework of our network-based
evolutionary game model, and the model dynamics are detailed. In Section 4, a series
of controlled numerical simulations are run to analyze and discuss the effects of various
policies. Section 5 elaborates the conclusion and implications.

2. Literature Review

The research related to this paper flows into three major streams: the effect of policy
on EV diffusion, consumer preferences, and the network-based evolutionary game. In the
following subsections, the studies of these three streams are reviewed, and then knowledge
gaps are presented.

2.1. The Impact of Policies on Electric Vehicle Diffusion

Policy intervention has always been regarded as a powerful means to facilitate the
diffusion of EVs [10,11]. The broader literature on technological diffusion suggests a con-
ventional categorization according to policy objectives: supply-side and demand-side
policies [12,13]. The supply-side policies, aimed primarily at manufacturers, attempt
to reduce barriers to technology introduction and technology output for manufacturers
through R&D subsidies and carbon taxes, etc., thereby directly promoting the production
of EVs by manufacturers [14]. In this regard, manufacturer subsidies [14], carbon emis-
sion trading [15], energy supervision policy [16], and carbon tax [17] are the focus of EV
diffusion research.

Comparatively, demand-side policies are mainly a market demand tools designed
to create more demand for EVs by stimulating consumers to purchase EVs and thus
indirectly promote the diffusion of EVs in the manufacturer network [18]. Many studies
have concerned the effects of consumer incentive policies on the EV industry. For example,
Sun et al. [14] studied the effect of public subsidies using an agent-based model for the EV
industry. Li et al. [19] analyzed the effectiveness of purchase subsidies, popular science
propaganda, charge fees, and social discussions on consumer purchase of EVs based
on a consumer network model. Li et al. [4] summarized the supply-side and demand-
side policies based on China’s policy practice and simulated two demand-side policies,
purchase subsidies, and license plate restriction. As such, in accordance with Li et al. [19]
and Kong et al. [15], carbon taxes and EV production subsidies (supply-side policies), as
well as consumer subsidies and information policy (demand-side policies), were chosen as
the focus of our study.

2.2. Consumer Preference

Consumer preferences are a crucial element in predicting and analyzing EV diffu-
sion. In previous studies of EV diffusion, the role of consumer preferences is reflected
in providing preferences required to support market demand forecasts for new vehicle
technologies [20]. An emerging technology such as EV technology may not be accepted
by the market during the initial development phase [21]. The evolution of consumer
preference for EVs or ICEVs in the market brings about the evolution of potential market
demand for alternative products. As more consumers choose EVs and make the decision to
purchase them, the demand for EVs will increase, and thus EV manufacturers will earn
more profits [22]. In short, consumer preferences determine market demand for different
products and therefore “pull” the automotive market toward EV production, which is also
known as the “demand-pull” of the market.
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Traditionally, consumer preferences are regarded as static limiting analysis of the
consequences of a given sequence of parameters in the economics field [23]. With the recog-
nition that consumer preferences for complex technological products may be unstable [24],
scholars have further analyzed and concluded that consumer preferences for new vehicle
technologies are probably evolving under different market conditions, i.e., preferences are
dynamic [20]. Possible reasons for the evolving preferences are changes in the economic
and technological environment or the influence of complex social interactions. Many stud-
ies have highlighted social interactions as a potential explanation for dynamic consumer
preferences [25,26]. This is because interactions with family, friends, or peers, who may
have no direct experience with the products or may be familiar with them, are likely to
influence consumer preferences [27,28].

Many researchers have also explored the impact of consumer preferences on the adop-
tion or diffusion of vehicle technologies. Oliveira et al. [20] compared the difference between
static and dynamic consumer preferences in a system dynamics model of alternative fuel
vehicle diffusion, and their results suggest that dynamic consumer preferences have a
significant impact on diffusion and that subsidy policies should be designed according to
the evolution of consumer preferences. Oryani et al. [29] investigated Iranian consumers’
heterogeneous preferences for EVs using a choice experiment model. Chakraborty et al. [30]
studied the plug-in electric vehicle diffusion in California and found that neighborhood
effect and workplace effect influence consumer EV purchases. Lee et al. [31] identified
the heterogeneity of early adopters in California plug-in electric vehicle market based on
the Bass model. Moon et al. [32] analyzed consumers’ perspectives and preferences for
hydrogen-powered vehicles. However, research on EV diffusion among manufacturers has
only dealt with static consumer preferences, and few of them have extended the discussion
of dynamic consumer preferences in modeling exercises, which motivated us to introduce
dynamic preferences into our manufacturer evolutionary game framework for EV diffusion.

2.3. The Network-Based Evolutionary Game

Evolutionary game theory is a classical approach based on game theory and evolu-
tionary biology theory to study how players adjust their strategic choices in the process
of constant interaction and mutual adaptation. It has become an important method for
understanding the formation process and interpreting the evolution mechanism of group
behavior and social system formation processes [33]. For manufacturer firms, evolutionary
game theory is often used to study the game between them and the dynamic evolution
of their strategies. In addition, the long-term and dynamic strategic interaction between
manufacturers and other stakeholders such as consumers and governments is also an
important research direction.

The evolutionary game framework assumes that populations are homogeneous. How-
ever, realistic socioeconomic systems may have complex topological and statistical features
that may lead to statistically inequivalent interaction probabilities of agents. Therefore,
scholars have combined complex network theory, which studies the topology of complex
systems, with evolutionary game research and proposes the network-based evolutionary
game model [34]. Shi et al. [35] established a network-based evolutionary game model to
analyze the impacts of carbon taxes, subsidies, and asymmetric penalties on the diffusion of
low-carbon technologies among enterprises. Li et al. [36] applied the well-established PEST
framework in a network-based evolutionary game model to identify influencing factors
and to study the dynamic impact of these factors on clean energy substitution. Xu et al. [37]
constructed an evolutionary game model of manufacturers under government influence
based on a scale-free network, and studied the green innovation diffusion mechanism of
cloud manufacturing enterprises. Motivated by these preliminary studies, the network-
based evolutionary game provides an appropriate approach for capturing the dynamics of
EV diffusion in manufacturer network, which is suitable as the basic framework for the
study of EV diffusion.



Int. J. Environ. Res. Public Health 2022, 19, 5290 5 of 21

2.4. The Gaps

Reviewing the literature on the effects of policies on EV diffusion reveals the following
two knowledge gaps.

First, few studies have considered consumers as stakeholders in constructing manu-
facturer evolutionary game models and considered dynamic consumer preferences on this
basis. Although consumers are often modeled as necessary influences on firms’ revenue,
most existing evolutionary game models only use the form of the Hotelling demand to
calculate the constant product demand corresponding to a certain set of parameters. This
implicitly assumes that consumers have constant preferences and purchase the product
once a year, which is quite unrealistic for some products, especially EVs. The evolution of
EV diffusion and consumer preferences is a process of mutual adaptation and selection,
thus simplifying the analysis of consumer preferences would ignore the relevant feedback
mechanisms underlying the ultimate diffusion dynamics.

Second, supply-side and demand-side policies are often discussed in isolation, lack-
ing adequate comparison of effects and mechanisms. For policymakers, choosing among
various policies entails information about their mechanisms and probable outcomes, partic-
ularly in complex economic systems and in situations with far-reaching ramifications. Both
supply-side and demand-side policies are vital to EV diffusion, and more comprehensive
perception of their effectiveness and mechanisms is needed.

To advance the research streams, this paper proposes a network-based evolution-
ary game framework for EV diffusion considering dynamic consumer preferences and
investigates the effects of different oriented policies on EV diffusion.

3. Methods
3.1. Problem Description

The main stakeholders in the EV diffusion process include governments, manufactur-
ers, and consumers. The government implements a series of policies, including supply-side
and demand-side policies, to directly or indirectly facilitate manufacturers’ shift towards
electric vehicle production. Here, supply-side policies aim to reduce the barriers to tech-
nology introduction and output and thus directly facilitate manufacturers’ decisions to
produce EVs. In contrast, demand-side policies indirectly promote the diffusion of EVs
by influencing consumers’ preferences and purchase decisions for EVs. According to the
review of EV diffusion promotion policies in Section 2.1, four policy instruments including
carbon tax, EV production subsidy, consumer purchase subsidy, and information policy,
are considered and modeled. The framework of the policy package is shown in Figure 1.
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Figure 1. The framework of EV promotion policy package.

Manufacturers are the central players in enabling the diffusion of EVs, and each man-
ufacturer’s decision to produce EVs forms the diffusion of EVs at the market-wide level.
This strategic decision comes from the evolutionary game between different agents in the
manufacturer network. At the same time, market demand is the foundation for manufac-
turers to gain revenue. Consumers on the demand side of the market are the demanders of
automotive products, and their preferences and purchasing behaviors determine the market
demand for EVs as well as ICEVs, thus affecting manufacturers’ payoffs. The evolution
of manufacturers’ and consumers’ strategies, shaped by their respective social dynamics,
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underlies market dynamics at the microlevel. Figure 2 summarizes the schematic diagram
of the network-based evolutionary dynamics for EV diffusion.
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3.2. Modeling Assumptions

Given the above problem description and related literature on EV diffusion, we made
the following modeling assumptions for the basis of the network-based evolutionary
game model:

1. There are M manufacturers in the automobile market with two pure strategies that
are faced with strategic decisions of producing EVs or ICEVs. The initial EV man-
ufacturer proportion is σ(0), while the ICEV manufacturer proportion is 1− σ(0).
All the manufacturers are limited rationality and make decisions independently
and synchronously.

2. The different strategic decisions adopted by manufacturers will have different carbon-
reduction rates, r, and carbon abatement costs, C. We assume a quadratic relationship
between carbon-reduction rate and carbon-abatement cost, i.e., C = kr2/2, where k is
the cost coefficient of abatement, and a similar setting is widely used by scholars.

3. The manufacturer agents are embedded in a complex social network, with nodes
representing manufacturers and edges representing linkages between manufacturers.
Decision and payoff information is shared among connected nodes in the manufac-
turer’s network.

4. Manufacturers of the same strategic decision produce homogeneous automotive
products. The market demand for EVs and ICEVs is supplied evenly by manufacturers
producing EVs and ICEVs, respectively.

5. Automotive products have a lifespan, l, and consumers need to buy a new EV or
ICEVs after this period of ownership. This process is influenced by the maturity of
EV technology.

6. The size of consumers in the market is N. Consumers are divided into two categories:
those who choose EVs or those who choose ICEVs, and the initial ratios are denoted
by ε(0) and 1− ε(0), respectively. Each consumer does not own more than one vehicle
at each moment.

3.3. The Network-Based Evolutionary Game Model

As an important method of combining evolutionary game theory with complex net-
work theory, the construction of a network-based evolutionary game model consists of
three main parts: network structure, game model, and evolutionary mechanism. In this
paper, a network-based evolutionary game model of EV diffusion is constructed from these
three aspects based on the modeling assumptions.

In terms of network structure, manufacturers in the real world are considered to be
well-connected, with complex competitive and cooperative relationships and “small world”
characteristics. In addition, for the automotive industry, previous research has generally
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concluded that there is no significant heterogeneity among manufacturers [4,5]. Therefore,
the small-world network model is considered to be able to capture the backbone of complex
linkages among automobile manufacturers reasonably. Here, we use G = (V, E) to denote
the automaker network, where V is the set of nodes and E is the set of undirected edges.

According to the problem description and modeling assumptions, the sales volume of
each EV manufacturer and the ICEV manufacturer selling products at time t can be denoted
as follows:

Qe(t) =
De(t) + Ne(t)

Mσ(t)
(1)

Q f (t) =
D f (t)

M(1− σ(t))
(2)

where σ(t) is the ratio of EV manufacturers to total manufacturers at time t. De(t) and
D f (t) are the cumulative market demand for EVs and ICEVs, indicating the demand
for repeat consumer purchases. Ne(t) denotes the additional demand due to the change
in consumer preference for EV at each moment, which is determined by the dynamic
consumer preference in Section 3.4.

Furthermore, considering the government’s influence on manufacturers, the govern-
ment imposes a carbon tax related to carbon emissions on ICEV manufacturers and EV
manufacturers, denoted as:

t f = ecpQ f (t) (3)

te = (1− r)ecpQe(t) (4)

where cp is the carbon price, e is carbon emission from ICEVs, and r is the carbon-reduction
rate. The government production subsidy for EV is ve. We therefore represent the total
profits of EV manufacturers and ICEV manufacturers at time t as follows:

We(t) = (pe − ce + ve) ∗Qe(t)− te − kr2/2 (5)

W f (t) =
(

p f − c f
)
∗Q f (t)− t f (6)

where pe and p f are the unit prices of EVs and ICEVs, and ce and c f are the unit production
costs of EVs and ICEVs. Then, when two auto manufacturers, denoted as auto manufacturer
i and auto manufacturer j, adopt various strategic decisions, the game matrix of the
evolutionary game process is as shown in Table 1.

Table 1. The game matrix of manufacturers.

Auto Manufacturer j

EV ICEV

Auto manufacturer i
EV We; We We; W f

ICEV W f , We W f ; W f

All manufacturers seek to maximize profits, but they cannot directly determine which
strategy to adopt using market demand information. They need to observe and compare
the strategies adopted by neighboring manufacturers in the network and the corresponding
payoffs after each round of the game to conduct social learning and strategy updating. At
each step, all manufacturers obtain the payoffs of adopting the corresponding strategies
according to the game matrix, and then randomly select a neighbor to compare the profits.
When the manufacturer has the same strategy as the chosen neighbor, no strategy change
occurs, while the manufacturer with different strategies learns the neighbor’s strategy with
the Fermi rule:

P(i←j) =
1

1 + exp
[(

Wi −Wj
)
/k

] (7)
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where the payoffs of manufacturer i and its neighbor j are Wi and Wj, respectively. This
evolutionary rule indicates that manufacturers tend to learn the strategies of neighbors
with higher payoffs than their own, and the higher the payoffs of their neighbors, the higher
the probability of learning. Fermi rule has been widely used as a learning mechanism for
agents in previous studies.

3.4. The Dynamic Consumer Preference

Inspired by Shi et al. [38] study on the influence of consumer dynamics on low-carbon
technologies, we consider the dynamic evolution of consumer groups in EV diffusion.
As mentioned earlier, market demand for EVs or ICEVs largely determines the profits
of both types of auto manufacturers. Existing research in this area tends to calculate a
definite market demand for both types of firms in the form of the Hotelling model, without
considering the moment-to-moment changes in market demand in the evolutionary game
of firms. Specifically, the diffusion of EV among manufacturers is paralleled by a dynamic
evolution of consumer preferences for EVs and their decision on what type of vehicle to
purchase. It is the dynamic evolution of consumers that determines the market demand for
vehicles at each moment.

Consumer preferences reflect individuals’ love for different products. Preference
theory suggests that when people are confronted with different choices, they will eval-
uate various information to form preferences and make decisions based on the order of
preferences. Studies also highlight the deterministic role of utility functions and social
interactions on preferences [39]. Since this paper focuses on the evolution of consumer
preferences for two products (ICEVs or EVs), it is natural to view consumers as making
decision between EVs and ICEVs under the influence of social interaction and utility. We
introduce a group behavior mechanism developed within the social coordination game
framework to describe dynamic consumer preferences in the market and include it as the
market demand component of our network-based evolutionary game model.

In large groups of consumers, everyone’s opinions and decisions are constantly chang-
ing as people communicate and influence each other. The evolution of group preferences
for EVs is a dynamic process involving a large number of interacting and adaptive con-
sumers. We consider an automotive market with N consumers, where these individuals
are also embedded in small-world social network. Each consumer, i, has two alternative
strategies, i.e., purchasing an EV or purchasing an ICEV, denoted by si ∈ {+1,−1}. We
assume that consumer utility includes economic utility and social utility, and that economic
utility is influenced by the price of the product itself and by government policies. In terms
of social utility, consumers’ strategy choices are influenced by all neighboring nodes in
the social network, and this influence is reflected in reality by a strong willingness to
maintain coordination with others. Social coordination, as an important social interaction,
is considered to be prevalent factor for human behaviors. In addition, economic factors are
another key factor in determining consumers’ product purchases. According to the studies
of Zino et al. [40] and Ye et al. [41], the utility of consumers adopting different strategies
can be indicated as follows:

Ui = ∑jεN(i)

∣∣sj(t)
∣∣/di + ue (8)

where di is the degree of consumer i in the network, N(i) is the set of neighbors adopting
the same strategy as consumer i, and ue is the economic utility. The first term is the
social utility, calculated by the ratio of neighbors among all neighbors of consumer i who
adopt the same strategy as them. Similar utility functions have been widely used in
coordination game studies. Regarding economic utility ue, we do not focus on differences
in the utility of specific consumer purchase strategies but rather on how exogenous policy
interventions affect EV diffusion in the presence of consumer dynamics. We therefore
set the economic utility of purchasing ICEV to 0 for simplicity. The government may
implement the consumer subsidy policy to stimulate consumers to purchase EVs. The
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consumer subsidy factor, which measures the strength of the consumer subsidy policy, is
denoted as vc. Then, the economic utility of consumers purchasing EVs is ue = vc.

In each round of the manufacturer’s decision evolution, consumers also perform a
round of decision evolution. After gaining payoffs, each consumer randomly selects a
neighbor in the social network for social learning. Without loss of generality, we also use
the Fermi rule as the evolutionary mechanism for the consumer. That is, the larger the
payoff difference in social comparison, the more likely consumers are to learn from each
other’s strategies. The change in consumer preferences at each moment can be presented as:

f e(t) =
Ne(t)− Ne(t− 1)

N
(9)

where Ne(t) is the number of consumers choosing the EV strategy at t. In addition, the
technology maturity of EV manufacturers is a key factor influencing consumer decisions.
According to Zeng et al. [42], the adoption of emerging technologies by more manufacturers
in the market promotes technology maturity and thus influence consumers. We measure
technology maturity m(t) using the following equation:

m(t) = m(0) + γ ∗ (1−m(0)) ∗ σ(t) (10)

where σ(t) is the ratio of EV manufacturers in Equation (1), and m(0) is the initial technol-
ogy maturity. γ is the information speed factor which indicates how fast the information
on technology maturity among manufacturers affects consumers. A larger γ indicates
that consumers are more significantly influenced by the manufacturers’ information. Gov-
ernment can encourage consumers to increase their demand for electric vehicles through
information policy. Thus, the market demand for EVs in Equation (1) is modified as follows:

Qe(t) =
m(t)De(t) + N f e(t)

Mσ(t)
(11)

4. Simulation and Discussion
4.1. Parameter Initialization Setting

We calibrate our model using data from relevant studies as well as empirical data from
China’s automobile industry. In the manufacturer network, the number of manufacturers
M is set to 100, 200, and 300, the average degree of the network is 6, and the initial EV
manufacturer proportion σ(0) is 0.1 [35]. Regarding sales and costs, the unit selling prices
of EV and ICEV are set to 0.3398 and 0.1289 million CNY, and the unit production costs of
EV and ICEV are 0.25 and 0.0554 million CNY [43]. Referring to [44], the carbon emissions
e of producing an ICEV are 29.7 tons, and the carbon-reduction rate r of producing EVs is
0.105. The cost coefficient of abatement k is 10 [45], the initial technology maturity m(0) is
0.2 [36], and all vehicles have a lifespan of 10 [38]. In terms of consumers, the number of
consumers N is 2.1 million CNY, and the proportion of initial EV consumers ε(0) is 0.1 [38].

Based on the above parameter settings, we conduct controlled numerical experiments,
and for each policy, the simulation changes only the parameters related to that policy. The
simulation of each set of parameters lasts for 100 steps (which can be regarded as 100 years),
and the final results are obtained by averaging the results of 100 independent runs to ensure
stability. Since this paper focuses on EV diffusion at the system level, the EV diffusion rate,
representing the proportion of EV manufacturers to all manufacturers, is of most interest
for the simulation experiment.

4.2. The Impact of Supply-Side Policies on the Diffusion of EVs
4.2.1. The Impact of Carbon Tax Policy on the Diffusion of EVs

The carbon tax is charging fees for burning-carbon-based fuels (oil, gas, coal), widely
implemented in European countries. In order to study the effect of carbon tax policy
on the diffusion of EVs, we conducted simulations at carbon prices cp of 0, 50 (China),
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350 (Norway), 517 (Finland), and a fairly high 1000 [38], respectively. The results are shown
in Figure 3.
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As can be observed from the evolutionary trend, the EV diffusion rate first rises rapidly
and then gradually reach equilibrium. The greater the number of manufacturers, the longer
it takes to reach equilibrium. For example, it takes about 20 years to reach equilibrium
when M = 100 and this time extends to about 40 years when M = 300. The equilibrium
results of the system’s evolution at different carbon prices show that the carbon tax policy
favors EV diffusion. At the microlevel, this is because ICEV manufacturers will pay more
carbon tax due to more carbon consumption in vehicle production compared with EV
manufacturers. The higher carbon tax will reduce the profitability of ICEV manufacturers
and thus make them choose to switch to EV production in the long-run evolutionary game.

Additionally, it is worth mentioning that the impact of carbon taxes varies considerably
at different evolutionary periods, as shown in Figure 3b,c. Although an increase in the
carbon tax at equilibrium increases the EV diffusion rate, this effect seems to be realized
after about 35 years. In contrast, a higher carbon price at the stage of rapid EV penetration
is detrimental to EV diffusion. This counterintuitive phenomenon may have arisen from
the introduction of consumer dynamics. Specifically, the dynamic characteristics of market
demand make the evolution of manufacturers largely dependent on the evolution of
demand. In the long term, the increasing number of consumers choosing to purchase
EVs brings about an increase in the market share of EVs, which is the primary source of
continued profit growth for the EV manufacturer population in the market. Additionally,
the rate at which such profits rise will determine the rate of EV diffusion. However,
during the rapid diffusion stage, a higher carbon tax may reduce the overall profit of
manufacturers, thereby inhibiting the social learning mechanism among them. It is not
until the equilibrium stage where demand for EVs rises very slowly that the impact of
the carbon tax on profit growth becomes negligible. In contrast, the effect on total profits
becomes more pronounced. In short, the carbon tax policy has a greater impact on the
profit growth rate of EV manufacturers during the rapid diffusion period while on the total
profit of ICEV manufacturers during the equilibrium period.
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Another interesting finding is that the magnitude of the periodical fluctuation of the
EV diffusion rate decreases significantly with the network size increase. When the network
size increases from 100 to 300, the maximum diffusion rate during the evolutionary process
remains almost unchanged. In contrast, the fluctuation of the diffusion rate in equilibrium
decreases by about 2/3. This result indicates that the effectiveness of promotion policies is
sensitive to changes in network size. Government policy implementation needs to consider
the market environment as well as the number of manufacturers, which is especially
important when there are market frictions.

The simulation results support previous studies on the effects of carbon taxes, such
as [4,35], which both found that an increase in carbon taxes boosts the diffusion level of
products with a competitive advantage. The additional finding of this paper, through the
analysis of dynamic consumer preferences, is that the impact of the carbon tax differs across
EV diffusion periods, which reflects that a higher carbon tax during the rapid diffusion
period reduces the growth rate of diffusion instead. Policymakers need to be cautious in
implementing this demand-side policy because tax’s distortion of market adaptive behavior
in complex economic systems can be large and unexpected.

4.2.2. The Impact of Production Subsidy Policy on the Diffusion of EVs

Subsidies are one of the most common fiscal interventions governments take, and
production subsidies are an important source of revenue for EV manufacturers, facilitating
the transition to producing EVs. In this section, we illustrate how different production
subsidies affect EV diffusion. We run the model with production subsidy ve set to 0, 0.0225,
0.045, 0.0675, and 0.09 [38]. The results are shown in Figure 4.
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It can be found that production subsidy policies have a more stable impact on EV
diffusion trends and results compared with carbon tax policy. As the production subsidy
rises, the diffusion rate increases in any period, which indicates the effectiveness of the
supply-side subsidy policy. At the same time, it can be observed that the basic evolutionary
trend of EV diffusion is to rise rapidly and then fluctuate at a certain level of diffusion
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rate, which is in line with the stylized fact of the “S” curve in the traditional innovation
diffusion model.

In addition, the model proposed in this paper can capture periodical market fluctua-
tions due to dynamic consumer preferences. Since we set up repeat purchases with product
lifespan, this mechanism is reflected at the system level in the diffusion rate fluctuations
with a ten-year cycle in Figure 4. This dynamic mechanism is more realistic than constant
market demand because the cyclical nature of market demand and the fact that automotive
products have a certain life span is self-evident. Indeed, in the field of evolutionary eco-
nomics, Safarzyńska and van den Bergh [46] also verified the cyclical pattern of demand
and the interaction between supply and demand in complex economic systems through
an agent-based model. Our findings not only enrich the modeling exercises that consider
consumer dynamics in EV diffusion, but also serve as a reminder of the need to factor in
potential feedback mechanisms when developing long-term policies.

4.3. The Impact of Demand-Side Policies on the Diffusion of EVs
4.3.1. The Impact of Purchase Subsidy Policy on the Diffusion of EVs

We now elucidate the impact of demand-side policies on the evolutionary trend of
EV diffusion and compare the differences in the effects of demand-side and supply-side
policies. The effect of consumer subsidies on EV diffusion is given in Figure 5, where the
consumer subsidy factors vc are set to 0.3, 0.4, 0.5, 0.6, and 0.9.

Purchase subsidies can be found to play a significant role in the diffusion of EVs.
Lower levels of consumer subsidy factors vc may not effectively promote EV diffusion
for a long time. In contrast, a higher subsidy factor can achieve EV penetration at a
faster rate. The mechanism by which purchase subsidy policy drives EV diffusion is to
increase the economic utility of EV consumers, leading to a shift in consumer preferences
towards EVs under the influence of social interactions. Furthermore, through the supply–
demand interaction in the market, the increase in EV demand improves the profitability of
EV manufacturers and hence the popularity of EVs. Studies have proved that purchase
subsidies can artificially enhance the attractiveness of EVs, thereby encouraging consumers
to become early adopters [14,47].
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By comparing the differential effects of supply-side production subsidies and demand-
side purchase subsidies, we can find that production subsidies are more influential on
long-run diffusion equilibrium, while purchase subsidies have a significant impact on
both the diffusion process and equilibrium results. Our modeling exercises to extend
consumer dynamics in the manufacturer evolutionary game suggests that the effectiveness
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of policy interventions on EV diffusion may be sensitive to demand-side dynamics, notably
the assumptions about interactions between consumers. For policymakers, this further
indicates that demand-side policies may be indispensable and that supply-side efforts
alone cannot get rid of consumer dependence on the conventional technology, i.e., the
lock-in effect.

In addition, there is greater uncertainty about the effects of purchase subsidies com-
pared to production subsidies. Lower or higher production subsidies would lead to almost
only a ten percent difference in effects in equilibrium, while the effects of different purchase
subsidy intensities could vary significantly. A possible reason for this phenomenon is the
complexity of the economic system. On the one hand, the effects of purchase subsidies
are transmitted from the demand side to the supply side through the supply-demand
interaction in the market. On the other hand, the demand promotion by purchase sub-
sidies involves complex and highly nonlinear social processes. Together, these factors
cause the purchase subsidy to exhibit similar tipping-point dynamics [48]. Therefore, a
careful cost–benefit analysis should be conducted when developing subsidy policies, with
particular attention to the current status and expectations of EV proliferation. A balance of
the appropriate policy mix needs to be undertaken based on the different diffusion targets
anticipated and the current diffusion status.

4.3.2. The Impact of Information Policy on the Diffusion of EVs

Demand-side information policies that intervene with consumers are gaining atten-
tion. Information policies are interventions that reduce negative consumer perceptions of
emerging technologies through the Internet or media. We use the information speed factor
γ to indicate the degree to which such consumers are influenced by the manufacturer’s
information and set γ = 0.1, 0.3, 0.5, 0.7 and 0.9 for simulation. The results are shown in
Figure 6.

The evolutionary trend shows that the impact of information policy on EV diffusion
has been realized gradually over time. There is almost no pronounced effect in the early
stages of evolution, while the evolutionary trend becomes markedly different between 10
and 30 years and then fluctuates in equilibrium. This trend is due to the time-lag effect
of information policy. Information policy differs from the substantive incentives of pur-
chase subsidies by facilitating information on emerging technologies to be perceived by
consumers, thereby promoting repeat purchases and changes in consumer preferences.
This process of changing consumer preferences and manufacturer evolution are in a cir-
cular cause-and-effect relationship. Improvements in manufacturer technology and the
development of the EV industry promote consumer preferences toward EVs through in-
formation policy, which in turn contribute to the diffusion of EVs among manufacturers.
Furthermore, the comparison with supply-side policies also reveals the longer-term impact
of demand-side information policies. Even if information policy does not achieve the same
stable promotion effect as production subsidy policy in the short term, the impact on the
long-term effect and evolutionary equilibrium is more pronounced.

The longer-term and time-lagged effects of information policy can be found in our
results, consistent with a real-world phenomenon in EV diffusion: “hot policies and cold
markets” [47]. Despite the government’s efforts to promote and publicize the environmental
characteristics and technical performance of EVs, the EV market remains relatively cold.
Our results suggest that information policies should be implemented as part of the policy
mix over a long enough horizon to achieve the desired effect.
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5. Conclusions

The large-scale diffusion of EVs is crucial to address environmental pollution and
energy shortages. Current research focuses on the evolutionary game of EV production
among auto manufacturers while treating consumers as an exogenous factor to the diffusion
system. Given the interdependence of market supply and demand and the significant role
of consumer preferences, we introduce dynamic consumer preferences into the demand-
side modeling of EV diffusion. We propose a network-based evolutionary game framework
of EV diffusion considering dynamic consumer preferences, and analyze the differential
effects of supply-side and demand-side policies through simulation experiments. The
following conclusions can be drawn from the detailed analysis above.

1. The effect of EV promotion policies is sensitive to the size of the network. The increase
in the number of manufacturers in the network reduces the magnitude of periodic
fluctuations in EV diffusion rates.

2. Both carbon tax policy and production subsidy policy acting on manufacturers can
steadily contribute to maintaining a higher level of EV diffusion in equilibrium.
However, unlike the effectiveness of production subsidies in the whole diffusion
process, carbon tax policy has some inhibiting effects in the phase of rapid diffusion.

3. Demand-side purchase subsidy policy is critical to EV diffusion. Especially in the
initial stage of diffusion, implementing the purchase subsidy policy to create market
demand is a more appropriate promotion policy. Attention should also be paid
to the greater uncertainty of purchase subsidy policies due to the complexity of
the economic system. The government’s promotion policy package needs to be
adapted and changed according to the expected diffusion targets and the current
diffusion stage.

4. The impact of information policy on EV diffusion is pronounced, but its policy effects
are longer-term and time-lagged. A long-enough horizon of implementation is needed
to ensure the effectiveness of the information policy.

This paper considers dynamic consumer preferences in a model of EV diffusion among
manufacturers and conducts simulation experiments for typical supply-side and demand-
side policies. Through the in-depth analysis of the mechanisms, evolutionary trends, and
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equilibrium results of different policies on EV diffusion, this paper not only enriches the
modeling practice of EV diffusion, but also provides insights for adjusting the policy
orientation and balancing the policy packages. Due to the complexity of the EV diffusion
problem, some limitations still exist in this paper. In terms of consumer behavior, the
reasons that consumers purchase EVs is quite complex, while this paper only considers
social utility under social norms and economic utility under subsidy policies. Future
research can introduce more influential factors, such as environmental awareness [49]
and consumer attitudes [19], into the demand-side dynamics. In addition, some more
complex, agent-based models can also be used to study dynamic consumer preferences
and to construct the demand–supply coevolutionary framework.
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