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Energy transition

Application of carbon trading on the consumption-side to subsidize NEVs (called “carbon trading subsidy (CTS)™)
is expected to become the successor policy for the phasing-out purchase subsidy, but there is still a gap between
practice and theory in how to apply. This study applies CTS to bus industry and addresses the interaction problem
between purchase decision of bus operators and policy-implementation decision of the government, and im-
proves evolutionary game theory by considering the incentive effects of strategies within the same group to
discuss stable strategies of each parties. Simulation experiments are conducted to validate the correctness of the
improved model and investigate the effects of key parameters on the evolution of decision behaviors. The results
show that subsidy effect of different carbon prices varies significantly under different cost gaps of new energy
buses (NEBs) and fuel buses (FBs), and there is an optimal carbon price range, i.e. 0.163-0.263 CNY/kg in this
research. The initial carbon quota less than and close to the carbon emissions of FB can achieve the optimal
subsidy effect. Maintaining high-frequency inspections on operators can ensure smooth proliferation of NEBs.
Finally, policy recommendations to implement CTS are proposed for different stages of the cost reduction of

NEBs.

1. Introduction

With the rapid development of the automobile industry, the prob-
lems of environmental pollution and energy supply shortages caused by
the widespread use of traditional fuel vehicles (FVs) have become
increasingly prominent. Therefore, new energy vehicles (NEVs) with
significant energy-saving and emission-reduction benefits are increas-
ingly favored [1]. According to the “China Automotive Industry Devel-
opment Annual Report 2021” released by the Chinese Ministry of
Industry and Information Technology, there are approximately 4.92
million NEVs and 270 million FVs in China by the end of 2020, with a
penetration share of 1.75% for NEVs, with a large potential for growth.
In terms of public transportation, electric buses and hybrid buses ac-
count for 53.8% and 12.4% of urban public buses and trams respectively
[2], but mainly distributed in key regions like Shenzhen, Beijing,
Shanghai, Guangzhou, and other municipalities directly under the
central government, provincial capitals and planned cities, whereas the
bus electrification in some central and western lower-tier cities still

needs to be improved. The policies of the central and local governments
are still vigorously promoting the application of new energy buses
(NEBs) [3] and the smooth replacement of traditional fuel buses (FBs) by
NEBs nationwide subsequently.

Since 2010, a purchase subsidy has become the main tool for the
Chinese government to support the development of NEVs and has ach-
ieved positive results [4]. Benefitting from the incentive of purchase
subsidy and the promotion of other government policies, NEBs have
been deployed rapidly in key cities in China in the past five years.
However, the purchase subsidy policy has led to problems such as
‘subsidy fraud’ [5], a financial burden on the government, and a
non-competitive oriented NEV market [6], leading the government to
reduce the amount of subsidies each year starting from 2017 with the
plan to completely eliminate the subsidy by 2022 [7,8]. According to
data from the China Bus Statistics Information Network, under the in-
fluence of subsidy retreat, production of NEBs in China continued to
decline after reaching a peak in 2016, falling from 135,000 units in 2016
to 61,000 units in 2020. The sluggish market demand for NEBs
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continued until 2021, with sales falling 25% from January to September
in 2021 compared to the same period last year. The question of how the
government can promote NEBs nationwide with a better incentive
mechanism to ensure the development of energy saving and emission
reduction in public transportation is a pressing issue after purchase
subsidies continue to be eliminated.

In 2016, the General Office of the National Development and Reform
Commission issued a draft of the “Measures for the Administration of
Carbon Quotas for New Energy Vehicles”, proposing to use the carbon
quota transaction as successor policy of the expiring purchase subsidy,
which is based on subsidies for the production-side of NEVs, but this new
policy has not been successfully implemented. Therefore, some scholars
have turned their attention to carbon trading on the consumption-side
and demonstrated through market research that it can effectively
reduce the negative impact of subsidy withdrawal and promote the
development of NEV market [9-11]. In carbon trading subsidy (CTS) on
consumption-side, free carbon quota will first be allocated to vehicle
owners, who can trade carbon quotas according to the carbon emissions
generated by their own driving. For NEVs, their lower carbon emissions
will bring subsidy benefits to vehicle owners, and make FV owners bear
the corresponding environmental responsibility for their own carbon
emissions [9,10,12]. Compared to traditional purchase subsidy, which is
the way of “buy-and-get-subsidy”, CTS is based on the distance traveled
by NEVs, which can promote the actual use of NEVs. Currently Nie has
discussed the key issues of carbon trading application in the private
vehicle sector [13], while the bus sector, an object with multiple dy-
namic decisions, has not been targeted for study.

Through this paper, we aim to apply CTS in the bus industry to
support further electrification of public transportation by using game
theory, explore the implementation details of key parameters such as
carbon price, initial carbon quota and government regulation, as well as
the impact of vehicle cost on the decision, to further advance the
research process of the implementation and application of CTS in the
NEV market. Evolutionary game theory can simulate the evolutionary
trends of product supply chains and systems in different contexts and has
been repeatedly applied to supply chain decision-making problems such
as carbon trading [14-16], as well as to explore problems such as the
diffusion of EV [17], the construction of EV charging infrastructure [18,
19], and purchase subsidies [20-22]. Evolutionary game theory adopts
the assumption of limited rationality for actors with multiple strategy
choices, that is, actors’ behavior strategies are constantly and dynami-
cally revised and improved under the condition of incomplete infor-
mation, and finally reach a stable solution [23,24]. Although the
Stackelberg game [6,13] has also been used to study issues related to
new energy vehicle subsidy policies and supply chain decisions, it makes
the assumption of perfectly rational behavior for participating entities,
that is, they reach the final decision at once under the condition of
complete information. In this study, involving the multi-sectorial and
frequency dependent nature of incentives of bus operators and the
government, the purchase decision of the former is not seen as a
one-time act, but usually a multi-batch procurement iteration until all
vehicle purchases are completed, and their decision may change
dynamically according to the respective subsidy level in the process of
multiple procurements. While government’s policy choice will also
continuously be improved and refined based on the operator’s changing
purchase choices, and eventually both parties interact to reach a dy-
namic and symbiotic optimal decision [25]. Therefore, evolutionary
game theory will be more consistent with the properties of the decision
process simulated in this study. Furthermore, although a small number
of scholars have studied the diffusion of NEVs using different measures
using evolutionary game theory [17,25,26], none of them has addressed
the topic of carbon trading. Moreover, they did not consider the mutual
incentive effect between the strategies within the same group, i.e.,
herding behavior, which in this study is the imitation behavior of pur-
chasing decisions between different bus operators and imitation
behavior between different regional governments. The herding effect in
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social systems such as markets is widespread [27], and thus would be
more accurate to consider such effects in the model. Therefore, this
study further considers the incentive effects of the strategies within bus
operators and the government, and improves the evolutionary game
model to simulate the evolution of the decision-making behavior of both
parties under CTS.

This study answers the following questions: (1) In the context of CTS,
under what circumstances would bus operators choose to purchase NEBs
and under what circumstances would the government choose to
implement CTS? (2) How should the government set the carbon price,
initial carbon quota, regulation and penalty efforts when CTS is imple-
mented in the bus industry? (3) How to dynamically adjust the CTS
implementation strategy when the gap between the total cost of NEBs
and FBs is narrowing? Specifically, three steps are adopted: (1) Intro-
duce the incentive coefficients of the strategies within bus operators and
the government to build an improved evolutionary game model under
the implementation of CTS. (2) Discuss the evolutionary stabilization
strategies of the decision-making behavior of bus operators and the
government when the parameters in the model satisfy different condi-
tions. (3) Simulate and validate the evolutionary results of bus operators
and the government under different parameters with electric buses (EBs)
and FBs, and propose corresponding policy recommendations for
different stages of the implementation of CTS based on the evolutionary
results.

The contributions of this study are as follows: firstly, the constructed
general model of the improved evolutionary game under CTS can be
used to analyze the evolution of decision-making behaviors of bus op-
erators and the government in different market environments, and this
model can also be extended to taxi and similar companies, as well as to
the public transport industry in different countries and regions, so as to
propose applicable implementation plans for CTS. Secondly, the
improved evolutionary game model, which takes into account the
herding behavior within the same group, established by introducing the
incentive coefficients can more accurately reflect the interaction and
evolution of the decision-making behaviors between operators and the
government. In the practical application of the model, the incentive
coefficients can be adjusted to further investigate the impact of the
society’s promotion efforts for NEBs and the government’s requirements
for the implementation of CTS, which provides further value added.
Finally, this study proposes policy recommendations for CTS for
different cost gaps between NEBs and FBs, which can further promote
the application of CTS in the bus industry based on previous research in
the private vehicle sector, and provides new ideas for the new policy of
NEV subsidy policy after the cancellation of purchase subsidy.

2. Literature review
(1) Incentive policies on NEVs

Purchase subsidy has been used to incentivize the development of
NEV market in many countries around the world in the past decade,
including the US, Japan, South Korea, UK, Germany, Norway, and other
European countries [28-32]. The incentive effect of purchase subsidy on
the NEV market has been extensively verified by academics [33-35],
which enables NEVs to gain economic competitiveness similar to that of
traditional vehicles [36,37], thereby gaining attractiveness to con-
sumers further generating a positive impact on production decisions
[38]. However, due to the unsustainable development and
non-competitive market-oriented disadvantages of purchase subsidy to
the NEV market [6,39,40], many countries have already regressed or
even eliminated the purchase subsidy. Including China, the withdrawal
of purchase subsidy has had a negative impact on the NEV market.
Sheldon proposes that if subsidies are halved without any countervailing
measures, the market share of EVs will drop by 21% [35]. Kong and
Wang propose that the share of NEVs will drop by 40% and 42% after the
cancelation of purchase subsidy, respectively [41,42]. Regarding EBs,
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Du also believes that the market for normal-charging EBs and light-duty
EBs will shrink sharply after subsidies are greatly reduced [43].

In response to the negative impact brought by the retreat, scholars
have put forward their policy recommendations. Among them, EV
privileges like no restrictions on driving and purchases [39,44],
charging infrastructure construction [6], and NEV mandate policy [42]
are relatively frequent countermeasures, these studies have verified
their positive effects after the retreat of purchase subsidy. Other coun-
tries have also adopted measures like reducing car usage costs such as
parking fees, charging fees and road registration fees [45,46], access to
bus lanes or high-occupancy vehicle lanes [29], which have also been
applied in Beijing where there is a high volume of traffic. However, these
studies usually focus on the analysis of the market effects of incentives,
not on systematic subsidy policies, and cannot be universally applied in
China’s vast automobile market. There are also some studies on the
substitution effect of the dual credit policy (New-Energy Vehicle Credit
Program and Corporate Average Fuel Consumption Regulation) [47,48],
such as to verify its effect on improving the production willingness of
NEV manufacturers based on game theory [49]. This policy imple-
mentation of encouraging enterprises to produce NEVs on the
production-side has resulted in problems such as supply of points
exceeding demand and lower fuel economy of vehicle enterprises.
Therefore, Ma proposes to develop a comprehensive policy imple-
mentation mechanism and combine it flexibly with other supporting
policies to truly bring out the sustainable development of NEVs [50].
Further exploration of incentives on consumption-side to form a policy
system that works from the production-side to the consumption-side is
expected to achieve more rapid development of NEVs.

(2) Application of carbon trading in the transport sector

Since 2013, the carbon trading mechanism has been piloted in seven
provinces and cities such as Beijing and Shanghai in China. Manufac-
turers involved in carbon trading can obtain low-carbon subsidies by
increasing carbon emission reduction, which in turn stimulates them to
produce cleaner products [51]. The national carbon trading market
officially launched in China in 2021 will expand from key emission units
in the power generation industry to key industries such as steel and
building materials, and will gradually introduce individuals as trading
subjects to form a sound trading market system. Meanwhile, Shenzhen
also explored the connection between personal carbon accounts and
carbon trading at the end of 2021, and launched the first authorized
carbon-inclusive operation platform, which was able to accumulate
carbon emission reduction points for energy use and public travel. Some
empirical studies have analyzed the impacts of carbon trading schemes
on individuals in the last decade, and it is now considered an effective
incentive to reduce carbon emissions in the household sector [12,52,
53].

Due to the burden of emission reduction in transport sector and the
high suitability of carbon trading system to this sector [54], scholars
such as Harwatt [55], Raux [54,56,57], and Wadud [58] have prelimi-
narily explored the scheme to introduce carbon credits and carbon
trading on vehicle driving, discussing some practical issues like the
implementation potential, cost-effectiveness, acceptability, and equity.
The differences and feasibility of implementing this scheme in the up-
stream (fuel producers) [59,60], midstream (vehicle manufacturers)
[61,62] or downstream (vehicle owners) [63-65] of transport sector is
another topic of ongoing debate among scholars [66,67]. The over-
sourcing of downstream users makes its quota trading considered too
costly and difficult to implement, but this has been a concern in the past.
Due to the ability to cover the widest range of emission sources, as well
as direct incentives for vehicle owners and its greater sensitivity to
downstream price signals that makes it more effective in reducing
emissions [67], there have been many studies have proposed solutions
for individuals to trade quotas. Each eligible adult would have a “carbon
account”, similar to a bank account, in which the allocated carbon quota
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would be stored electronically, and people could view changes in their
carbon accounts through easy access via their cell phones for energy use
and transportation and purchase or sell quotas through banks or relevant
government agencies [58,67-70]. This is similar to the operating plat-
form launched in Shenzhen, and the consensus so far is that with the
increasing maturity of mobile devices such as smartphones and big data
technologies, there are no substantial technical barriers to the intro-
duction of carbon trading for vehicle owners [53].

The Chinese city of Shenzhen first included public transport in its
carbon trading system in 2015, promoting the development of NEVs
through allocating quotas to buses [66]. Internationally, the practice of
allocating quotas to vehicle owners is rare, but scholars have explored
the potential for implementation in developed regions such as London
[71], France [72], Ireland [73], and less developed countries such as
Kenya [68]. In addition, there are some studies focusing on the practical
studies of carbon trading in the transport sector, mainly include two
aspects, one is the impact on drivers’ travel behavior, Raux combined
stated preferences survey and utility model on the French driver market
to verify that carbon trading can change the travel behavior of drivers
and further reduce transportation emissions [12]. The other is the
impact on consumers’ car purchase choices. Two main approaches have
been used in this research area: 1) A combination of discrete choice
experiment and random utility model to investigate consumers’ pur-
chase choices between NEVs and FVs under the incentive of personal
carbon trading [9,10], and many other scholars have used these two
methods to discuss the effect of different incentives on EV purchase
preferences, such as no purchase restrictions, no driving restrictions,
charging discounts, etc. [39,74,75]; 2) Construct an equilibrium model
of car purchase under carbon subsidies, and there are still very few
studies in this area, with only Fan considers personal carbon trading
with the objective of minimizing driver’s cost and establishes a purchase
decision problem of hybrid vehicle, it is able to calculate the equilibrium
price of carbon quota [76]. Although the application of carbon trading
in the international transport sector has not yet been promoted to a
satisfactory level, as research continues to be conducted and validated, it
will provide more references and possibilities to become an incentive
mechanism for carbon reduction in the transport sector in the future.

As a prelude to this investigation, Li verifies that carbon trading can
effectively change the decision to adopt and encourage the adoption of
EVs based on a choice experiment in Jiangsu, China [9], but this
approach can only focus on its effectiveness on the market and cannot
discuss the details of the implementation of carbon trading in the
transportat sector. While Nie takes the lead in discussing the feasibility
of carbon trading in private vehicles using a game approach [13], but
the fact that bus operators are a sector with multiple dynamic decisions
and the more widespread phenomenon of “subsidy fraud” makes its
application a more specific problem. Therefore, investigating the
application in the bus industry will promote carbon trading to stimulate
the electrification of the entire transport sector.

3. Methodology
3.1. Application of the carbon trading subsidy mechanism

This study proposes a subsidy system for NEVs based on carbon
trading on the consumption-side, called ‘carbon trading subsidy (CTS)’.
By introducing it into the bus industry, based on the egalitarian principle
that everyone has the same right to environmental protection [58,77],
allocate the same initial carbon quota for free to every bus entity, the bus
entity will obtain the corresponding subsidies according to its carbon
emission of actual driving [9]. When the carbon emissions are greater
than the carbon quota, operators need to pay extra to purchase quotas to
meet emission requirements; when carbon emission is less than carbon
quotas, operators can sell excess quotas to obtain carbon subsidies.
Considering the problems that may arise from an imperfect market
mechanism and the large number of potential participants in the early
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stages of the application of the carbon trading mechanism, the trading in
this study would be different from the existing carbon market. The
trading would not take place between operators and operators, but be-
tween operators and the government, or the government would fund
and authorize a designated agent to organize and monitor the quota
trading. The management of carbon quotas would not be left entirely to
the market, quotas would be sold at a fixed price set by the government
and at which the government would buy back unused quotas [56,57].
Consequently, the CTS application mechanism in the bus industry is
established (see Fig. 1).
The CTS for individual bus entity is calculated in Eq. (1) as:

A=(Q-C)yp=(Q-d*e)’p ™

where A and Q are the subsidies and initial carbon quotas obtained by
the bus operator, respectively; d is the mileage of the bus, e is the carbon
emission factor per unit of mileage, C is the carbon emissions generated
by the mileage d, and p is the carbon price of unit quota. It should be
noted that carbon trading in the transport sector only considers emis-
sions from the driving phase, that is, emissions from charging sources is
not considered for EVs, as these emissions are already covered by carbon
trading in the electricity sector [67].

3.2. Establishment of the improved evolutionary game model

3.2.1. Model hypotheses

Study of decision-making choices on vehicles usually considers cost
and effectiveness throughout their life cycle [78,79], that is, from pur-
chase to retirement, so bus operators will also make decisions on NEB or
FB based on the utility during the life cycle. The government chooses
whether to implement CTS according to the costs and benefits of the
subsidy mechanism. Based on this, the evolutionary game model hy-
potheses under CTS are constructed as follows:

Hypothesis 1. The two parties of the evolutionary game are bus op-
erators and government, both of which are limited rational groups. In
the process of multiple game evolutions, the two parties will adopt
corresponding strategies to deal with each other’s strategies and
constantly seek the optimal strategy to finally reach a dynamic
equilibrium.

Hypothesis 2. After introducing CTS mechanism to the bus industry,
only two strategies exist for both parties. For bus operators, their
strategy set is {a;,az} = {Purchasing NEB, Purchasing FB}, and the
probability of purchasing NEB and FB are x(0<x<1) and 1- x,
respectively. For the government, their strategy set is {bi, b2} =
{Implementing CTS, Not implementing CTS}, the probability of
implementing CTS and not implementing CTS are y(0<y<1)and 1 —
¥, respectively.

Hypothesis 3. When bus operators choose to purchase NEB, the

Carbon quota trading

Trading subsidy
Allocating free carbon quota
Trading

Purchasing siibsitly

Supervision and
Authorizing administration
Agent -
Funding

T Trading
subsidy

Trading subsidy Allocating free carbon quota

Carbon quota trading

Fig. 1. Diagram of the CTS application mechanism in the bus industry.
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purchasing cost is Be, the charging cost is F,, the maintenance and repair
cost is M., the carbon trading subsidy is A., and the social and envi-
ronmental benefit obtained by the government is S; when choosing to
purchase FB, the purchasing cost is By, the fuel cost is Fr, the mainte-
nance and repair cost is Mg, the subsidy is A¢, and the additional gov-
ernment investments in air pollution control is I. A single bus can realize
operating revenue R for operators during its operating cycle (the reve-
nue is the net gain excluding the above cost and benefit items), and the
operation of buses can facilitate public travel, and this part of people’s
welfare W should also be included in government utility.

Hypothesis 4. When the government chooses to implement CTS pol-
icy, to prevent ‘fraud’ phenomenon for bus operators, that is, by using
mileage of FB to cheat subsidies by forging license plates and other
means. There is a certain probability 1(0< 1< 1) to check the actual
driving situation of the corresponding bus, and the inspection cost is E. If
the ‘fraud’ phenomenon exists, the government will retract the subsidy
A., issue Ay, and impose penalty P.

Hypothesis 5. When the government chooses not to implement the
CTS policy, the willingness of bus operators to purchase NEB in the next
stage will be reduced, so that the decline in the number of NEB pur-
chases will lead to a reduction in social and environmental benefits. This
study considers this effect in the model and sets the social and envi-
ronmental benefit obtained by the government when the CTS is not
implemented as f(t)S, and satisfies 0 < f(t) < 1.

The above parameters and the meanings of the variables are shown
in Table 1.

3.2.2. Utility matrix of bus operators and government

According to the above model hypotheses, there are four strategic
combinations in the evolutionary game between bus operators and the
government.

(1) When the strategic combination is {ai,b; }, the utility of bus op-
erators is R+ A, — B. — Fe — M., and the government may pay
inspection cost in addition to the paid carbon trading subsidies,
the utility is W+ A(S — A, — E) + (1 — A)(S — A,).

(2) When the strategic combination is {a;,b>}, the utility of bus op-
erators is R — Be — Fe — M,. The government does not implement
CTS, and its utility is W+ f(¢)S.

(3) When the strategic combination is {az, b1}, there is a ‘fraud’
phenomenon for bus operators, the utility of bus operators is R +
ﬂ(Af — By — Ff — My — P)+ (1 — ﬂ)(Ae — By — Ff — Mf). The
government may pay inspection cost in addition to the paid
subsidies, and the ‘fraud’ behavior of operators will be found, the

Table 1
Parameters and variable meanings.

Parameters ~ Meanings

x,1—x Probability of bus operators purchasing NEB and FB

yl-y Possibility of the government implementing and not implementing
CTS

Be,B¢ Purchasing costs of NEB and FB

F.,F; Energy costs of NEB and FB

M., M Maintenance and repair costs of NEB and FB

Ae,Af CTS of purchasing NEB and FB

S Social and environmental benefits obtained by the government when
using NEB

1 Additional government investments in air pollution control when
using FB

R Bus operating revenue

w People’s welfare

E Inspection cost for the government

P Fraud penalty of bus operators

A Inspection probability of government

f(®) Impact factor of positivity
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utility of governmentis W+ A(P —A¢f —E —I)+ (1 —4)( —Ae —
I).

(4) When the strategic combination is {az, bz}, the utility of bus op-
erators is R — Bf — Ff — My, the utility of government is W— 1.

Based on the above strategic combinations, the utility matrix of the
evolutionary game is constructed, as shown in Table 2.

3.2.3. Equilibrium points of the improved evolutionary game

For the sake of conciseness, let M = By + F; + M{,N = Be + Fe + M.,
then M and N represent the total cost of purchasing and using FB and
NEB, respectively.

For bus operators, the expected utility of purchasing NEB and FB is
formulated in Egs. (2) and (3), the population utility is in Eq. (4) as:

Ur=R+yA.—N) - (1-y)N 2
Uy=R+y[A(As =M —P) + (1 =) (Ac. —M)] — (1 —y)M 3
U=xU, + (1-x)U, (C)]

For the government, the expected utility of implementing CTS and
not implementing CTS are formulated in Egs. (5) and (6), the population
utility is in Eq. (7) as:

Vi=WAHx[A(S — Ac— E) + (1 - 2)(S — Ao)]

+(A=-0)[AP-A—E-1)+(1=2)(—A.—1)] (5)
Vo=W+xf(0)S — (1—x)I (6)

Energy 259 (2022) 124904

On this basis, the replication dynamic equations are improved by
considering the incentive effect of the strategies within bus operators
and the government. This is because the probability of a bus operator to
purchase NEB can be influenced by the number of other operators in the
market to purchase NEB, and whether or not the government imple-
ments CTS will likewise refer to the implementation of CTS by other
provincial and municipal governments, making this incentive factor an
important part of the strategy evolution for both bus operators and the
government to consider.

Suppose that the number of bus operators that purchase NEB is p;
and the number of groups that purchase FB is ps. Then, Eq. (9) is
established.

x=pi/(p1+p2) ©)

During the evolution of the group strategy, the rate of change in the
number of operators purchasing NEB p;' is positively correlated with the
number of operators selecting NEB p; and the expected utility U;, as
follows:

Pll =aipiU; (10)

where, a1 (@1 > 0) is the impact factor of the strategy of purchasing NEB,
which can be interpreted as the imitation coefficient. A larger a; in-
dicates a stronger imitation effect of purchasing NEB among bus oper-
ators, when the decision to purchase NEB will promote the decisions of
other bus operators to purchase NEB and inhibit the decision to purchase
FB.

Derivation of Eq. (9) yields the dynamic replication equation for the
bus operator’s strategy of purchasing NEB as in Eq. (11):

¥ :Pl,(Pl +p2) —pi(pi +p2) P <P_1/_P1, +Pz/) :x<01P1U1 _oap Ui+ aoppUs

(p1 +p2)° S ptp\p PP

:X((XIUI 7a]XU1 — (12(1 —X)Uz) = alx(l 7)6) <U1 7%[]2)
1

P

According to the Malthusian dynamic equation [80], the growth rate
of bus operators choosing to purchase NEB and the government choosing
to implement CTS is proportional to the difference between the utility
obtained by choosing the corresponding strategy and the population
utility. Therefore, the replication dynamic equations are given as Eq. (8):

dx

Flx) =— = x(Uy ~TU)=x(1 —x)[4y(P+A. —A;) + M — N|

P1+p2 ) an

Similarly, the dynamic replication equation for the government’s
strategy to implement the CTS is shown in Eq. (12).

®

F(y) = b _ y(Vi = V) =y(1 =) [x((L =f())S = A(P+ Ac — A;)) + A(P — E+ Ac — Af) — Ac]

==

Table 2
Utility matrix of the evolutionary game.

Government

{b1 }: implementing CTS (y)

{b2}: not implementing CTS (1 — y)

Bus operators {a1 }: purchasing NEB (x)

R+ Ae — Be — Fe — M.,

R— B.— Fo.— M., W+ f(8)S

W+ AS — Ae — E)+ (1 — 2)(S — Ae)

{az}: purchasing FB(1 — x)

R+ A(A¢ — Bf — F — Mt — P)+ (1 — A)(Ae — Bf — Ff — My),

R—Bf—Ff— My, W—1

WH+AP —A—E—-D+(1—-2)(—A4 —1)
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¥ =Biy(1 - )(vl —%Vz) a2

Lety, = ﬁ , X1, X» Tepresent the incentive coefficients of the

= a1’ X2 =
strategies within bus operators and the government. y; < 1 indicates
that the imitation effect of purchasing NEB is stronger than that of
purchasing FB, and purchasing NEB has stronger influence as a domi-
nant decision; y; > 1 indicates that purchasing FB has stronger influence
as a dominant decision. y, < 1 indicates that the imitation effect of
implementing CTS is stronger than that of not implementing CTS, and
that the government’s strategy of implementing CTS has stronger in-
fluence as a dominant decision; y, > 1 indicates that not implementing
CTS has stronger influence as a dominant decision.

Substituting Egs. (2), (3) and (5)-(6) into Egs. (11) and (12),
respectively, yield the improved two-dimensional dynamical system (L)
considering the incentives of the intergroup strategy as shown in Eq.
(13).
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Proof. When & & =0 and dy = 0, system (L) has evolutionary equilib-
rium points, when x =0, 1 or y = 0,1, the requirements are met.
Therefore, (0,0), (0,1), (1,0), (1,1) are the evolutionary equilibrium
points. When one of S; and Sg holds, 0 < x* < 1; when one of S3 and S4
holds, 0 < y" < 1, and & = dt = 0 holds at the point (x
5th evolution equilibrium point of evolution.

x",y"), so it is the

3.2.4. Stability analysis of the equilibrium points

According to the group dynamics of the computational differential
equations proposed by Friedman, the stability of its equilibrium point
can be obtained by the local stability analysis of the Jacobian matrix of
system (L). Find the partial derivatives of x and y sequentially for the
differential equations, and the Jacobian matrix can be obtained in Egs.
(16) and (17) as:

dx
Fx) = 2= ax(l =) [(1 = )R + 12y (P + A = Ar) +¥A(1 = 11) + 1M — N]

1
d (1 =7)W + (1 =2 (0)S = AP+ Ac = Ar) + (1 = 1)) (2
F(y)=—=By(1-y)
dt +AP—E+A. —Af) — (1 — ) — A
OF(x) OF(x)
When a; = a2 = f; = py = 1, the above dynamical system is ox dy a a
consistent with the original replication dynamic equations. J= = [ ! ]2} (16)
OF(y) 9F(y) dar A
Proposition 1. There are 4 evolutionary equilibrium points in the two- 0x dy
dimensional dynamic system (L), which are (0,0), (0,1), (1,0), (1,1)
ay = ay(1—2x)[(1 7)(] YR+ 1 4y(P+Ac — Ar) + yAe(1 — ) + 1M — N|
ap = aAx(1 = x) [, A(P + A — Ar) + Ac(1 — 1,)] an
an = py(1-) [(1 _)(zf( ))S = A(P+ A = Ar) + (1 = 1)1
an = pi(1-2y) [(1 —}(2)W+x((l —1f(0)S — }“(P'FA Al‘) +(1 _)(2)[) +’1(P —E+A —AI‘) — (1 =) _Ac}

respectively; when (S; US2) N
point (x",y"), where

(S5 USy) is satisfied, there is a fifth equilibrium

x*_(1—;fz)w+/1(P—E+Ae—Af)—(l—xz)l—A

AP+ A—A) - (01— S—(1—p)I

(P+ 1) = (L =2f0)S = (1 - 1) (14)

. N—pM—(1—x)R

XA(P+Ac — Ap) + (1 — x))Ae
Si={(1=p)W+AP+A —Ar) — (1 = p)] —Ac > AE > (1 — pof (1))S
Sy = {(1 = p,f (1)S - A >/1E>(lfxz)W+/1(P+A —Ar) = (1=p)I
S = XIA(P+A6 Af) + (1 =y )Ac >N =y M — (1 =y )R>0
Sy ={0A(P+Ac —Ar) + (1 = )Ac <N =M — (1 - )R <0

When Eq. (18) is met, the equilibrium points of the replication dy-
namic equations are locally stable, and the equilibrium points are the
evolutionary stable strategies (ESS).

Aci
4 (15)
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Fig. 2. Dynamic evolutionary game phase diagram of system (L).

tr] =a; +ap <0

ay  ap

(18)

=aay —apay >0

{ det] =

Put five equilibrium points into trJ and detJ for calculation, discuss
the stability of each point and get the ESS of system (L). The results are
as follows:

Result (1): WhenN— y;M > (1 — y1)R, (1 — yo) W+ A(P — E + Ae —
Af) > (1 — o)l + Ae:

Result (1-1): If (x*,y") exists, simplify and merge S;N S3. At this time,
{ (1 = 1of (t))S — Ae < 2E

11AP+Ae —Af) + (1 —y1)(Ae +R) > N— 1M
(L) has no ESS and (x",y") is its central point.

Result (1-2): If (x",y") does mnot exist, when y;A(P-+A. —Af)+

(1 —x1)(Ae +R) < N — y; M is satisfied, the ESS of system (L) is (0, 1).

dy  daxp

is satisfied, system

Result (1-3): If (x,y") does not exist, when
(1 = £,f(£)S — Ae > IE o
{)(1/1(P+Ae “A)+ (1 —1)(Ac+R) > N— M is satisfied, the ESS of

system (L) is (1,1).
Result (2): When N— y;M > (1 — y;)R.
Result (2-1): If (x*,y") exists, simplify and merge SN Ss. At this time,
{ (1= xof (t)S — Ae > AE
AP+ Ae —Af) + (1 = 1)(Ae +R) > N — | M
system (L) is (0,0) and (1,1), (x",y") is its central point.
Result (2-2): If (x",y") does not
{ (1= xof (£))S — Ae > E
NAP+Ae —Ag) + (1 —x1)(Ae +R) > N— )M
ESS of system (L) is (0,0).
Result (3): When N— y;M < (1 — )R, (1 — yof (t))S > AE+ A, the
ESS of system (L) is (1,1).
Result (4): When N— y;M < (1 — y1)R, (1 — yof(t))S < AE+ A, the
ESS of system (L) is (1,0).

is satisfied, the ESS of

exist, that is, when

is not satisfied, the

3.2.5. Evolutionary game results analysis

According to the stability analysis results of the equilibrium points,
the evolutionary game process of bus operators and the government can
be obtained, and the corresponding dynamic phase diagrams are shown

in Fig. 2.

Based on the ESS results and the dynamic phase diagram, the
decision-making behaviors of bus operators and the government are
analyzed as follows.

Result (1): When N — ;M > (1 — y;)R, Ae < 122WHEEA) (o,

Result (1-1): If AE > (1 —yof(t))S —Ae and N — y;M < y;A(P + Ae —
Af)+ (1 — y1)(Ae + R), as shown in Fig. 2(a), system (L) has no ESS,
(0,0), (0,1), (1,0), (1,1) are saddle points, and (x",y") exists and is an
unstable point. There is no stable strategy between bus operators’
decision-making behavior and whether the government implements
CTS. This situation usually occurs in a transition period after the
implementation of the CTS, and the optimal decision-making behavior
of bus operators and the government is still in the exploration stage.

Result (1-2): If N— y;M > 1 A(P + Ae — Af)+ (1 — y1)(Ae + R), as
shown in Fig. 2(b), the ESS of system (L) is (0, 1), purchasing FB and
implementing CTS will be inevitable choices for bus operators and the
government. For bus operators, the total cost of choosing NEB is much
higher than FB, even under the incentive of CTS, the utility of pur-
chasing NEB is still less than that of purchasing FB, so bus operators will
choose to purchase FB. In addition, CTS is more tempting than the risk
cost of ‘fraud’, and bus operators will take risks and apply for CTS in the
face of sluggish market performance. For government, the non-
implementation of CTS has a great impact on the enthusiasm of bus
operators to buy NEB. Facing severe market environment problems, the
government will increase investment to promote the diffusion of NEBs.
This situation usually occurs at the beginning of the implementation of
the CTS. The cooling effect of the withdrawal of the purchase subsidy on
the NEB market continues and the total cost of NEB is relatively high. To
ease market performance, the government will implement a large-scale
CTS.

Result (1-3): If AE < (1 —yof(t))S —Ae and N — 1M < 1 A(P + Ae —
Af)+ (1 — y1)(Ae + R), as shown in Fig. 2(c), the ESS of system (L) is
(1,1), purchasing NEB and implementing CTS will be inevitable choices
for bus operators and the government. In this case, the total cost gap
between NEB and FB is effectively narrowed, and the government’s non-
implementation of CTS has a great impact on operators’ enthusiasm to
buy NEB. Moderate carbon trading subsidies play a great role in
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promoting the NEB market, so the government chooses to implement
CTS. Faced with an active NEB market, operators will also choose to
purchase NEB to obtain greater benefits. The decisions of these two
parties are actual optimal choices, this situation is the first optimal
period after the implementation of CTS. As an emerging policy, both bus
operators and the government have shown a high degree of enthusiasm
for participation at this stage, which can not only promote the
improvement of the CTS policy, but also ensure rapid improvement for
the electrification level of public transportation.

Result (2):When N — y;M > (1 — y1)R, Ae > (17"2)W“‘(Pff;Af)f(lfh)I:

Result (2-1): If AE < (1 —yf(t))S — Ae and N — y; M < y1A(P + Ae —
Af)+ (1 — y1)(Ae + R), as shown in Fig. 2(d), the ESS of system (L) are
(0,0)and (1,1), (0,1) and (1,0) are unstable points, (x",y") exists and is
a saddle point, the polyline formed by the two unstable points and the
saddle point is the boundary line where the system converges to two
stable points, that is, in the region I, system (L) converges to (1,1), bus
operators and government choose to purchase NEB and implement CTS,
respectively, in region II, system (L) converges to (0,0), bus operators
and the government choose to purchase FB and not implement CTS. At
this time, the total cost of choosing NEB is slightly higher than that of FB,
and the government’s non-implementation of CTS has a greater impact
on operators’ enthusiasm to buy NEB. Faced with this market state, the
decision-making behavior of bus operators and the government is un-
certain, and the initial state of the system will determine which equi-
librium strategy ultimately tend to.

Result (2-2): If AE > (1 —y,f(t))S — Ae or N— ;M > y1A(P + Ae —
Af)+ (1 — y1)(Ae + R), as shown in Fig. 2(e), the ESS of system (L) is
(0,0), purchasing FB and not implementing CTS will be inevitable
choices for bus operators and the government. At this time, the total cost
of choosing NEB is much higher than FB; even if the government im-
plements CTS, it is still not enough to make up for this cost gap, bus
operators will tend to purchase FB, so the government will not imple-
ment CTS policy. In this case, the benefits of both parties are restricted,
which is not conducive to the promotion of NEBs. The government
should focus on optimizing the upstream and downstream technologies
of the NEB industry chain, further reduce its purchasing and using costs,
and increase operators’ degree of acceptance of NEBs.

Result (3): When N— ;M < (1 — y1)R, 2E < (1 — yof(t))S — A, as
shown in Fig. 2(c), the ESS of system (L) is (1, 1), purchasing NEB and
implementing CTS will be inevitable choices for bus operators and the
government. At this time, the total cost of choosing NEB is lower than
FB, and the government’s non-implementation of CTS has a great impact
on operators’ enthusiasm to buy NEB, bus operators and the government
can obtain greater benefits when they choose to purchase NEB and
implement CTS. This situation is the second optimal period after the
implementation of CTS. With the further reduction in the cost of NEB
and the maturity of the NEB market, operators will choose to purchase
NEB even if there is no CTS. Therefore, in order to save expenditure at
this stage, the government can cancel CTS and promote NEBs to enter
the perfectly competitive market as soon as possible.

Result (4): When N— ;M < (1 — y1)R, 2E > (1 — y»f(t))S— A, as
shown in Fig. 2(f), the ESS of system (L) is (1, 0), purchasing NEB and not
implementing CTS will be inevitable choices for bus operators and

Table 3
Cost data initial value of K9 and ZK2.
K9 ZK2
Purchase costs 2000/8 = 250 600/8 =75
Energy costs 52.67 x 100.45%0.257/100 52.67 x 34.14%6.47/100
=13.60 =116.34
Maintenance and 88/8 =11 278/8 = 34.75
repair costs
Total costs 274.6 226.09
Carbon trading 56 x 0.213 =11.93 0
subsidies

Energy 259 (2022) 124904

government. In this case, the total cost of choosing NEB is lower than FB,
even if there is no CTS, the utility of choosing NEB is greater than FB.
Regardless of the strength of the incentive policies, operators tend to
purchase NEB, and this strategy is stable. Since operators’ decision-
making behavior does not depend on alteration in government subsidy
strategies, the government will gradually withdraw CTS from the NEB
market to save investment. This situation usually occurs in the mature
period of the NEB market and is the final state of the perfectly
competitive market. At this time, the NEB industry chain and supporting
facilities are complete. Bus operator’s purchase decision considers the
maturity and free competition of NEBs and FBs in the market to pursue
maximum profits.

4. Numerical experiments
4.1. Initial data

The two brands, BYD and Yutong, play an important role in China’s
NEB and FB markets [17,81], so this study selects BYD K9 (K9) and
Yutong ZK6105HNG2 (ZK2) as alternative models for NEB and FB, to
perform evolutionary game simulations. K9 and ZK2 are widely used
long-axle NEBs and FBs in major cities in China, and they are two bus
models with similar size by consulting product descriptions, which can
be used as alternatives to achieve the same transportation function in the
game simulations. According to the market survey, the price of K9 in
China is 2 million CNY and ZK2 is 600 thousand CNY, both of their
operating life is 8 years. The residual value of all buses is 0 at the end of
their service life [82]. The annual mileage of the bus is taken as the
average annual mileage of Beijing buses in 2019, which is 52.67 thou-
sand km [83], and the average daily driving distance is 144.3 km, which
meets the K9 battery endurance requirements. The unit energy con-
sumption of K9 and ZK2 is 100.45 kwh/100 km and 34.14 L/100 km,
respectively [84]. In order to save energy costs, K9 is charged during the
electricity valley period at night, the charging price is 0.257 CNY/kWh
[85]; the diesel price is 6.47 CNY/L according to the final oil price in
Beijing in 2019. In terms of maintenance and repair cost, the failure rate
of NEB is lower, and BYD promises to guarantee the K9 battery and
battery core for 8 years, so the maintenance and repair cost of K9 will be
lower than for the ZK2. Specifically, the maintenance and repair cost of
K9 in the life cycle is 88 thousand CNY, and ZK2 is 278 thousand CNY
[861.

The carbon emission factor e. of K9 is 0, the carbon emission factor e¢
of ZK2 is 1.069 kg/km [87], and the carbon price p is 0.213 CNY/kg
[88]. According to Ref. [67], the benchmarking method is adopted to
determine the initial value of carbon quotas Q, but without considering
the emission reduction rate in the base year, which is calculated to be
Q =56 t for 1 year. This study takes 1 year as the calculation period,
and the cost-related parameter data is shown in Table 3, the units are
thousand CNY.

During the implementation of the purchase subsidy, when the ‘fraud’
phenomenon appears, according to “the Ministry of Finance’s New En-
ergy Fraudulent Enterprise Notification Solution”, the penalty P will be
50% of the subsidy amount for the enterprise. The initial value of the
penalty in this study is set according to the ratio, that is the ratio of
‘fraud’ fines to subsidy k = 0.5 (i.e. P = kA = 6). Considering that the
existing proportion of EBs in Beijing is about 45%, the initial value of x is
set to 0.4. The initial value of y is set to 0.8 due to Shenzhen’s devel-
opment experience of including the public transport sector in carbon
trading and China’s strong willingness to implement carbon trading in
the transport sector. The initial value settings of other parameters are
shown in Table 4.

4.2. Simulation results and analysis

Based on the non-rigid differential equation solving algorithm ode45
in Matlab2013 to solve the evolution game model, the results and
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Table 4
Initial value settings of other parameters.
Parameter 2 S I R w E f x y
Value 0.7 20 10 300 10 2 0.2 0.4 0.8
Unit / thousand thousand thousand Thousand thousand / / /
CNY CNY CNY CNY CNY

45 6
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Fig. 3. The effect of different incentive coefficients on decision-making behaviors.
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Fig. 4. The decision-making behaviors of bus operators and government under different carbon prices (a).
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Fig. 5. The decision-making behaviors

of bus operators and government under different carbon prices (b).
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analysis are as follows. The numerical setting of parameters in the model
is chosen with reference to the values of the parameters in practice and
with the principle of more validation of the evolution results in Section
3.2.5.

4.2.1. Sensitivity analysis of the improved evolutionary game model

This study introduces incentive coefficients of the strategies within
bus operators and the government to improve the evolutionary game
model. This section will first simulate the effect of incentive coefficients
on the evolution of the decision-making behaviors of bus operators and
the government to verify the correctness of the model. The simulation
results are shown in Fig. 3(a) when the incentive coefficient y; of bus
operators is set to 0.8, 0.85, ..., 1.15, 1.2, N = 234.6, with other pa-
rameters unchanged. Resetting the incentive coefficient y, of the gov-
ernment to 0.8, 0.85, ..., 1.15, 1.2, with other parameters unchanged,
the simulation results are shown in Fig. 3(b) and y are the probability of
the bus operator will purchase NEB and the probability that the gov-
ernment will implement the CTS policy, respectively.

As shown in Fig. 3(a), when y; < 1, the smaller y, is, the faster the
bus operators’ decision converges to 1. This is because the smaller its
value, the stronger the decision of imitation effect of the bus operators’
decision to purchase EB within the group compared to the decision to
purchase FB, that is, the decision to purchase EB has a stronger incen-
tive, so the operator will converge to purchase EB more quickly. When
11 > 1, the larger y, is, the faster the bus operators’ decision converges
to 0. This is because the larger its value, the stronger the imitation effect
of the bus operators’ decision to purchase FB relative to purchasing EB,
so the operators will converge to purchase FB more quickly. As shown in
Fig. 3(b), for y, < 0.9, the smaller y, is, the stronger the imitation effect
of the decision to implement CTS among governments relative to the
decision not to implement CTS, and therefore the faster they will
converge to implement CTS. For y, > 1, the larger the value, the
stronger the imitation effect of the decision not to implement CTS among
governments relative to the decision to implement CTS, and therefore
the faster they will converge to cancel CTS. when y, = 0.95, the
imitation effect of implementing CTS, although stronger than the
imitation effect of not implementing CTS, does not yet change the
government’s decision intention to decide not to implement CTS in this
market situation, but only makes the process slower, which makes
intuitive sense. Therefore, it can be concluded that the effect of the
improved evolutionary game model with the introduction of y; and y,
on the evolution of the decision of the bus operators and the government
is consistent with the assumptions made at the time of model building,
so the model is correct.

In the practical application of the model, the different incentive co-
efficients of bus operators and the government can reflect the effort to
promote NEVs by society and the strength of the implementation of the
CTS policy required by the upper-level government, which makes the
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improved model able to analyze the influence of the above factors on the
electrification process of buses. In the subsequent simulation, consid-
ering that the Chinese government actively promotes the penetration of
NEBs, the decision to implement CTS and purchase NEB will have a
stronger imitation and incentive effect on other governments and op-
erators, so set y; =y, = 0.95.

4.2.2. The impact of a carbon price

This part discusses the impact of carbon price on the decision-making
choices of bus operators and the government. Based on the initial data,
setting carbon prices p as 0.063, 0.113, 0.213, 0.313 and 0.413,
respectively, we simulate the evolution of the behaviors of both parties.
The evolution results are shown in Fig. 4.

The parameter relationships and corresponding ESS results are
consistent with Result (2-2). According to Fig. 4, for bus operators and
the government, their decision will eventually tend to 0. Increasing
carbon prices within this range cannot fundamentally change the
negative attitudes of the two parties towards the EB market and can only
slow their speed towards final decision-making. This is because the total
cost of using K9 is much higher than ZK2. In this case, the increase in
subsidies is not sufficient to compensate for the cost gap, that is, N —
M > (1 = )R+ AP + Ae — Ap) + Ae(1 — 11)-

Next, further consider narrowing the total cost gap between EB and
FB, and discuss the impact of the carbon price on the results. Based on
the initial data, let N = 234.6, set p as 0.113, 0.163, 0.213, 0.263 and
0.313, respectively. The evolution results are shown in Fig. 5.

As shown in Fig. 5, when p = 0.113, 0.163, 0.213, 0.263, the
parameter relationships and corresponding ESS results are consistent
with Result (2-1), and located in region I, the decisions of bus operators
and government tend to 1. In this range, bus operators choose EB faster
and faster as the carbon price increases, but the financial pressure on the
government from the gradually increasing carbon price makes them
choose to implement CTS more slowly. Where p = 0.163,0.213 is the
optimal carbon price in this case, because at this point, relative to the
cost gap between EB and FB, the subsidy amount can effectively stim-
ulate operators to purchase EB, and at the same time, the government
also quickly chooses to smoothly implement the CTS policy under this
subsidy scale. While when p = 0.113, 0.263, although both operators’
and government’s decisions will tend to be 1, too low subsidy amount of
the former will significantly reduce the speed of operators’ decision of
purchasing EB, and too high subsidy amount of the latter will signifi-
cantly reduce the speed of government’s decision of implementing CTS,
the marginal effect brought by this subsidy change keeps decreasing,
and the subsidy effect is not ideal. Therefore 0.163-0.263 is the optimal
carbon price range. When p = 0.313, the parameter relationship sat-
isfies Result (1-1), and the decision-making behaviors of both operators
and the government tend to 0. In the face of further increases in the scale
of subsidies, operators quickly choose to purchase EB at the beginning,

02F
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Fig. 6. The decision-making behaviors of bus operators and government under different initial carbon quotas.
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Fig. 7. The decision-making behaviors of bus operators and government under different total cost gap.

but the excessive subsidy amount makes the government’s willingness to
subsidize gradually weaken, so then the willingness of operators to buy
EB also gradually declines, and eventually, as the government cancels
the CTS policy, operators will also choose to buy FB.

4.2.3. The impact of initial carbon quotas

This part discusses the impact of initial carbon quotas on the
decision-making behaviors of bus operators and the government. To
avoid the result in Fig. 3 caused by the large gap between the cost of EB
and FB, based on the initial data, let N = 234.6, set Q as 36, 46, 56, 66,
and 76, respectively, and simulate the evolution of the behaviors of both
parties. The evolution results are shown in Fig. 6.

According to Fig. 6, When Q = 36,46,56, 66, the decisions of both
the bus operators and the government tend to 1, where the parameter
relationships and corresponding ESS results satisfy Result (1-3) when
Q = 36,46, and satisfy Result (2-1) and located in region I when Q =
56, 66. Specifically, When the initial carbon quota is 56, it is exactly the
carbon emission of FB, and FB neither pays for the additional quota nor
can they get subsidies, while subsidies obtained by EB have an incentive
effect for operators, and operators and the government will ultimately
choose to purchase EB and implement CTS, respectively. When the
initial carbon quota is lower than FB’s carbon emissions, although the
subsidies obtained by EB have declined, FB also needs to pay economic
costs for its high emission. In this case, operators are more willing to
purchase EB with lower subsidies than to purchase FB with paying
economic cost, so EB will be the ultimate choice for operators. For the
government, in the face of a lower financial burden and the increase in
the popularity of the EB market, its decision-making behavior will take
priority over operators to approach 1 and will fully cooperate with the
market to promote the process of bus electrification. When the initial
carbon quota is raised to 66, even though EB acquires higher subsidies at
this time and its popularity increases in the short term, the rate at which
operators eventually choose EB is still slower than the case when the
subsidy is lower. This is because when the carbon quota is higher than
the carbon emissions of FB, FB also gains subsidies, and the govern-
ment’s decision tends to 1 at a significantly lower rate under the double

Table 5
The settings of government regulatory scenarios.
Penalty Inspection
Low frequency Medium frequency High frequency
2=01 2 =05 A=09
Low intensity (L, L) M, L) (H, L)
k=03
Medium intensity (L, M) ™M, M) (H, M)
k=09
High intensity (L, H) M, H) (H, H)
k=15
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pressure of subsidizing EB and FB, thus affecting the speed of operators
to choose EB. In this case, the government pays more subsidy expendi-
ture but does not promote operators to accelerate their choice of EB, the
subsidy effect is undesirable. When the initial carbon quota is further
increased to 76, the parameter relationship and corresponding ESS
result satisfies Result (2-2), and both operators and the government’s
final decision will tend to 0. This is because the excessive initial carbon
quota further aggravates the government’s subsidy burden, and the
government will choose not to implement CTS, and then the operators
will also eventually choose the lower-cost FB.

4.2.4. The impact of the total cost of the bus

The total cost of EB and FB will be an important factor influencing
the implementation of CTS, this part will discuss their impact on the
decision-making choices of bus operators and the government. Based on
the initial data, set the total cost of EB to be 274.6, 254.6, 234.6, 214.6,
194.6 (i.e. N— y,M = 5981, 39.81, 19.81, —0.19, — 20.19),
respectively, to simulate the evolution of the behaviors of both parties.
The simulation results are shown in Fig. 7.

According to Fig. 7, when N — y;M = 59.81, 39.81, the parameter
relationships and corresponding ESS results are consistent with Result
(2-2). The subsidy amount is insufficient to close the large cost gap be-
tween EB and FB, making the probability of operators buying EB quickly
approach 0. Due to the negative performance of the market, the gov-
ernment will also choose not to implement CTS. And as the cost gap
narrows, the rate at which operators eventually choose FB becomes
slower, but has less impact on the rate at which governments eventually
choose not to implement CTS. When N — y; M = 19.81, consistent with
Result (2-1), further narrowing of the cost gap enables the subsidies to
effectively stimulate the EB market. Operators will gradually choose to
purchase EB, and the government will actively respond to the market to
ensure the implementation of CTS. When N— y;M = —0.19, —20.19,
consistent with Result (3), the full maturity of EB technology makes the
total cost less than FB, operators will choose to buy EB. Since the re-
sidual heat of CTS has not been dissipated, the government will still
implement the policy, but this state will soon end. Subsequently, the
impact of CTS on positivity for choosing NEB will gradually decrease,
and the EB market will become a perfectly competitive market, and the
final state will approach to Result (4).

Therefore, the reduction in the total cost of EBs has a key impact on
the implementation of CTS. Combined with the simulation results of
Sections 4.2.2 and 4.2.3, it can be concluded that during the imple-
mentation of CTS, when the total cost of NEBs is much higher than FBs,
the government should not blindly increase subsidies by raising the
carbon price or initial carbon quota to stimulate the market in the face of
the sluggish NEB market, which will not achieve the expected results
and will increase overall costs. Instead, the government should consider
how to reduce the total cost of NEBs, make N — y; M < y;A(P + Ae — Af)
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Fig. 8. The decision-making behaviors of bus operators and government under different government regulatory scenarios.

+ Ac(1 — y1)+ (1 — y1)R, and promote decision-making behavior
gradually approaching bilateral divergence (Result (2-1)) or the first
optimal market (Result (1-3)), and finally reach the second optimal
(Result (3)) or perfectly competitive market (Result (4)) to achieve the
healthy and sustainable development of the NEB market.

4.2.5. The impact of government regulation on CTS

After the implementation of the CTS policy, the effectiveness of the
policy will be affected if the operators are subject to ‘fraud’ similar to the
levels observed during the purchase subsidy. In this section, we will
investigate the impact of different levels of government regulation on
the operators’ and the government’s strategy. In this model, the two
parameters that affect the intensity of government regulation on the CTS
policy are the probability of government inspection of bus driving 4 and
the ratio of fines to subsidies k in the case of ‘fraud’. Therefore, the
following 9 scenarios are set up in Table 5. To make the simulation re-
sults more informative, narrow the EB and FB cost gap, let N = 234.6
and simulate the evolution of the behavior of both parties, the results are
shown in Fig. 8.

According to Fig. 8, when the regulatory scenarios are (L, L), (L, M)
and (L, H), the parameter relationships and corresponding ESS results
are consistent with Result (2-1) and located in region II, the risk cost of
‘fraud’ is very low due to the low inspection frequency, even if a high
penalty is taken, the operator will risk applying for subsidies to profit
when purchasing FB, so their decisions will soon converge to 0. The
government’s enthusiasm for CTS policy fades in the face of the negative
market performance of EB, and their decision will also quickly converge
to 0. When the regulatory scenarios are (M, L) and (M, M), the parameter

policy
recommendations

A

e Appropriately reduce carbon

relationships are consistent with Result (2-1) and located in region I.
The increase of inspection frequency raises the risk cost of operators’
‘fraud’ behavior, and even with the low penalty, operators gradually
change their attitude and start to choose EB, and their final decision
tends to be 1. The government’s willingness to implement CTS decreases
in the face of the lower penalty when the EB is not popular enough at the
beginning, but as the operators’ enthusiasm to purchase EB increases,
the government’s enthusiasm to implement CTS also increases, and the
final decision soon tends to 1. When the medium penalty strength is
adopted, the rate at which operators’ and government’s decisions tend
to 1 increases substantially. When the regulatory scenarios are (M, H),
(H, L), (H, M) and (H, H), the parameter relationship satisfies Result
(1-3), and the higher inspection frequency makes the decision of oper-
ators and government transition to a more stable stage. Faced with a
more stringent carbon trading regulatory market, the excessively high
risk cost prevents ‘fraud’ phenomenon from occurring, and operators
will choose EB that can receive subsidies. The decision of the govern-
ment implementing CTS will stabilize at 1 after achieving certain effects,
forming a benign environment for purchasing and subsidizing for EB.
Overall, raising inspection frequency and penalties for ‘fraud” will not
discourage operators from purchasing NEB but will improve the effec-
tiveness of the subsidy system and drive the long-term application of
CTS mechanism in the bus industry. Fig. 8 also shows that raising in-
spection frequency improves the effectiveness of subsidies more than
raising the penalty for ‘fraud’, therefore, it is necessary to conduct high-
frequency inspection on operators during the implementation of CTS to
ensure the effectiveness of the subsidy system for NEB diffusion.
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Fig. 9. Policy recommendations for the implementation of CTS in the NEB market.
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5. Discussion

The above cases simulate several key issues when using carbon
trading as a subsidy mechanism for bus operators.

Firstly, raising the carbon price can increase the subsidy amount of
NEBs, but the government should not blindly raise the carbon price to
achieve rapid clean transformation for the bus industry. On the one
hand, the cost gap between NEB and FB significantly affects the imple-
mentation effect of the CTS mechanism, and when the cost gap is rela-
tively large, raising the subsidy will only delay the operators’ choice of
FB instead of changing the decision to choose NEB. On the other hand,
an excessively high carbon price will increase the government’s finan-
cial burden of implementing CTS and reduce the government’s will-
ingness to subsidize, which in turn will affect the operators’ decision to
choose NEB. According to the result in Section 4.2.2, we conclude that
the optimal carbon price in this case is in the range of 0.163-0.263 CNY/
kg. A higher price will lead the government to cancel the CTS and lead
the operators to choose FB, whereas a lower price will lead to a poor
subsidy effect and operators to choose NEB at a slower rate. Compared to
the carbon price of China’s national carbon market in 2021, the optimal
carbon price is higher, which means that with the existing cost gap
between EBs and FBs, it is not enough to rely on carbon trading to
subsidize EBs, but also needs to be combined with partial purchase
subsidies. Unless carbon trading in the transport sector is implemented
with a different carbon price system than the general carbon market, and
as the cost gap between EBs and FBs decreases, it will then be aligned
with the carbon price system of the national carbon market.

Secondly, the initial carbon quota is also a parameter that can be
used to adjust the subsidy amount. According to the result in Section
4.2.3, when the initial carbon quota is lower than the carbon emission of
FB, the higher the quota, the faster the operator eventually chooses EB,
and when the initial carbon quota is higher than the carbon emission of
FB, the lower the quota, the faster the operator will choose EB. In the
implementation of CTS, the initial carbon quota less than and close to
the carbon emission of FB can achieve the optimal subsidy effect.

Finally, high-frequency government inspections on operators are
necessary to help increase the government’s willingness to implement
CTS and thus to ensure operators’ willingness to purchase NEB. Ac-
cording to the result in Section 4.4.5, it can be found that increasing the
inspection frequency can change the decision choice of both the gov-
ernment and operators, while the difference in the penalty strength will
only change the decision speed, but not transform their decision
behavior. Therefore, in the implementation of CTS, maintaining high-
frequency inspection on operators is the root work, so as to ensure
smooth proliferation of NEB, and on this basis, change the decision
speed of the government and operators by adjusting the penalty
strength, to control the process of clean transformation of the bus in-
dustry by regulation of the subsidy system.

Furthermore, the cost gap between NEB and FB is an important factor
that affects the implementation of the CTS mechanism, and the trend of
cost reduction is inevitable with the continuous improvement of NEV
technology [89]. Therefore, in the process of the gradual decrease of the
cost of NEVs, different implementation strategies are needed for the CTS
mechanism. Based on this, policy recommendations for the imple-
mentation of CTS are proposed in the context of the gradual decrease of
the cost of NEVs, as shown in Fig. 9.

(1) In the early stage of the CTS implementation, the cost of choosing
NEB is much higher than that of FB, and the willingness of op-
erators to purchase NEB is still low. To improve the willingness to
purchase NEB and prevent the decrease of government’s high
willingness to subsidize, the government should not blindly in-
crease the scale of subsidies, but should focus on how to reduce
the cost of NEB. The recommendations are as follows: reducing
the initial subsidies through a low carbon price, and using the
saved subsidies to help NEV R&D companies in technological
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innovation, to accelerate research and economics of scale of
automotive batteries to reduce battery cost as soon as possible;
introducing CTS at the end of the retreat of the purchase subsidy,
reducing the purchase cost of NEB with the incentive method of
“CTS + purchase subsidy”; considering imposing proper pollution
taxes on operators purchasing FB, increasing operators’ willing-
ness to purchase NEB, and gaining time for R&D companies to
improve technology and reduce manufacturing costs. After the
total cost gap between NEB and FB is narrowed, consider
increasing the subsidies to encourage operators to purchase NEB.
During the implementation of the CTS policy, the initial carbon
quota should not be higher than the carbon emission of FB;
otherwise, there may be an unfavorable situation where opera-
tors eventually purchase FB and the government cancels CTS. In
order to promote the probability of operators choosing NEB ap-
proaches 1 sooner and ensure maximum efficiency of subsidies,
the carbon quota should be close to but not exceed the carbon
emission of FB.

(3) After the cost gap between NEB and FB is narrowed and the NEB
market has heated up, the government should take measures to
implement high intensity of CTS supervision, such as establishing
a special inspection team to flexibly combine regular inspections
and irregular spot checks to carry out high-frequency inspections.
It can not only effectively prevent the occurrence of ‘fraud’, but
also allow the government to timely grasp the electrification level
of different bus operators, and promote a healthy development of
the entire NEB industry. The penalty strength can be used to
control the decision-making speed of operators and the govern-
ment based on high-frequency inspections, and through their
combination to form a flexible CTS regulatory system to curb the
occurrence of ‘subsidy fraud’ and establish a healthy environ-
ment for NEV subsidies and development.

In the implementation process of CTS policy, the government
should timely grasp the changes in the parameters of the NEB
market, and apply the seven evolution results in Section 3.2 to
implement precise measures for the subsidy market. When the
total cost of NEB is higher than FB, the market should be driven to
evolve towards bilateral divergence market by setting CTS pa-
rameters, and then further driven to evolve to a more stable stage,
the first optimal market. When the cost gap between NEB and FB
is smaller or already lower, promote the market to evolve to
perfectly competitive market. After the NEB market gradually
matures and the infrastructure is completed, the government
should consider eliminating the subsidy policy. At this point,
when considering the technology maturity of NEB and FB in the
market and their free competition behavior, operators’ vehicle
purchase decisions will all tend to NEB, which is the final state of
the NEB market.

2

—

4

—

It is worth mentioning that when applying carbon trading to NEV
subsidies, this study takes into account the large number of potential
participants and refers to some existing studies that do not consider the
interaction between the supply and demand for quotas and carbon prices
in the existing carbon market, which is a limitation of this study. We will
continue to explore the impact of this interaction mechanism on the
application of CTS in future studies.

6. Conclusions

As the purchase subsidy is being gradually phased out, the viability
of the NEV market in China is a current key concern of the government
and producers. On the empirical evidence that carbon trading on the
consumption-side is known to be effective in stimulating the develop-
ment of NEVs, this study addresses the practical issues of its application
in the NEV market, such as the setting of carbon prices and carbon
quotas, and regulation, from a new perspective with the help of game
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theory.

Specifically, this study considers the influence between the strategies
within the participating parties in the decision-making process, i.e., the
imitation behavior in the herding effect, and introduces incentive co-
efficients to establish an improved evolutionary game model to calculate
the evolution results of the decision-making behavior of the bus opera-
tors and the government under CTS mechanism. Numerical experiments
are then conducted using examples of EB and FB to verify the correctness
of the improved model in two aspects: 1) the simulation results are
proved to be consistent with the assumptions after the introduction of
incentive coefficients y; and y, in Section 4.2.1; 2) the parameter re-
lationships and simulation results of all cases in Section 4.2 are consis-
tent with the game evolution results in Section 3.2. Then based on the
results of numerical experiments, policy recommendations for the
implementation of CTS about the key issues of carbon prices, carbon
quotas and government regulation are proposed in the context of
decreasing cost of NEB. The improved evolutionary game model estab-
lished in this study can accurately reflect the interaction and evolution
of decision-making behavior between the operators and the government
under the changing parameters, and it will serve as a reference and basis
for the practical application and government decision-making of carbon
trading in NEVs on the consumption-side, together with the proposed
policy recommendations. Specifically, the model proposed in this paper
can simulate the implementation of carbon trading in the bus industry in
different countries by changing the initial values of variables according
to the current situation of transportation development in the region, and
then propose some targeted application strategies. In conclusion, this
study will bridge theoretical research and practical application in
countries exploring the use of carbon trading for NEV subsidies and will
play a role in promoting the research of policy support systems for the
future market development of NEVs.
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