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Abstract. To tackle the energy and climate crises and achieve sustainable development, China has designated
the development of new energy vehicles (NEVs) as a national strategy. This paper delves into the coopetition
strategy of dual-model automakers under the dual credit policy (DCP) using a subsidy-R&D-production three-
stage game model, considering government subsidies and consumer preferences. The model explores various
strategies, including full competition and different R&D cooperation scenarios for fuel vehicles (FVs) and
NEVs. Key findings include: (1) R&D subsidies boost NEVs R&D investments but may not always optimize
social welfare. (2) When NEVs technology spillovers are low, firms should fully cooperate; otherwise, the
FVs R&D cooperation is optimal, especially with high FVs spillovers. (3) Investments and outputs in both vehi-
cle types positively correlate with technology spillovers, and consumer preferences. Conversely, FVs equilibrium
decreases with NEVs credit proportion and fuel consumption disparities. (4) The credit price positively influ-
ences R&D investments and outputs of NEVs, but its effects on FVs’ R&D investments, outputs, corporate
profits, and social welfare vary based on market dynamics. Recommendations include optimizing subsidy poli-
cies, supporting low-carbon FVs, enhancing infrastructure, and strengthening DCP regulations to stabilize
credit price expectations.

Keywords: Dual credit policy, Government subsidies, Coopetition strategies, R&D investments, Consumer
preference, Technology spillovers.

1 Introduction

Currently, the global energy shortage is becoming increas-
ingly severe, and extreme weather events are occurring
more frequently, posing a serious threat to sustainable
development [1]. In response to these challenges, govern-
ments worldwide are taking action. Notably, China, as a
prominent and responsible major power, has established
the 3060 Strategy. Benefiting from government financial
support, the new energy vehicle (NEV) industry has
achieved rapid development as a crucial component of this
ambitious strategy. However, with the emergence of fraud
and rent-seeking behaviors, the government has shifted its
policy focus towards market-based mechanisms. The
“Parallel Management Regulation for Corporate Average
Fuel Consumption (CAFC) and NEV Credits for Passenger
Cars” (Dual Credit Policy, DCP) has emerged and become
the predominant policy driving industrial development [2].

The DCP exerts a significant influence on both fuel vehicles
(FVs) and NEVs through its structured implementation of
CAFC credits and NEV credits. By mandating that tradi-
tional automobile manufacturers improve their fuel effi-
ciency metrics and adopt advanced technologies for
electrification, the DCP creates a compelling regulatory
framework that necessitates innovation within the automo-
tive sector. As manufacturers strive to meet the increasingly
stringent fuel efficiency standards, they are prompted to
invest heavily in research and development aimed at opti-
mizing internal combustion engine performance, integrating
lightweight materials, and enhancing overall vehicle design.
Concurrently, the introduction of NEV credits serves as a
catalyst for the transition towards electric mobility, com-
pelling manufacturers to expand their electric vehicle port-
folios and adopt cutting-edge battery technologies.
However, the DCP’s stringent requirements and incentives
have also resulted in heightened competition among auto-
motive producers, as both established firms and emerging
startups vie for market share in the burgeoning NEV
segment [3].* Corresponding author: wangchj828@mail.gufe.edu.cn
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To maintain their competitive advantage, automakers
must continuously strengthen their technological innova-
tion capabilities [4]. However, technological innovation
activities are characterized by large investments, long
cycles, high risks, and technological spillovers [5, 6]. Conse-
quently, it is challenging to effectively navigate the increas-
ingly fierce market competition independently. As a result,
collaboration among competitors has increasingly emerged
as a prevalent phenomenon in corporate operations [7–13].
For instance, in 2017, CCAG (China Changan Automobile
Group) signed a strategic cooperation framework agree-
ment with FAW (First Automobile Works) and DFMC
(Dongfeng Motor Corporation) to collaborate on
mutual technological innovation. Similarly, in 2019, SAIC
(Shanghai Automotive Industry Corporation) and GAC
(Guangzhou Automobile Corporation) established a strate-
gic cooperation agreement to jointly leverage industry chain
resources and engage in R&D cooperation focused on
NEVs, artificial intelligence, internet connectivity, and
lightweight materials. Additionally, in 2023, Geely and
CCAG announced a strategic partnership aimed at plat-
form sharing and technological R&D for both FVs and
NEVs, with the objective of optimizing their respective
strengths through integrated resource management.

Undoubtedly, while these firms engage in collaborative
efforts to share and complement each other’s strengths in
automotive technologies, they still maintain a competitive
relationship in their core businesses [14, 15]. The DCP plays
a pivotal role in shaping the automotive industry’s develop-
ment trajectory by driving improvements in fuel efficiency
for FV and promoting the research and development of
NEV technologies, thereby enhancing battery performance
and extending range capability. Therefore, companies must
address several practical issues, including whether to collab-
orate on FVs and NEVs under the DCP, how to clearly
define the scope of their cooperation, and what competitive
strategies to implement.

R&D subsidies serve as crucial governmental instru-
ments to rectify market failures in innovation [16]. Technol-
ogy spillovers, a key facet of R&D externalities, enable
competitors to benefit from technological advancements
without bearing any costs, whereas innovative companies
may find it difficult to obtain corresponding returns, thus
affecting their enthusiasm for R&D investment [6, 17]. In
response, scholars advocate adopting competitive and coop-
erative strategies alongside R&D subsidies to address these
market inefficiencies. However, despite the efforts made by
enterprises in R&D competition and cooperation, R&D
inventments are still unsatisfactory [18, 19], which high-
lights the need for continued government subsidies for
R&D [20]. Consequently, under government subsidy poli-
cies, particularly within the framework of the DCP, deter-
mining the optimal competitive strategy becomes a
critical strategic consideration for automakers.

Consumer preferences for low-carbon options and range
capabilities play pivotal roles in shaping firms’ technological
innovation trajectories and significantly influence their
R&D and production strategies [21]. The growing environ-
mental awareness among consumers is increasingly recog-
nized as a catalyst for technological progress. Presently,

consumers are highly concerned about environmental issues
and are willing to pay a premium for high energy-efficiency
FVs and NEVs [22–24]. This conscientious consumer
behavior spontaneously contributes to social green develop-
ment goals [25]. However, challenges such as limited range
and insufficient charging infrastructure remain critical bar-
riers to the widespread adoption of NEVs [26–28]. Due to
the long construction period of charging infrastructure
and the involvement of multiple stakeholders, solving these
problems – especially improving the range capability in the
short term – is crucial to increasing consumers’ willingness
to adopt NEVs [29, 30]. Since consumers’ low-carbon and
range preferences significantly impact demand, effectively
assessing these preferences is crucial for automakers to for-
mulate cooperation strategies under the DCP. This assess-
ment not only improves the accuracy of automobile
manufacturers’ market forecasts and informs their R&D
and production decisions, but also optimizes the applicabil-
ity of DCP.

In view of this, this study aims to explore the coopeti-
tion strategies of automakers taking into account subsidies
and preferences under the DCP and primarily solves the
following problems: Firstly, What impact does the DCP
have on FVs and NEVs, and how to modify and improve
it? Secondly, how should the government determine the
subsidy rate within the framework of the DCP to maximize
social welfare? Thirdly, what cooperation strategies should
companies adopt under the DCP when considering subsi-
dies and consumer preferences? Lastly, how do critical fac-
tors such as the DCP, technology spillovers, and consumer
preferences for low-carbon and range capabilities influence
firms’ optimal strategies?

The remainder of the paper is structured as follows:
Section 2 comprises the literature review. Section 3 introduces
the related assumptions and develops the models. Section 4 is
the model solution. In Section 5, our focus is on the selection
of optimal strategies. Section 6 conducts an analysis of impact
factors. Section 7 presents the discussion. Finally, Section 8
summarizes the findings, provides policy recommendations,
and proposes directions for future research.

2 Literature review

The studies related to this paper focus on four main aspects:
the DCP, firms’ coopetition strategies, the impact of subsi-
dies on the R&D investments, and the impact of consumers’
low-carbon and range preferences.

2.1 The DCP

As a sustainable development policy in emerging markets,
the DCP achieves energy savings and emissions reduction
goals in the automotive industry [31], while also signifi-
cantly promotes the development of the NEV industry
[32]. Since its implementation, relevant studies have pri-
marily focused on evaluating and comparing the DCP
[33, 34], as well as on the production decision-making of
automobile firms [35, 36]. For instance, Cheng and Fan
[3] investigated the production and operational strategies
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of both FVs and NEVs manufacturers competing under the
DCP framework, finding potential negative impacts on the
automotive supply chain performance. Although the DCP
has demonstrated potential in promoting sustainability
objectives, certain research indicates that it may have unin-
tended consequences on supply chain performance. The
automotive sector’s sustainable transformation is still the
subject of ongoing research as researchers endeavor to com-
prehend the policy’s intricate effects on market dynamics,
technological innovation, and industry structure.

The current literature on R&D subsidies under the DCP
is relatively sparse, with only a handful of studies address-
ing this intersection. Lu and Yan [37] examined the implica-
tions of credit trading and compared equilibrium outcomes
in R&D competition and cooperation among duopolistic
NEVs firms, yet did not delve into government subsidies
or consumer preferences. Zheng et al. [38] developed a
three-stage vertical supply chain game model involving
NEVs suppliers and manufacturers to explore the effects
of R&D subsidies, but overlooked considerations of con-
sumer preferences and horizontal competition. Wang et al.
[39] conducted research on the production decisions of
a single automaker, primarily focusing on consumers’ low-
carbon preferences. However, their study did not include
an analysis of consumers’ range preferences or the dynamics
of horizontal competition within the automotive supply
chain.

2.2 Firms’ coopetition strategies

Research on corporate coopetition strategies has attracted
widespread attention from global academic circles.
D’Aspremont and Jacquemin [40] were pioneers in develop-
ing the foundational analytical framework for the R&D
cooperation game. They conducted a comparative analysis
of R&D investments and output among duo-oligopoly firms
that produce homogeneous products, and explored the
impact of of R&D competition and R&D cooperation in
the context of technological spillovers. Their work intro-
duced the influential AJ model, which has since shaped
the study of corporate cooperation. Recognizing the limita-
tions inherent in the duo-oligopoly assumption, Suzumura
[41] extended this framework to encompass scenarios
involving multiple oligopolies. His research validated the
AJ model’s findings across a broader spectrum of condi-
tions, thus reinforcing its theoretical robustness. Subse-
quently, Kamien et al. [18] extended the AJ model by
examining the impact of product differentiation and firm
organizational structure. They concluded that fostering
R&D cooperation, particularly in environments character-
ized by technological spillovers and shared R&D outcomes,
can optimize firm profitability. Thereafter, Atallah [42]
examined the influence of horizontal and vertical spillovers
on firms’ R&D investments under different organizational
models. His study highlighted that the vertical R&D cartel
model tends to attract the highest level of R&D invest-
ments. However, technological investment is a necessary
condition for technological spillover, while absorptive
capacity constitutes a sufficient condition for technological
spillover. The literature above does not consider absorptive

capacity, nor does it focus on the automotive sector influ-
enced by industrial policy and consumer preferences.

The implementation of DCP has had a significant
impact on the automobile industry, and automobile manu-
facturers need to adjust their R&D and production strate-
gies according to policy changes. Based on cross-chain
cooperation, Li et al. [43] investigated how the dual credit
policy and subsidy policy affect production decisions among
manufacturers of FVs and NEVs. Huo et al. [44] examined
credit trading strategies and cooperation tactics within the
supply chain involving FVs and NEVs manufacturers and
dealers, taking into account consumer sensitivity to fuel
consumption and range capabilities. However, the strate-
gies discussed in the literature above primarily focus on
credit trading mechanisms and overlook the competitive
dynamics related to technological innovation.

Significantly, Yuan et al. [45] analyzed the strategic
selection in R&D as well as production stages between com-
petition and coopetition among duopoly heterogeneous
manufacturers of NEVs under the DCP. Their study takes
into account factors such as R&D subsidies and consumers’
range preferences. However, their research focuses exclu-
sively on coopetition strategies among NEV manufacturers,
overlooking dual-model companies engaged in both FVs
and NEVs production. The automotive sector, especially
for dual-model automakers, is influenced by factors from
both the supply and demand sides. The R&D efforts not
only affect the efficacy of DCP and subsidy, but also
enhance consumer preferences for low-carbon and range
capabilities. Simultaneously, they collectively impact
automakers’ R&D investments, production decisions, and
competitive strategies compared to traditional industries.
Existing literature lacks studies on the coopetition strate-
gies from this perspective, our forthcoming research aims
to significantly extend these findings.

2.3 The impact of subsidies on the R&D investments

Firms’ R&D investments are often accompanied by the
issue of government subsidies. Bronzini and Piselli [46] high-
lighted that these subsidies typically yield a positive impact
on firms’ innovation efforts. Similarly, You and Zhu [47]
developed a three-stage dynamic game model to study the
impact of R&D subsidies under different competition
frameworks – R&D competition, R&D cartel, and Research
Joint Venture (RJV) cartel. Their analysis highlights the
significance of government subsidy policies in optimizing
firms’ technology innovation investments. Furthermore,
Chen et al. [48] provided empirical insights into how R&D
subsidies and non-R&D subsidies affect the Initial Public
Offering (IPO) performance of entrepreneurial firms. They
observed an inverted U-shaped relationship between R&D
subsidies and IPO performance, indicating that while mod-
erate levels of R&D support enhance performance, excessive
subsidies might not yield commensurate benefits. On the
other hand, non-R&D subsidies were found to consistently
boost IPO performance, illustrating their positive impact on
firms. It is important to note that the literature reviewed
predominantly focuses on traditional industries and lacks
exploration of the NEVs industry.
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In relation to the impact of government subsidies on
R&D investments in NEVs, several studies contributed sig-
nificant insights. Gao and Hu [48] argued that governmen-
tal financial support notably enhances the performance and
size of firms, as well as their patent output. Cao et al. [49]
discovered that heightened levels of government funding
facilitate automobile manufacturers in surmounting techni-
cal barriers, achieving innovative breakthroughs, scaling
the NEV industry, and fostering consumer adoption. Liu
and Xiao [50] examined the development of electric vehicles
under policy incentives using a system dynamics model of
DEA. Their results show that the market penetration rate
of electric vehicles in China is mainly affected by national
policies, and the combination of various subsidy policies
has become the best strategy to stimulate the NEV market.
Wu et al. [51] conducted an empirical analysis on the
impact of government R&D subsidies on innovation among
Chinese firms. The study revealed that firms with advanced
technological capabilities tended to favor collaborative
R&D, whereas those with lower technological capabilities
opted for internal R&D. It is notable that the aforemen-
tioned scholars examined the effects of subsidy policies from
various perspectives, yet they did not take account for the
influence of the DCP, a predominant industrial policy.

2.4 The impact of consumers’ low-carbon and range
preferences

With the escalation of environmental issues, more and more
consumers are spontaneously paying attention to the fuel
efficiency of FVs. Currently, numerous scholars integrate
consumer preferences for low-carbon options into research
on supply chain decision-making. For instance, Du et al.
[52] discussed the impact of consumers’ low-carbon prefer-
ences on supply chains that focus on carbon emissions. Sim-
ilarly, Ji et al. [53] investigated pricing strategies and
emission reduction decisions in dual-channel supply chains
considering consumer low-carbon preferences. Based on a
carbon cap-and-trade system, Peng et al. [54] studied
decision-making under uncertain returns, especially consid-
ering preferences for low-carbon influences. As consumers’
awareness of low-carbon and environmental protection
increases, people’s willingness to pay a premium for low-fuel
consumption products continues to increase [55]. Hence, the
incorporation of consumer low-carbon preferences into
models becomes increasingly imperative and realistic.

Regarding the influence of consumer range preferences,
numerous scholars have underscored the pivotal role of
range in consumer decision-making [26, 56, 57]. Avci et al.
[26] identified that concerns over mileage anxiety due to
limited range and insufficient charging infrastructure
severely restrict the adoption. Lim et al. [57] explored
how consumer concerns regarding mileage and resale value
impact the widespread adoption of NEVs. Consumer prefer-
ences for NEVs are shaped not only by demand-side factors
like range but also by supply-side government policies in the
automotive industry [58]. However, existing literature pre-
dominantly confirms empirically the constraining effect of
range without delving deeper into how consumer range
preferences influence automakers’ R&D investments,

profits, and social welfare. Moreover, these studies do not
account for the impact of the DCP. In reality, with the
DCP dominating industry development, automobile firms
can only achieve sustainable and strong growth by improv-
ing the fuel efficiency of pure electric vehicles and the range
capabilities of NEVs through continuous R&D innovation
and technological upgrading.

Overall, some scholars have confirmed that the fuel con-
sumption level of FVs and the range of NEVs are crucial
factors influencing consumer adoption. Yet, little research
explores how consumer preferences for low-carbon and
range influence the selection of coopetition strategies. More-
over, studies examining the combined effects of both factors
are scarce. In contrast to prior research, this paper system-
atically investigates the selection of coopetition strategies
between two dual-vehicles manufacturers, taking into
account subsidies and consumer preferences under the
DCP. It offers policy recommendations and managerial
insights from governmental and corporate perspectives to
promote the high-quality development of Automobile
industry.

3 Model assumptions and construction

Current research on the automotive industry’s development
under the DCP typically focuses on scenarios with a single
manufacturer producing either FVs or NEVs, or two man-
ufacturers specializing separately in FVs and NEVs. How-
ever, these studies often overlook the combined impacts of
the DCP, subsidy policies, and consumer preferences.
Therefore, this paper concentrates on two dual-vehicles
manufacturers that produce both FVs and NEVs, such as
SAIC, Geely, and Great Wall, which are enhancing their
fuel technology while accelerating their transition to electri-
fication. In this context, the paper develops a three-stage
game model involving subsidies, R&D, and production deci-
sions between the government and two dual-vehicles manu-
facturers under the DCP. It examines how these
manufacturers make decisions of R&D and production, as
well as their competitive strategy, considering R&D subsi-
dies and consumer low-carbon and range preferences. The
supply chain system structure is shown in Figure 1.

The DCP stipulates the necessity of emission reduction
for FVs and range enhancement for NEVs. Accordingly,
this paper assumes that R&D for FVs is aimed at improving
fuel efficiency, while R&D for NEVs focuses on range
enhancement. When consumers have Low-Carbon and
range preferences, referencing Peng et al. [54] and Zhou
et al. [59], the inverse demand function for NEVs and
FVs can be expressed as:

pei ¼ ha �
X2

i¼1
qei þ hðxei þ gjxejÞ ð1Þ

pfi ¼ 1� hð Þa �
X2

i¼1
qfi þ g xfi þ bjxfj

� �
: ð2Þ

Among them, a represents the automobile market size; h
denotes the proportion of potential demand for NEVs; pei
(pfi) and qei (qfi) symbolizes the market clearing price and
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demand of NEVs (FVs), respectively; xei (xfi) signifies
the innovative achievements of NEVs (FVs), which reflect
in the degree of improvement in range (fuel efficiency).
gi (bi) indicates the level of technology spillovers of
NEVs (FVs). Obviously, these values should satisfy
0 < gi(bi) � 1. Due to the existence of spillover effects,
the R&D achievements of one firm can also promote those
of its competitors, but the extent of this promotion depends
on the absorption capacity of the other party. h(g) repre-
sents the coefficient of consumers’ range preference (low-
carbon preference). A higher value indicates stronger con-
sumer preferences, meaning consumers are willing to pay
higher prices for NEVs (FVs) with strong range (higher fuel
efficiency). Here and below, i, j = 1, 2 and i 6¼ j.

Set the unit production cost of NEVs (FVs) as cei (cfi).
Currently, the production cost of FVs is generally lower
than that of NEVs, i.e., cei > cfi. Without loss of generality,
we standardize cfi to 0, using c to indicate cei, and obviously
ha > c. To obtain NEV (FV) innovative achievements xei
(xfi), both automakers must incur the R&D cost cx2ei=2

(cx2fi=2). Therefore, xei (xfi) can measure the level of R&D
investments in NEVs (FVs). c (c > 0) represents the coeffi-
cient of R&D efficiency, and a larger c indicates lower R&D
efficiency. The amount of government subsidy provided to
NEVs automakers is scx2ei=2, where s 2 [0, 1] denotes the
subsidy rate.

The second revised version of the DCP clarifies the cal-
culation rules for NEV credits and CAFC credits. Accord-
ing to the updated guidelines, NEV credits are
determined by subtracting the standard credits from the
actual credits. Essentially, the value of NEV credits corre-
lates positively with the driving range. If the market price
of NEV credits is p0, the accounting coefficient of NEV
credits is n, and the required proportion of NEV credits is
k, then the income from NEV credits for the firm Mi can
be expressed as: p0(n(xei + gixej)qei � kqfi). Similarly, the
calculation rule for CAFC credits is based on the difference
between the firm’s average fuel consumption target and the
actual consumption, multiplied by the production quantity
or import quantity of passenger cars. Setting the govern-
ment-mandated compliance value as d, the initial fuel con-
sumption value per 100 km is u, and after technological
innovation, the fuel consumption value per 100 km becomes
u � xfi � bjxfj. To ensure that the DCP effectively regulates
FVs, it is assumed that even after R&D, the fuel consump-
tion level of FVs still does not meet the standard. Relaxing
this assumption does not affect the study’s conclusions.

Then, the negative CAFC credits of the firm Mi can be
described as (d � u+ xfi + bjxfj)qfi. The cost of purchasing
the NEV credits to offset the negative CAFC credits is
p0(u � d � xfi � bjxfj)qfi, denoted as p0(l � xfi � bjxfj)qfi.
For the sake of computational simplicity, this paper solely
concentrates on the symmetric solution, i.e., g(b) = gi(bi)
= gj(bj).

In summary, the profit function of the firm Mi can be
described as:

pMi ¼ pei � cð Þqei þ pfiqfi

þ p0 n xei þ gxej
� �

qei � kqfi
� �

� p0 l� xfi � bxfj
� �

qfi �
1� sð Þcx2ei

2
� cx2fi

2
: ð3Þ

The first term in equation (3) represents revenue generated
from the production of NEVs. The second term denotes rev-
enue from the production of FVs. The third term accounts
for revenue from the sale of NEV credits. The fourth term
reflects the cost incurred in purchasing NEV credits to offset
negative average fuel consumption credits. The fifth term
encompasses R&D costs for NEVs, net of government subsi-
dies. Finally, the sixth term represents R&D costs for FVs.

Consumer surplus can be expressed as CS ¼
ððP2

i¼1qeiÞ2 þ ðP2
i¼1qfiÞ2Þ=2, then the social welfare func-

tion can be defined as: consumer surplus + producer sur-
plus � government subsidy, that is:

WS ¼ CS þ
X2

i¼1
pMi � sc

2

X2

i¼1
x2ei: ð4Þ

The above model parameters and the meaning of the sym-
bols are shown in Table 1.

4 Model solution

In market economies, where cooperation among firms in the
production phase is prohibited, our focus is exclusively on
cooperation in the R&D stage. Firms are categorized into
four strategic types based on the collaboration of dual-
vehicle automakers in R&D for both FVs and NEVs. The
first strategy, full competition (Strategy D), involves firms
competing in R&D for both FVs and NEVs, exemplified
by Great Wall Motors and FAW Group. The second strat-
egy, partial cooperation focused on FVs R&D (Strategy J),

Fig. 1. The supply chain system structure.
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entails collaboration in R&D for FVs while competing in
NEVs R&D, as seen in the partnership between Geely
and Renault. The third strategy, partial cooperation for
NEVs R&D (Strategy R), involves competing in FVs
R&D while collaborating in NEVs R&D, as demonstrated
by Changan Automobile and GAC Group. Lastly, the full
cooperation (Strategy C) strategy features firms collaborat-
ing on R&D efforts for both FVs and NEVs, illustrated by
the collaboration between Geely and Changan. Given that
both government and firms are aware of the game’s stage
interactions, this dynamic process constitutes a three-stage
game with complete information, amenable to resolution
through backward induction.

Regardless of the strategy adopted by the enterprises,
their problem-solving processes during the production
phase are the same. That is to say, in the third stage, based
on the government subsidy rate and the firms’ R&D invest-
ments, both parties determine output levels to maximize
their individual profits. Specifically, each firm Mi determi-
nes the outputs of both NEV ei and FV fi. By substituting
equations (1) and (2) into equation (3), the firms calculate
the optimal outputs as follows:

max pMiðqei; qfiÞ ¼ ðha � c �P2
i¼1qei þ hðxeiþ

gxejÞÞqei þ p0ðnðxei þ gxejÞqei � kqfiÞ þ ðð1� hÞa
�
X2

i¼1
qfi þ gðxfi þ bxfjÞÞqfi � p0ðl� xfi � bxfjÞqfi

� ð1� sÞcx2ei=2� cx2fi=2: ð5Þ

The Hessian matrix of equation (5) with respect to qei and

qfi is denoted as H 1 ¼
@2pMi

@q2ei

@2pMi

@qei@qfi
@2pMi

@qfi@qei

@2pMi

@q2fi

2
6664

3
7775 ¼ �2 0

0 �2

� �
.

Obviously, H1 is a negative definite matrix and there exists
a unique optimal output. By setting the first-order partial
derivatives of equation (5) with respect to qei and qfi equal
to 0, we obtain the output of firm Mi as follows:

qeiðxei; xejÞ ¼
ha � c þ ðh þ np0Þðð2� gÞxei þ ð2g� 1ÞxejÞ

3
ð6Þ

qfi xfi; xfj
� �

¼ 1� hð Þa � p0 lþ kð Þ þ g þ p0ð Þ 2� bð Þxfi þ 2b� 1ð Þxfj
� �

3
:

ð7Þ
Proposition 1: @qeiðxei; xejÞ=@xei > 0 ð@qfiðxfi; xfjÞ=@xfi > 0).

If 0� g< 1
2 0� b< 1

2

� �
; @qei xei;xej

� �
=@xej < 0ð@qfiðxfi;xfjÞ=

@xfj < 0); otherwise, @qeiðxei;xejÞ=@xej � 0ð@qfiðxfi;xfjÞ=
@xfj � 0Þ.

Table 1. Model parameters and symbol definitions.

Typology Notation Symbol definitions

Parametric a Automobile market size
h Proportion of potential demand for NEVs

Pei (Pfi) Price of NEVs (FVs)
c Unit production cost of NEVs
g Consumer low-carbon preferences
h Consumer range preferences
c R&D efficiency

gi (bi) Technology spillovers level for NEVs (FVs)
k NEVs credits ratio requirements
u Actual fuel consumption of FVs
d Standard fuel consumption of FVs
l Difference between actual and standard values
n NEVs credits accounting factor
p0 Credit price of NEVs
pMi Profits of automakers Mi
CS Consumer surplus
WS Social welfare

Decision variables xei (xfi) Innovative achievements/R&D investments
qei (qfi) Production of NEVs (FVs)

s Government subsidy rate
Model definition N The scenario without government subsidies

Y The scenario with government subsidies
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Proposition 1 posits that increased R&D investments in
NEVs (FVs) enhances their respective output. However,
due to the existence of competition, whether it is NEVs
or FVs, low levels of technology spillovers lead firm’s output
to decline as competitor’s R&D investments increase; con-
versely, output increases with higher levels of competitor’s
R&D investments.

This is because, the R&D investments of firm Mj influ-
ences Mi’s equilibrium output through the technology spil-
lover effect in a dual manner. On one hand, firm Mj’s R&D
investments makes it profitable to expand the production
scale of NEVs (FVs) by improving its range (fuel effi-
ciency), which has a negative impact on the output of firm
Mi; on the other hand, the R&D investments of firmMj can
improve the range (fuel efficiency) of firm Mi through tech-
nological spillovers, which has a positive impact on the out-
put of firm Mi. When technology spillovers are limited, the
negative impact predominates, resulting in a dampening
effect. Conversely, greater technology spillovers amplify
the positive impact, leading to a promotional effect.

4.1 Full competition (strategy D)

Under strategy D, the government determines the subsidy
rate to maximize social welfare initially. In the subsequent
stages, both firms engage in competition: first, deciding on
their respective levels of R&D investments to maximize
individual profits, and then competing in the product mar-
ket for Cournot equilibrium output.

In the second stage, both firms following strategy D
determine the optimal level of R&D investments to maxi-
mize their individual profits. By substituting equations
(6) and (7) into equation (5), the profit function can be
reformulated as follows:

max pD
Miðxei; xfiÞ ¼ ðqDeiðxei; xejÞÞ2 þ ðqDfi ðxfi; xfjÞÞ2

�ð1� sÞcx2ei=2� cx2fi=2: ð8Þ

The Hessian matrix of equation (8) with respect to xei and
xfi is as follows:

When conditions 9c� 2(2� b)2(g+ p0)
2 > 0, 9c(1� s)� 2

(2 � g)2(h+ np0)
2 > 0 are met, H2 forms a negative definite

matrix, indicating the existence of an optimal solution. Set-
ting the first-order partial derivatives of equation (8) with
respect to xei and xfi to 0, then the optimal R&D invest-
ments can be obtained as:

xDei sð Þ ¼ 2 2� gð Þ ha � cð Þ h þ np0ð Þ
9cð1� sÞ � 2ðgþ 1Þð2� gÞðh þ np0Þ2

ð9Þ

xDfi sð Þ ¼ 2 2� bð Þ g þ p0ð Þ a 1� hð Þ � p0 lþ kð Þð Þ
9c� ðbþ 1Þð2� bÞðg þ p0Þ2

: ð10Þ

In the first stage, the government sets the optimal subsidy
rate to maximize social welfare. This problem can be
described as:

maxWSDðsÞ ¼ CSD þ
X2

i¼1
pD
Mi �

sc
2

X2

i¼1
ðxDeiÞ2: ð11Þ

Let oWSD/os= 0, the optimal government subsidy rate can
be found to be:

sD ¼ 3g
2 1þ gð Þ : ð12Þ

It is evident that the government subsidy rate increases in
tandem with the level of technology spillovers of NEVs.

4.2 FVs R&D cooperation (strategy J)

Under strategy J, during the second stage, both firms collec-
tively decide on R&D investments for FVs to maximize
combined profits, while independently optimizing R&D
investments for NEVs to maximize their respective profits.

In the second stage, the firm Mi determine xei to maxi-
mize respective profits, while both parties determine xfi
to maximize their joint profits. Let pM ¼P2

i¼1pMi, the opti-
mal R&D investments for both firms are determined as
follows:

max pJ
M ðxfiÞ ¼

X2

i¼1
ððqJeiðxei; xejÞÞ2 þ ðqJfiðxfi; xfjÞÞ2

� cð1� sÞx2ei=2� cx2fi=2Þ ð13Þ

max pJ
MiðxeiÞ ¼ ðqJeiðxei; xejÞÞ2 þ ðqJfiðxfi; xfjÞÞ2 � cð1� sÞ

x2ei=2� cx2fi=2: ð14Þ

H2 ¼
@2�D

Mi

@x2ei

@2�D
Mi

@xei@xfi

@2�D
Mi

@xfi@xei

@2�D
Mi

@x2
fi

2
6664

3
7775 ¼ 2ð2� �Þ2ðhþ np0Þ2=9� �ð1� sÞ 0

0 2ð2� �Þ2ðgþ p0Þ2=9� �

� �
:

The Hessian matrix of equation (13) with respect to xfi is

H 3 ¼
@2pJ

M

@x2f 1

@2pJ
M

@xf 1@xf 2
@2pJ

M

@xf 2@xf 1

@2pJ
M

@x2f 2

2
6664

3
7775 ¼

2ð5� 8bþ 5b2Þðg þ p0Þ2
9

� c
4ð2� bÞð2b� 1Þðg þ p0Þ2

9

4ð2� bÞð2b� 1Þðg þ p0Þ2
9

2ð5� 8bþ 5b2Þðg þ p0Þ2
9

� c

2
6664

3
7775:
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Simultaneously, the first and second order partial deriva-
tives of equation (14) with respect to xei are:

@pJ
Mi

@xei

¼ 2ð2� gÞðh þ np0Þðha � c þ ðh þ np0Þðð2� gÞxei þ ð2g� 1ÞxejÞ
9

� 1� sð Þcxei;

@2pJ
Mi=@x

2
ei ¼

2ð2� gÞ2ðh þ np0Þ2
9

� ð1� sÞc
.
Given the conditions 9c � 2(5 � 8b + 5b2)(g + p0)

2 > 0,

9c(1� s)� 2(2� g)2(h+ np0)
2 > 0, (9c� 2(1 + b)2(g+ p0)

2)

(c � 2(1 � b)2(g + p0)
2) > 0, H3 is a negative definite matrix,

along with @2pJ
Mi=@x

2
ei < 0, there exists an optimal solution.

Setting the first-order partial derivatives of equation (13) with
respect to xfi and equation (14) with respect to xei equal to 0,
then the optimal R&D investments can be obtained as:

xJei sð Þ ¼ 2 2� gð Þ ha � cð Þ h þ np0ð Þ
9cð1� sÞ � 2ð1þ gÞð2� gÞðh þ np0Þ2

ð15Þ

xJfi sð Þ ¼ 2 bþ 1ð Þ g þ p0ð Þ 1� hð Þa � lþ kð Þp0ð Þ
9c� 2ð1þ bÞ2ðg þ p0Þ2

: ð16Þ

In the initial stage, let oWSJ/os = 0, the optimal subsidy
rate under strategy J can be determined as:

sJ ¼ 3g
2 1þ gð Þ : ð17Þ

4.3 NEVs R&D cooperation (strategy R)

Under strategy R, during the second stage, both firms col-
lectively decide on R&D investments for NEVs to maximize
combined profits, while independently optimizing R&D
investments for FVs to maximize their respective profits.

In the second stage, we know that both firms determine
the optimal R&D investments as follows:

max pR
M ðxeiÞ ¼

X2

i¼1
ððqReiðxei; xejÞÞ2 þ ðqRfi ðxfi; xfjÞÞ2

� cð1� sÞx2ei=2� cx2fi=2Þ ð18Þ
max pR

MiðxfiÞ ¼ ðqReiðxei; xejÞÞ2 þ ðqRfi ðxfi; xfjÞÞ2
� cð1� sÞx2ei=2� cx2fi=2:

ð19Þ

The Hessian matrix of equation (18) with respect to xei is

Given the conditions (9c(1 � s) � 2(g + 1)2(h + np0)
2)

(c(1 � s) � 2(1 � g)2(h + np0)
2) > 0, 9c(1 � s) � 2

(5 � 8g + 5g2)(h + np0)
2 > 0, 9c � 2

(2� b)2(g+ p0)
2 > 0, H4 is a negative definite matrix, along

with @2pR
Mi=@x

2
fi < 0, there exists an optimal solution. Set-

ting the first-order partial derivatives of equation (18) with
respect to xei and equation (19) with respect to xfi equal to
0, then the optimal R&D investments can be obtained as:

xRei sð Þ ¼ 2 1þ gð Þ ha � cð Þ h þ np0ð Þ
9cð1� sÞ � 2ð1þ gÞ2ðh þ np0Þ2

ð20Þ

xRfi sð Þ ¼ 2 2� bð Þ g þ p0ð Þ 1� hð Þa � lþ kð Þp0ð Þ
9c� 2ð1þ bÞð2� bÞðg þ p0Þ2

: ð21Þ

In the first stage, let oWSR/os= 0, the optimal subsidy rate
under strategy R can be defined as:

sR ¼ 1
2
: ð22Þ

4.4 Full coopetition (strategy C)

Under strategy C, in the second stage, both firms simulta-
neously decide on R&D investments for FVs and NEVs
to maximize their joint profits.

In the second stage, firms Mi determine xei and xfi to
maximize their joint profits, then the two firms determine
the optimal R&D investments as:

maxpC
M ðxei; xfiÞ ¼

X2

i¼1
ððqCei xei; xej

� �Þ2
þ qCfi xfi; xfj

� �Þ2 � c 1� sð Þx2ei=2� cx2fi=2
� �

:

ð23Þ
Similarly, given the conditions (9c(1 � s) � 2
(1 + g)2(h + np0)

2)(c(1 � s) � 2(1 � g)2(h + np0)
2) > 0,

9c(1 � s) � 2(5 � 8g + 5g2)(h + np0)
2 > 0, (9c � 2

(1 + b)2(g + p0)
2)(c � 2(1 � b)2(g + p0)

2) > 0, 9c � 2
(5 � 8b+5b2)(g + p0)

2 > 0, The Hessian matrix of equation
(23) is a negative definite matrix. There exists an optimal
solution. Setting the first-order partial derivatives of equa-
tion (23) with respect to xei and xfi equal to 0, then the opti-
mal R&D investments can be solved as:

xCei sð Þ ¼ 2 1þ gð Þ ha � cð Þ h þ np0ð Þ
9cð1� sÞ � 2ð1þ gÞ2ðh þ np0Þ2

ð24Þ

H 4 ¼
@2pR

M

@x2e1

@2pR
M

@xe1@xe2
@2pR

M

@xe2@xe1

@2pR
M

@x2e2

2
6664

3
7775 ¼

2ð5� 8gþ 52g2Þðh þ np0Þ2
9

� ð1� sÞc 4ð2� gÞð2g� 1Þðh þ np0Þ2
9

4ð2� gÞð2g� 1Þðh þ np0Þ2
9

2ð5� 8gþ 52g2Þðh þ np0Þ2
9

� ð1� sÞc

2
664

3
775

and the first and second order partial derivatives of equation (19) with respect to xfi are:

@pR
Mi=@xfi ¼

2 2� qbð Þ g þ p0ð Þ 1� hð Þa � kþmð Þp0 þ g þ p0ð Þð Þ 2� bð Þxfi þ 2b� 1ð Þxfi
� �

9
� cxfi;
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xCfi sð Þ ¼ 2 1þ bð Þ g þ p0ð Þ 1� hð Þa � lþ kð Þp0ð Þ
9c� 2ð1þ bÞ2ðg þ p0Þ2

: ð25Þ

In the first stage, according to oWSC/os = 0, the optimal
subsidy rate under strategy C can be found to be:

sC ¼ 1
2
: ð26Þ

Under the four strategies, in the second stage of the game,
setting s = 0 yields the equilibrium results of different
strategies without government subsidies, as shown in
Table 2. The equilibrium results for four strategies under
the optimal subsidy are shown in Table 3.

5 Result comparison

5.1 Horizontal comparison

Horizontal comparison refers to the comparative analysis of
different strategies within a scenario, including two cases:
the scenario without government subsidies and the scenario
with government subsidies.

5.1.1 The scenario without government subsidies

(1) Strategy ND(NR) and Strategy NJ(NC)
Proposition 2: The comparison between strategy ND(NR)
and strategy NJ(NC) can reveal differences in cooperative
R&D for FVs within the context of R&D competition (coop-
eration) for NEVs without government subsidies:

r For b 2 [0, 1], xNJei ¼ xNDei xNCei ¼ xNRei
� �

;

qNJei ¼ qNDei qNCei ¼ qNRei
� �

; pNJ
Mi � pND

Mi ðpNC
Mi � pNR

Mi Þ.
s If 0 � b < 1=2, xNJfi < xNDfi ðxNCfi < xNRfi Þ, qNJfi < qNDfi

ðqNCfi < qNRfi Þ, WSNJ < WSND (WSNC < WSNR);

otherwise, xNJfi � xNDfi ðxNCfi � xNRfi Þ, qNJfi � qNDfi ðqNCfi �

qNRfi Þ, WSNJ � WSND (WSNC � WSNR).

Proposition 2 posits that within the framework of R&D
competition (cooperation) in the NEVs sector, government
subsidies, R&D investments and outputs in NEVs remain
unaffected regardless of whether firms engage in R&D coop-
eration for FVs. From the perspective of increasing R&D
investments and expanding production scale in FVs, when
the spillovers level of FVs is low, firms should opt for strat-
egy ND(NR); conversely, when the spillovers level is high,
firms should choose strategy NJ(NC). Similarly, this con-
clusion applies to social welfare considerations. However,
from the perspective of maximizing firm profits, strategy
NJ(NC) consistently outperforms strategy ND(NR). This
suggests that R&D cooperation for FVs yields superior out-
comes compared to R&D competition, corroborating find-
ings from numerous studies.

(2) Strategy ND(NR) and Strategy NJ(NC)
Proposition 3: The comparison between strategy ND(NJ)
and strategy NR(NC) can indicate differences in
cooperative R&D for NEVs within the context of R&D

competition (cooperation) for FVs without government
subsidies:

r For g 2 [0, 1], there are xNRfi ¼ xNDfi ðxNCfi ¼ xNJfi Þ, qNRfi ¼
qNDfi ðqNCfi ¼ qNJfi Þ, pNR

Mi � pND
Mi ðpNC

Mi � pNJ
Mi Þ.

s If 0 � g < 1/2, xNRei < xNDei ðxNCei < xNJei Þ, qNRei < qNDei

ðqNCei < qNJei Þ, WSNR < WSND (WSNC < WSNJ);

otherwise, xNRei � xNDei ðxNCei � xNJei Þ, qNRei � qNDei ðqNCei �
qNJei Þ, WSNR � WSND (WSNC � WSNJ).

Proposition 3 indicate that the collaborative efforts in the
R&D of NEVs do not significantly impact the R&D invest-
ments and outputs of FVs. However, they have a consider-
able effect on the R&D investments and outputs of NEV,
subsequently influencing both corporate profits and societal
welfare. Specifically, regarding the R&D investments and
outputs of NEV and societal welfare, when the spillovers
level of NEVs is low, strategy ND(NJ) is superior to strat-
egy NR(NC). Conversely, when the spillovers level is high,
strategy NR(NC) becomes more advantageous than strat-
egy ND(NJ). This insight suggests the complex interplay
between collaboration, competition, and innovation in the
automotive industry [60]. In terms of corporate profits, for
any spillovers level of NEVs, strategy NR(NC) consistently
outperforms strategy ND(NJ). This indicates that regard-
less of whether there is collaborative R&D for fuel vehicles,
collaborative R&D in comparison to the competition in
NEVs will always enhance corporate profit.

(3) Strategy ND(NJ) and Strategy NC(NR)
Proposition 4: The comparison between Strategy ND and
Strategy NC highlights the differences between R&D compe-
tition and cooperation for both FVs and NEVs, while the
contrast between Strategy NJ and Strategy NR emphasizes
the distinctions in R&D collaboration between FVs and
NEVs without government subsidies:

r If 0 � g < 1/2, xNCei < xNDei ðxNJei < xNRei ), q
NC
ei < qNDei

ðqNJei < qNRei Þ; otherwise otherwise, xNCei � xNDei ðxNRei �
xNJei Þ, qNCei � qNDei ðqNRei � qNJei Þ.

s If 0 � b < 1/2, xNCfi < xNDfi ðxNJfi < xNRfi ), qNCfi <

qNDfi ðqNJfi < qNRfi Þ; otherwise xNCfi � xNDfi ðxNJfi �

xNRfi ), qNCfi � qNDfi ðqNJfi � qNRfi Þ.
t For g 2 [0, 1] and b 2 [0, 1], pNC

Mi � pND
Mi . If

y1 < y2; p
NR
Mi < pNJ

Mi ; if y1 � y2; p
NC
Mi � pNJ

Mi :

u If 0 � b � 1/2 and 0 � g � 1/2, WSNC < WSND;

if 1/2 � b � 1 and 1/2 � g � 1, WSNC � WSND;

if 0 � b � 1/2 and 1/2 � g � 1, WSNJ < WSNR;
if 1/2 � b � 1 and 0 � g � 1/2, WSNJ � WSNR.

Where y1 ¼
18c2w2

1w
2
4ð2g� 1Þ2

w6w
2
5

; y2 ¼
18c2/2

1/
2
4ð2b� 1Þ2

/6/
2
5

.
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Proposition 4 indicates that, in the context of R&D invest-
ments and production scale expansion for both FVs and
NEVs, the level of technological spillovers significantly
influences strategic choices. Specifically, when the spillovers
level is low, Strategy ND is more advantageous than Strat-
egy NC; conversely, when the spillovers level is high, Strat-
egy NC outperforms Strategy ND.

In terms of corporate profit, strategy NC consistently
outperforms strategy ND, regardless of variations in the
level of technology spillover. This finding suggests that
cooperation can lead to profit growth for enterprises in
the absence of government subsidies. However, the superi-
ority of strategy NR over strategy NJ, or vice versa,
depends on the market power of the two types of vehicles.

Table 2. The equilibrium results for four strategies without government subsidies.

Results Stratege ND Stratege NJ Stratege NR Stratege NC

x�ei 2w1w3w4

w5

2w1w3w4

w5

2w1w2w4

w6

2w1w2w4

w6

x�fi
2/1/3/4

/5

2/1/2/4

/6

2/1/3/4

/5

2/1/2/4

/6

q�ei
3cw1

w5

3cw1

w5

3cw1

w6

3cw1

w6

q�fi
3c/1

/5

3c/1

/6

3c/1

/5

3c/1

/6

p�Mi
cw2

1w7

w2
5

þ c/2
1/7

/2
5

cw2
1w7

w2
5

þ c/2
1

/6

cw2
1

w6
þ c/2

1/7

/2
5

cw2
1

w6
þ c/2

1

/6

WS� 4cw2
1w8

w2
5

þ 4c/2
1/8

/2
5

4cw2
1w8

w2
5

þ 4c/2
1/8

/2
6

4cw2
1w8

w2
6

þ 4c/2
1/8

/2
5

4cw2
1w8

w2
6

þ 4c/2
1/8

/2
6

Note: w1 = ha – c, w2 = 1 + g, w3 = 2 – g, w4 = h + np0, w5 ¼ 9c� 2w2w3w
2
4, w6 ¼ 9c� 2w2

2w
2
4,

w7 ¼ 9c� 2w2
3w

2
4;w8 ¼ 9c� w2

3w
2
4; /1 = a(1 � h) � p0 (l + k), /2 = 1 + b, /3 = 2 � b, /4 = g + p0,

/5 ¼ 9c� 2/2/3/
2
4; /6 ¼ 9c� 2/2

2/
2
4, /7 ¼ 9c� 2/2

3/
2
4, /8 ¼ 9c� /2

3/
2
4; *2 {ND, NJ, NR, NC}.

Table 3. The equilibrium results for four strategies under the optimal subsidy.

Results Stratege YD Stratege YJ Stratege YR Stratege YC

s* 3g
2w2

3g
2w2

1
2

1
2

x�ei
4w1w2w4

w9

4w1w2w4

w9

4w1w2w4

w9

4w1w2w4

w9

x�fi
2/1/3/4

/5

2/1/2/4

/6

2/1/3/4

/5

2/1/2/4

/6

q�ei
3cw1

w9

3cw1

w9

3cw1

w9

3cw1

w9

q�fi
3c/1

/5

3c/1

/6

3c/1

/5

3c/1

/6

p�Mi
cw2

1w10

w2
9

þ c/2
1/7

/2
5

cw2
1w10

w2
9

þ c/2
1

/6

cw2
1

w9
þ c/2

1/7

/2
5

cw2
1

w9
þ c/2

1

/6

WS*
4cw2

1

w9
þ 4c/2

1/8

/2
5

4cw2
1

w9
þ 4c/2

1/8

/2
6

4cw2
1

w9
þ 4c/2

1/8

/2
5

4cw2
1

w9
þ 4c/2

1/8

/2
6

Note: w9 ¼ 9c� 4w2
2w

2
4, w10 ¼ 9c� 4w2w3w

2
4, *2{YD, YJ, YR, YC}.
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When the market power of FVs is strong, strategy NJ is
favored; conversely, when the market power is weaker,
strategy NR prevails. This phenomenon reflects the pro-
found impact of market structure and competition intensity
on corporate strategies.

From a social welfare perspective, when the spillovers
level for both FVs and NEVs are low, Strategy ND is supe-
rior to Strategy NC. Conversely, when both spillovers level
are high, Strategy NC becomes more favorable. Further-
more, in scenarios where the technology spillover from
FVs is low while that from NEVs is high, Strategy NR is
preferable to Strategy NJ. Conversely, if FVs have high
spillover while NEVs have low spillover, Strategy NJ out-
performs Strategy NR. These findings underscore the
nuanced interplay between technology spillover levels and
strategic choices, highlighting their critical implications
for optimizing social welfare in the automotive sector.

(4) Comprehensive comparison
The previous section compared the differences between the
two strategies, this section undertakes a comprehensive
comparative analysis of all four strategies to present the
optimal competitive strategy for the firms. This synthesis
leads to Proposition 5.

Proposition 5: The comprehensive comparison of the
four strategies without government subsidies yields the
following results:

r If 0 � g < 1/2, xNCei ¼ xNRei < xNJei ¼ xNDei , qNCei ¼ qNRei <

qNJei ¼ qNDei ; otherwise, xNCei ¼ xNRei � xNJei ¼ xNDei ,

qNCei ¼ qNRei � qNJei ¼ qNDei .

s If 0 � b < 1/2, xNCfi ¼ xNJfi < xNRfi ¼ xNDfi ; qNCfi ¼ qNJfi <

qNRfi ¼ qNDfi ; otherwise xNCfi ¼ xNJfi � xNRfi ¼ xNDfi ; qNCfi ¼
qNJfi � qNRfi ¼ qNDfi .

t For 0 � b � 1 and 0 � g � 1, pNC
Mi � maxfpNR

Mi ; p
NJ
Mi g

� minfpNR
Mi ; p

NJ
Mi g � pND

Mi .

u If 0 � b < 1/2 and 0 � g < 1/2, WSND > max{WSNJ,

WSNR} >min{WSNJ,WSNR} >WSNC; if 0� b< 1/2 and

1/2 < g � 1, WSNR > max{WSND, WSNC} > min

{WSND,WSNC} >WSNJ; if 1/2 � b � 1 and 0 � g � 1/2,

WSNJ � max{WSND, WSNC} � min{WSND,WSNC}

� WSNR; if 1/2 � b � 1 and 1/2 � g � 1, WSNC � max

{WSNJ, WSNR} � min{WSNJ, WSNR} � WSND.

Proposition 5 indicates that in the absence of government
subsidies, there is no significant difference between strate-
gies ND and NJ regarding the increase in R&D investments
and outputs of NEVs, nor is there a significant difference
between strategies NC and NR. When the spillovers level
of NEVs is low, strategies ND(NJ) are superior to strategies
NC(NR). Conversely, when the spillovers level is high,
strategies NC(NR) outperform strategies ND(NJ). Regard-
ing the increase in R&D investments and outputs of FVs,

there is no significant difference between strategies ND
and NR, and between strategies NC and NJ. When the spil-
lovers level of FVs is low, the former outperforms the latter.
However, when the spillovers level is high, the latter outper-
forms the former.

In terms of corporate profit, regardless of the spillovers
level, strategy NC is superior to both strategies NR and NJ,
while strategies NR and NJ are superior to strategy ND, as
shown in Figure 2. This indicates that strategy NC has a
sustained competitive advantage in achieving corporate
profits. From the perspective of social welfare, as shown
in Figure 3, when both the spillovers levels of FVs and
NEVs are low, strategy ND is the optimal strategy. When
the spillovers level of FVs is low and that of NEVs is high,
strategy NR is the optimal strategy. When the spillovers
level of FVs is high and that of NEVs is low, strategy NJ
is the optimal choice. Finally, when the spillovers levels
for both are high, strategy NC is deemed the optimal strat-
egy. These findings underscore the critical influence of spil-
lover levels on strategic decision-making within the
automotive sector, highlighting the importance of tailoring
strategies to specific technological contexts to enhance over-
all social welfare.

5.1.2 The scenario with government subsidies

(1) Strategy YD(YR) and Strategy YJ(YC)
Proposition 6: The comparison between strategy YD(YR)
and strategy YJ(YC) can reveal differences in cooperative
R&D for FVs in the context of R&D competition (coopera-
tion) for NEVs under optimal subsidies:

r For b 2 [0, 1], sYJ = sYD (sYC = sYR), xYJei ¼ xYDei xYCei ¼�
xYRei Þ; qYJei ¼ qYDei xYCei ¼ xYRei

� �
; pYJ

Mi � pYD
Mi ðpYC

Mi � pYR
Mi ).

s If 0 � b < 1/2, xYJfi < xYDfi ðxYCfi < xYRfi Þ, qYJfi < qYDfi
ðqYCfi < qYRfi Þ,WSYJ <WSYD (WSYC<WSYR); otherwise,

xYJfi � xYDfi ðxYCfi � xYRfi Þ, qYJfi � qYDfi ðqYCfi � qYRfi Þ, WSYJ �
WSYD (WSYC � WSYR).

Proposition 6 posits that within the framework of R&D
competition (cooperation) in the NEVs sector, government
subsidies, R&D investments and outputs in NEVs remain
unaffected regardless of whether firms engage in R&D coop-
eration for FVs. From the perspective of increasing R&D
investments and expanding production scale in FVs, when
the spillovers level of FVs is low, firms should opt for strat-
egy YD(YR); conversely, when the spillovers level is high,
firms should choose strategy YJ(YC). Similarly, this con-
clusion applies to social welfare considerations. However,
from the perspective of maximizing firm profits, strategy
YJ(YC) consistently outperforms strategy YD(YR). This
finding is consistent with the scenario of no government
subsidies, indicating that government subsidies do not have
an impact on the decision-making behavior concerning fuel
vehicles.
Proposition 6 posits that within the framework of R&D
competition (cooperation) in the NEVs sector, government
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subsidies, R&D investments and outputs in NEVs remain
unaffected regardless of whether firms engage in R&D coop-
eration for FVs. From the perspective of increasing R&D
investments and expanding production scale in FVs, when
the spillovers level of FVs is low, firms should opt for strat-
egy YD(YR); conversely, when the spillovers level is high,
firms should choose strategy YJ(YC). Similarly, this con-
clusion applies to social welfare considerations. However,
from the perspective of maximizing firm profits, strategy
YJ(YC) consistently outperforms strategy YD(YR). This
finding is consistent with the scenario of no government
subsidies, indicating that government subsidies do not have
an impact on the decision-making behavior concerning fuel
vehicles.

(2) Strategy YD(YJ) and Strategy YR(YC)
Proposition 7: The comparison between strategy YD(YJ)
and strategy YR(YC) can indicate differences in coopera-
tive R&D for NEVs in the context of R&D competition (co-
operation) for FVs under optimal subsidies:

r For g 2 [0, 1], there are xYRfi ¼ xYDfi ðxYCfi ¼ xYJfi Þ, xYRei ¼
xYDei ðxYCei ¼ xYJei Þ, qYRfi ¼ qYDfi ðqYCfi ¼ qYJfi Þ, qYRei ¼ qYDei
qYCei ¼ qYJei Þ, WSYR = WSYD (WS YC = WSYJ).

s If 0� g < 1/2, sYR > sYD (sYC > sYJ), pYR
Mi > pYD

Mi ðpYC
Mi >

pYJ
Mi Þ; otherwise, sYR � sYD (sYC � sYJ), pYR

Mi � pYD
Mi

ðpYC
Mi � pYJ

Mi Þ.

From Proposition 7, it is evident that whether firms are
incentivized to participate in R&D cooperation for NEVs
within a R&D competitive (or cooperative) environment
for FVs depends on the level of technology spillovers of
NEVs. However, irrespective of whether the two firms
engage in R&D cooperation for NEVs, their optimal R&D
investments and outputs for both FVs and NEVs, as well

as societal welfare, remain unchanged. The rationale lies
in the distinct markets for both vehicle types. The decision
to engage in R&D cooperation for NEVs does not influence
firms’ decisions regarding R&D investments and production
of FVs. At the same time, governmental subsidy policies
can incentivize firms to maintain optimal R&D investments
in NEVs at a consistent level without impacting societal
welfare. This discovery challenges the prevailing belief that
cooperation consistently results in superior results. The
importance of firms carefully evaluating factors such as
R&D spillovers and government subsidies when choosing
their coopetition strategies is highlighted, rather than auto-
matically opting for cooperative approaches [45]. In intri-
cate innovation ecosystems, competitive strategies can
sometimes lead to better overall outcomes, particularly
when the spillovers level is high and subsidy policy is pre-
sent, as emphasized by the proposition.

(3) Strategy YD(YJ) and Strategy YC(YR)
Proposition 8: The comparison of Strategy YD and Strategy
YC illustrates distinctions between R&D competition and
R&D cooperation for both FVs and NEVs, whereas the con-
trast between Strategy YJ and Strategy YR highlights the
differences in R&D collaboration between FVs and NEVs
under optimal subsidies:

r If g 2 [0, 1] and b 2 [0, 1], xYCei ¼ xYDei ðxYJei ¼ xYRei ), q
YC
ei ¼

qYDei qYJei ¼ qYRei
� �

:

s If 0 � g < 1/2, sYC > sYD (sYR > sYJ); otherwise, sYC �
sYD (sYR � sYJ).

t If 0 � b < 1/2, xYCfi < xYDfi ðxYJfi < xYRfi ), qYCfi < qYDfi
qYJfi < qYRfi
� �

; WSYC < WSYD (WSYJ < WSYR);

otherwise, xYCfi � xYDfi ðxYJfi � xYRfi ), qYCfi � qYDfi qYJfi �
�

qYRfi Þ, WSYC � WSYD (WSYJ � WSYR).

Fig. 2. The comparison of corporate profit under four strategies
without subsidies.

Fig. 3. The comparison of social welfare under four strategies
without subsidies.
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u For b < 1/2, if 0 � g < 1/2, pYC
Mi > pYD

Mi ðpYJ
Mi > pYR

Mi ),

otherwise, pYC
Mi � pYD

Mi ðpYR
Mi � pYJ

Mi ). For b 6¼ 1/2, if y2>|y3|,

pYC
Mi > pYD

Mi ðpYJ
Mi > pYR

Mi ), otherwise when 0 � g < 1/2,

pYC
Mi > pYD

Mi ðpYJ
Mi � pYR

Mi ), when 1/2 � g � 1,

pYC
Mi � pYD

Mi ðpYJ
Mi > pYR

Mi ). Where y3 ¼
4cw2w

2
1w

2
4ð1� 2gÞ
w2

9

.

From Proposition 8, the R&D investments and outputs for
NEVs remain constant regardless of whether there is R&D
cooperation between FVs and NEVs, attributable to the
incentive effect of government subsidy behavior. However,
the intensity of government subsidies between strategies
depends on the spillovers level of NEVs. Specifically, when
the spillovers level is low, the government provides a higher
subsidy rate to strategy YC(YR); conversely, when the spil-
lovers level is high, strategy YD(YJ) receives greater gov-
ernment support.

From the perspective of increasing R&D investments and
outputs for FVs, firms should opt for strategy YD(YR) when
the spillovers level of FVs is low. Conversely, when the spil-
lovers level of FVs is high, firms are advised to adopt strategy
YC(YJ). Technology spillovers of FVs play an equally signif-
icant role in social welfare. However, changes in corporate
profits are influenced by several variables, including DCP,
dual technology spillovers, consumer preferences, and R&D
efficiency. Overall, when the spillovers level of FVs meets a
specified threshold, the optimal profits are achieved under
strategy YC(YR) under conditions of low spillovers level of
NEVs. Conversely, strategy YD(YJ) yields superior profits.
It is noteworthy that when the spillovers level of FVs takes
a more general case, if the spillovers level of NEVs is low
(high), the enterprise chooses strategy YC(YJ) profit is
always better than strategy YD(YR).

(4) Comprehensive comparison
The previous section compared the differences between the
two strategies, this section undertakes a comprehensive
comparative analysis of all four strategies to present the
optimal competitive strategy for the firms.

Proposition 9: The comprehensive comparison of the
four strategies with government subsidies yields the follow-
ing results:

r If 0 � g < 1/2, sYR = sYC > sYD = sYJ; otherwise,

sYR = sYC � sYD = sYJ.

s If 0 � b � 1, and 0 � g � 1 xYCei ¼ xYJei ¼ xYRei ¼ xYDei ,

qYCei ¼ qYJei ¼ qYRei ¼ qYDei .

t For 0 � b < 1/2, xYDfi ¼ xYRfi > xYJfi ¼ xYCfi , qYDfi ¼ qYRfi >

qYJfi ¼ qYCfi ;WSYD =WSYR >WSYJ =WSYC; otherwise,

xYDfi ¼ xYRfi � xYJfi ¼ xYCfi , qYDfi ¼ qYRfi � qYJfi ¼ qYCfi ,

WSYD = WSYR � WSYJ = WSYC.

u For b = 1/2, if 0 � g < 1/2, pYC
Mi ¼ pYR

Mi > pYJ
Mi ¼ pYD

Mi ; if,

1/2 � g � 1, pYC
Mi ¼ pYR

Mi � pYJ
Mi ¼ pYD

Mi ). For b 6¼ 1/2, if

0 � g < 1/2, pYC
Mi > maxðpYJ

Mi ; p
YR
Mi Þ � min pYJ

Mi ; p
YR
Mi

� �
>

pYD
Mi ; if 1/2 � g � 1, pYJ

Mi � maxðpYC
Mi ; p

YD
Mi Þ � min

pYC
Mi ; p

YD
Mi

� � � pYR
Mi .

Proposition 9 demonstrates that the R&D investments
and outputs of NEVs remain unchanged under the optimal
subsidy, irrespective of the competitive strategy chosen by
firms. Optimal government subsidies depend on the spil-
lovers level of NEVs. When the spillovers level is low, firms
opt for R&D cooperation strategies (Strategies YR and
YC), thereby qualifying for higher subsidy rates. Con-
versely, when the spillovers level is high, firms should pur-
sue R&D competition strategies for NEVs (Strategies YD
and YJ). Regarding the enhancement of R&D investments
and the expansion of production scales for FVs, firms
should opt for Strategies YD and YR when the spillovers
level is low. Conversely, when the spillovers level is high,
they should adopt Strategies YJ and YC. Moreover, the
optimal strategy chosen by firms significantly contributes
to improving social welfare. From the perspective of maxi-
mizing corporate profit, as depicted in Figure 4, in general,
firms can achieve this goal by selecting Strategy YC when
the spillovers level of NEVs is low. Conversely, Strategy
YJ tends to maximize their profits.

Numerous studies have demonstrated that cooperative
strategies usually sustain high system performance, whereas
competitive strategies sometimes result in performance
decline due to conflicts between individual and collective
rationality. However, in the presence of R&D spillovers
and government subsidies, this general conclusion may no
longer hold. This indicates that competitive firms should
not blindly pursue cooperation, as it may lead to profit
losses.

In general, the optimal competitive strategy chosen by
firms for profit maximization also leads to optimal govern-
ment subsidies. However, it is noteworthy that the R&D
investments and outputs of NEVs remain unchanged across
various competitive strategies, impacting only the R&D
investments and outputs of FVs, as well as social welfare.
Therefore, to achieve dual enhancement in both the eco-
nomic and social performance of firms, it is crucial to main-
tain a higher spillovers level of FVs.

5.2 Vertical comparison

The vertical comparison refers to the differential analysis
between the same strategies in scenarios with and without
government subsidies.

Proposition 10: The comparison of the four strategies
under scenarios without government subsidies and with gov-
ernment subsidies can be obtained as:

r (a) xYDfi ¼ xNDfi , qYDfi ¼ qNDfi , xYDei � xNDei , qYDei � qNDei ,
WSYD>WSND. (b) If 0� g< g1, pYD

Mi � pND
Mi ; otherwise,

pYD
Mi � pND

Mi .

s (a) xYJfi ¼ xNJfi , qYJfi ¼ qNJfi , xYJei � xNJei , q
YJ
ei � qNJei ,

WSYJ > WSNJ. (b) If 0 � g < g1, pYJ
Mi � pNJ

Mi ; otherwise,
pYJ
Mi � pNJ

Mi .
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t xYRfi ¼ xNRfi , qYRfi ¼ qNRfi , xYRei > xNRei , q
YR
ei > qNRei , p

YR
Mi >

pNR
Mi , WSYR > WSNR.

u xYCfi ¼ xNCfi , qYCfi ¼ qNCfi , xYCei > xNCei :

qYCei > qNCei , pYC
Mi > pNC

Mi , WSYC > WSNC. Where

g1 satisfies pYD
Mi �ND

Mi .

Proposition 10 posits that, irrespective of the competitive
strategies adopted by firms, government subsidies exert
no significant influence on the R&D investments and out-
puts of FVs. In contrast, these subsidies play a substantial
role in stimulating R&D investments in NEVs. By incen-
tivizing companies to scale up their production of NEVs,
government subsidies contribute to enhanced social welfare
outcomes. This is because the subsidies lower the R&D
costs of NEVs, encouraging firms to increase their invest-
ments in this area. Higher R&D investments enhance the
range capacity of NEVs, thereby strengthening consumers’
willingness to purchase. This virtuous mechanism prompts
companies to further expand their production scale, achiev-
ing a significant Pareto improvement in social performance.
Simultaneously, government subsidies markedly bolster
corporate profits under strategies YR and YC. In contrast,
the influence of government subsidies on corporate profits
under strategies YD and YJ is contingent upon the level
of technological spillovers of NEVs. Specifically, when the
spillovers level is low, government subsidies may lead to a
decrease in profits for these two strategies; conversely, it
is only when the spillovers level is high that government
subsidies can effectively promote profit growth (Fig. 5).
This phenomenon can be attributed to the influence of tech-
nological spillovers on corporate innovation capabilities and
market competitiveness. When the spillovers level is low,
firms may struggle to fully leverage government subsidies
to drive technological advancement or enhance efficiency,
resulting in reduced profits. In such cases, subsidies might
be allocated to short-term operational or maintenance
costs, failing to translate into a sustainable competitive

advantage. However, when the spillovers level is high, firms
can absorb and apply external technological advancements,
thereby strengthening their R&D capabilities. This leads to
improvements in production efficiency and product innova-
tion, enabling government subsidies to be more effectively
converted into profit growth, thus fostering the long-term
development of firms in the market.

6 Analysis of impact factors

Based on the comparative analysis presented earlier, it is
evident that firms’ optimal choices tend to concentrate on
strategy J and strategy C. Therefore, this section centers
on examining the effects of parameters related to FVs,
NEVs, and shared parameters on R&D investments, out-
puts, profits, and social welfare under these optimal
strategies.

6.1 Impact of FVs related parameters

Corollary 1: Under the optimal strategy, firms’ FVs R&D
investments, outputs, profits and social welfare vary with
the spillovers level of FVs (b), consumers’ low-carbon pref-
erence (g), the requirement for the proportion of NEVs
credits (k), and the difference between actual and standard
values of the average 100-km fuel consumption (l) as:

r (a)
@xYDfi
@b

< 0,
@xYJfi
@b

> 0,
@xYRfi
@b

< 0,
@xYCfi
@b

> 0,
@qYJfi
@b

> 0,

@qYCfi
@b

> 0,
@pYJ

Mi

@b
> 0,

@pYC
Mi

@b
> 0,

@WSYJ

@b
> 0,

@WSYC

@b
> 0.

(b) If 0 � b < 1/2,
@qYDfi
@b

> 0,
@qYRfi
@b

> 0; otherwise,

@qYDfi
@b

� 0,
@qYRfi
@b

� 0.

(c) If 0 � b � 1/2,
@pYD

Mi

@b
> 0,

@pYR
Mi

@b
> 0; otherwise, when

Fig. 5. The comparison of corporate profit under strategy YD
with and without subsidies.

Fig. 4. The comparison of corporate profit under four strategies
with optimal subsidies
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c0 < c < c1,
@pYD

Mi

@b
< 0,

@pYR
Mi

@b
< 0, when c � c1,

@pYD
Mi

@b
� 0,

@pYR
Mi

@b
� 0.

(d) If 0 � b � 1/2,
@WSYD

@b
> 0,

@WSYR

@b
> 0; if

1/2 < b < 4/5,

when c0 < c < c2,
@WSYD

@b
< 0 ,

@WSYR

@b
< 0,

otherwise,
@WSYD

@b
� 0,

@WSYR

@b
� 0; if 4/5 � b � 1,

@WSYD

@b
< 0,

@WSYR

@b
< 0.

s (a)
@xYDfi
@g

> 0,
@xYJfi
@g

> 0,
@xYRfi
@g

> 0,
@xYCfi
@g

> 0,
@qYDfi
@g

> 0;

@qYJfi
@g

> 0,
@qYRfi
@g

> 0,
@qYCfi
@g

> 0,
@pYJ

Mi

@g
> 0,

@pYC
Mi

@g
> 0,

@WSYD

@g
>,

@WSYR

@g
> 0,

@WSYJ

@g
> 0,

@WSYC

@g
> 0.

(b) If 0 � b � 1/2, when c0 < c < c3,
@pYD

Mi

@g
< 0,

@pYR
Mi

@g
< 0,

otherwise,
@pYD

Mi

@g
� 0,

@pYR
Mi

@g
� 0; if 1/2 � b � 1,

@pYD
Mi

@g
> 0,

@pYR
Mi

@g
> 0.

t
@xYDfi
@k

< 0,
@xYJfi
@k

< 0,
@xYRfi
@k

< 0,
@xYCfi
@k

< 0,
@qYDfi
@k

< 0,

@qYJfi
@k

< 0,
@qYRfi
@k

< 0,
@qYCfi
@k

< 0,
@pYD

Mi

@k
< 0,

@pYJ
Mi

@k
< 0,

@pYR
Mi

@k
< 0,

@pYC
Mi

@k
< 0,

@WSYD

@k
< 0,

@WSYJ

@k
< 0,

@WSYR

@k
< 0,

@WSYC

@k
< 0.

u
@xYDfi
@l

< 0,
@xYJfi
@l

< 0,
@xYRfi
@l

< 0,
@xYCfi
@l

< 0,
@qYDfi
@l

< 0,

@qYJfi
@l

< 0,
@qYRfi
@l

< 0,
@qYCfi
@l

< 0,
@pYD

Mi

@l
< 0,

@pYJ
Mi

@l
< 0,

@pYR
Mi

@l
< 0,

@pYC
Mi

@l
< 0,

@WSYD

@l
< 0,

@WSYJ

@l
< 0,

@WSYR

@l
< 0,

@WSYC

@l
< 0.

Where c0 ¼ maxf4w
2
2w

2
4

9
;
2/2/3/

2
4

9
g, c1 ¼

2/2
4/

3
3

27ð1� bÞ ;

c2 ¼
2/2

4/
3
3

9ð4� 5bÞ, c3 ¼
2/2/

2
3/

2
4

27b
.

Corollary 1 indicates that the level of technology spillover of
FVs has a significantly divergent impact on equilibrium
outcomes depending on the strategic approach adopted.
Under collaborative R&D strategies for FVs (Strategies
YJ and YC), firms experience an increase in R&D invest-
ments, outputs, profits, and social welfare as the spillovers
level of FVs rises. Conversely, the impact of technology spil-
lovers on variables associated with competitive R&D strate-
gies for FVs (Strategies YD and YR) presents a more
nuanced and varied trend. First, under Strategies YD and
YR, R&D investments in FVs decline as the level of tech-
nology spillover increases. This counterintuitive observation
may stem from the fact that higher spillovers level reduce
the incentive for competing firms to invest in R&D. Second,
when the spillovers level is low, outputs of FVs under
strategies YD and YR increases with rising spillover levels.
However, when the spillovers level is high, the outputs
under these strategies decrease as the spillover increases.
This dual effect of technology spillover on production out-
put is detailed in Proposition 1. Third, when the spillovers
level is low, profits for firms under Strategies YD and YR
increase with higher spillover levels. In contrast, when the
spillovers level is high, lower R&D efficiency results in prof-
its under Strategies YD and YR continuing to rise with
increasing spillover levels, while higher R&D efficiency
may lead to a decline in profits as spillover levels rise. This
phenomenon reflects the complex interplay between R&D
efficiency, market competition, enterprise costs, and market
demand. Finally, concerning social welfare, when the spil-
lovers level is low, social welfare under Strategies YD and
YR improves as spillover levels increase. At moderate levels
of spillover, lower R&D efficiency enhances social welfare as
spillover increases, whereas higher R&D efficiency may lead
to a reduction in social welfare despite increasing spillover
levels. When the spillovers level is high, social welfare under
these strategies also decreases with rising spillover levels.
This phenomenon may be attributed to excessively high
technology spillover levels inhibiting competing firms’
R&D investments and production enthusiasm, ultimately
leading to a detriment in social welfare. In summary, the
aforementioned conclusion underscores the complexity
and strategic dependence of the effects of technology spil-
lover on various performance metrics of firms. It highlights
the diverse implications of spillover effects on economic out-
comes across different strategic choices.

Similarly, consumer preference for low-carbon products
significantly promotes the growth of enterprises in terms
of research and development (R&D) investment, production
volume, profits, and social welfare under strategies YJ and
YC. In the context of strategies YD and YR, although there
is an increase in R&D investment, production volume, and
social welfare related to fuel vehicles as consumer low-car-
bon preferences rise, the changes in enterprise profits present
a more complex scenario. Specifically, when the level of tech-
nology spillover for fuel vehicles is low, the R&D efficiency of
enterprises is also low, which results in an increase in profits
under strategies YD and YR in response to heightened con-
sumer low-carbon preferences. Conversely, when R&D effi-
ciency is high, profits under strategies YD and YR may
decline as consumer low-carbon preferences increase. This
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phenomenon may arise from the tendency of firms with high
R&D efficiency to overly focus on technological innovation
and product optimization in their pursuit of profits, which
can slow down their market response and cause them tomiss
opportunities to capitalize on the market potential associ-
ated with consumer low-carbon preferences. In other words,
achieving a balance between technological innovation and
market demand is crucial for enterprises; excessive techno-
logical investment may hinder their ability to meet con-
sumer needs in a timely manner. When the level of
technology spillover for fuel vehicles is high, profits under
strategies YD and YR similarly increase alongside rising
consumer low-carbon preferences. This outcome indicates
that a high level of technology spillover enhances firms’
responsiveness to market demands, enabling them to adapt
to consumer preferences for low-carbon products while
simultaneously achieving higher profit levels. This may be
due to the rapid dissemination of technology, allowing firms
to adjust product characteristics quickly to better satisfy
consumer low-carbon requirements, thereby enhancing their
market competitiveness and profitability.

Conversely, regardless of the competitive and cooperative
strategies adopted by enterprises, R&D investment, produc-
tion volume, profits, and social welfare associated with fuel
vehicles decrease as the requirements for the proportion of
NEV credits and the disparity between the actual and bench-
mark fuel consumption per 100 kilometers increase. This phe-
nomenon occurs because higher requirements for NEV credit
proportions, along with a greater discrepancy between actual
and benchmark fuel consumption, impose greater pressure on
enterprises to meet credit demands. To alleviate this pres-
sure, firms may reduce the production of fuel vehicles, which
in turn leads to a decline in profits and a reduction in social
welfare. This indicates that under the dual credit policy,
increasing the requirements for NEV credit proportions
and reducing the fuel consumption of fuel vehicles per 100
kilometers will not effectively incentivize enterprises to
enhance their R&D investments in fuel vehicles; rather, it
may solely result in a decrease in the production quantity
of fuel vehicles. Therefore, policymakers must carefully con-
sider the impact of incentive measures on corporate produc-
tion decisions and the relationship between market supply
and demand when designing such policies.

6.2 Impact of NEVs related parameters

Corollary 2: According to the optimal strategy, firms’ NEVs
R&D investments, outputs, profits, and social welfare vary
with the levels of NEVs technology spillovers (g), consumer
range preference (h), and NEVs credits accounting coeffi-
cients (n) as follows:

r (a)
@xYDei
@g

> 0,
@xYJei
@g

> 0,
@xYRei
@g

> 0,
@xYCei
@g

> 0,
@qYDei
@g

> 0,

@qYJei
@g

> 0,
@qYRei
@g

> 0,
@qYCei
@g

> 0,
@WSYD

@g
> 0,

@WSYJ

@g
> 0,

@WSYR

@g
> 0,
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Corollary 2 illustrates that under the optimal strategy,
regardless of the competitive or cooperative strategies
adopted by firms, NEVs’ R&D investments, outputs, and
social welfare significantly increase with higher levels of
technology spillovers, consumer range preferences, and the
credits accounting coefficient. In the context of cooperative
R&D strategies of NEVs (i.e., strategies YR and YC), cor-
porate profits also rise in tandem with increases in the afore-
mentioned three factors. This phenomenon can be
attributed to the fact that R&D collaboration facilitates
the internalization of the externalities associated with tech-
nology spillovers, thereby enhancing firms’ enthusiasm for
R&D activities. Elevated levels of technology spillover,
consumer preferences for extended range, and higher
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accounting coefficients incentivize firms to increase their
R&D investments, expand production scales, and subse-
quently achieve profit growth.

However, under strategies YD and YJ, the relationship
between corporate profits and the levels of technology spil-
lover, consumer range preferences, and accounting coeffi-
cients demonstrates a degree of complexity. Specifically,
when the level of technology spillover in the EV sector is
low, higher R&D efficiency may lead to a decrease in corpo-
rate profits as the levels of technology spillover, consumer
range preferences, and accounting coefficients increase. This
counterintuitive outcome can be explained by the fact that,
although higher R&D efficiency tends to reduce research
costs, firms in low spillover environments often adopt more
conservative R&D strategies, focusing resources on enhanc-
ing their proprietary technologies. While this approach may
improve a firm’s technological capabilities in the short term,
it can also intensify market competition, thereby compress-
ing profit margins.

Conversely, firms with lower R&D efficiency may adopt
more flexible strategies in a competitive market, allowing
them to achieve a certain market share and profit growth
with lower R&D investments. This flexibility enables firms
to better adapt to changes in market demand, particularly
in highly competitive environments. When the level of tech-
nology spillover is high, profits for firms using strategies YD
and YJ tend to increase significantly with rising levels of
technology spillover, consumer range preferences, and
accounting coefficients. This observation indicates that, in
environments characterized by high technology spillovers,
firms are better positioned to leverage external knowledge
and resources, thereby enhancing their competitive advan-
tages and profitability.

6.3 Impact of common parameters of FVs and NEVs

Corollary 3: The equilibrium outcomes for both FVs and
NEVs are influenced by the proportion of potential demand
for NEVs (h), and the price of credits (p0) as follows:
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Corollary 3 displays that whether the enterprise opts for
competitive or cooperative strategies, as the proportion of
potential demand for NEVs grows, the demand scale for
NEVs expands while that for FVs contracts. During this
shift, R&D investments and outputs of NEVs increase while
those for FVs decrease. This underscores the pivotal role of
market size in shaping firms’ decisions on R&D investments
and outputs. It is noteworthy that the proportion of poten-
tial demand for NEVs exerts opposing effects on the profits
of FVs (negative) and NEVs (positive). Therefore, overall
profit increases only when the positive effect outweighs
the negative effect; conversely, profits decrease. Similarly,
the social welfare has a similar nature.

Under the optimal subsidy policy, as the price of credits
increases, R&D investments and outputs of NEVs are
expected to rise. However, there is uncertainty regarding the
changes in R&D investments and outputs of FVs. Specifically,
when the proportion of potential demand for NEVs is small –
indicating a large market demand for FVs – the increase in
credit price motivates firms to boost R&D investments in
FVs and expand production. Conversely, when market
demand for FVs is insufficient, firms may lack the incentive
to invest in R&D. In such cases, a higher credit price could
compel firms to scale back production capacity instead.

The impact of credit prices on firms’ profits is notably
intricate due to the dual components that constitute total
profits: profits from FVs and NEVs. While NEVs profits
tend to increase with credit prices under the optimal strat-
egy (strategy YJ or strategy YC), the relationship between
FVs profits and credit prices is more nuanced, exhibiting
both positive and negative aspects. Overall, when the
potential demand for NEVs is limited, firms’ profits under
the optimal strategy generally rise with higher credit prices.
Conversely, the effect of credit prices on corporate profits
hinges on balancing the positive impact on NEVs profits
against the negative impact on FVs profits. Firms’ profits
increase with higher credit prices only when the former out-
weighs the latter; otherwise, profits decrease. Similar obser-
vations extend to social welfare, reflecting analogous
dynamics. Consequently, government attention must focus
on the scale of demand for both FVs and NEVs. Firms’
profits and social welfare will only increase alongside rising
credit prices if FVs maintain a significant market size or if
the influence of credit prices on NEVs surpasses their effect
on FVs. Otherwise, higher credit prices do not necessarily
enhance economic or social performance.

7 Discussion

This study investigates manufacturers’ coopetition strate-
gies within the framework of the DCP, taking into account

consumer preferences and government subsidies. The
results align with previous research, including Li and Xiong
[31] and Li et al. [32], regarding the DCP’s impact on FVs
and NEVs, thereby affirming the policy’s effectiveness in
promoting the growth of NEVs. However, this investigation
offers a deeper understanding by revealing that the DCP’s
effects on FVs are more intricate than previously recog-
nized. Contrary to expectations, stricter credit require-
ments and greater discrepancies between actual and
standard fuel consumption values do not necessarily incen-
tivize investments in fuel-saving R&D. Instead, these fac-
tors may lead to a decline in the production and sales of
FVs. This highlights the need for policy refinement to bet-
ter harmonize the transition toward NEVs with the contin-
uous improvement of FV efficiency [61, 62].

The optimal government subsidy rate under the DCP,
as explored in the second research question, reveals a more
complex relationship with firm strategies than previously
anticipated. The findings build upon the work of Bronzini
and Piselli [46] and Chen et al. [47] by demonstrating that
subsidies effectively enhance R&D in NEV range technol-
ogy without inducing a crowding-out effect. This result is
particularly significant, as it challenges earlier concerns
expressed in the literature regarding the potentially detri-
mental impacts of government subsidies on private R&D
investments. An examination of firms’ optimal cooperation
strategies and incentives under the DCP uncovers unex-
pected patterns. While prior studies, such as those by
Kamien et al. [18] and D’Aspremont and Jacquemin [40],
generally advocated for cooperative R&D strategies, our
findings indicate that the optimal approach is dependent
on the degree of technology spillovers. This insight con-
tributes to the existing literature on R&D cooperation
and competition, underscoring the importance of consider-
ing industry-specific factors when determining an appropri-
ate strategy.

The effects of technology spillovers, consumer prefer-
ences, and the parameters of the DCP on firms’ equilibrium
outcomes and strategic decisions are more intricate than
previously expected. This research builds upon the works
of Du et al. [52] and Ji et al. [53] by elucidating the interac-
tions among these variables and their influence on market
dynamics. Notably, the finding that an increase in con-
sumer preference for the range of NEVs and higher NEV
credit coefficients stimulates R&D and production, thereby
enhancing social welfare, is particularly significant. This
result strongly supports the formulation of policies that
align consumer preferences with environmental goals. Fur-
thermore, the discovery of the dual impact of credit prices
on the production of FVs was unexpected, as it was found
to depend on the anticipated proportion of NEV demand.
This outcome highlights the necessity for policymakers to
carefully assess market conditions when adjusting credit
prices, given that the same policy instrument can yield
divergent results in different market contexts. Overall, this
research deepens the understanding of the complex inter-
play between policy, technology, and market dynamics
within the automotive industry’s shift toward sustainable
mobility. By emphasizing the nuanced effects of various fac-
tors on firm strategies and market outcomes, it lays a
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foundation for more effective strategic decision-making and
policymaking in this rapidly evolving sector [63].

Innovation serves as a crucial catalyst for strategic
decision-making within the automotive industry, a phe-
nomenon clearly demonstrated by this investigation into
the cooperative strategies adopted by manufacturers in
response to China’s DCP [64]. This study delves into the
complex interplay between market dynamics, technological
advancements, and regulatory frameworks by integrating
insights from political science, management, and economics.
By analyzing these multifaceted relationships, the research
underscores the transformative potential of innovation to
foster both economic growth and environmental sustain-
ability, particularly when informed by consumer preferences
and aligned with supportive policies. The findings suggest
that when policymakers and industry stakeholders priori-
tize innovation in tandem with consumer insights, it can
lead to significant advancements in the automotive sector,
ultimately contributing to a more sustainable future. This
nuanced understanding of the interconnectedness of innova-
tion, policy, and consumer behavior highlights the impor-
tance of strategic collaboration among manufacturers,
thereby paving the way for more effective responses to
the challenges of the evolving automotive landscape.

While this research provides significant insights into the
dynamics of the automotive industry under the DCP frame-
work, it is essential to acknowledge its limitations. First, our
model operates under the assumption that all actors engage
in rational decision-making and that information is avail-
able under optimal conditions. However, this premise may
not accurately reflect the complexities of real-world scenar-
ios, which often involve uncertainties and information
asymmetries. Second, the analysis primarily focuses on
R&D and production decisions, which may overlook other
critical factors such as supply chain dynamics, international
competition, and technological disruptions that can signifi-
cantly influence firm strategies and market outcomes.
Third, although we account for technology spillovers, our
model may not fully encapsulate the complexities associated
with knowledge diffusion and the varying absorption capac-
ities of different types of firms. To address these limitations,
future research should consider empirical studies aimed at
validating and refining the theoretical insights presented
in this study. Such investigations could also explore a
broader array of influencing factors and incorporate
dynamic modeling approaches to better capture the intri-
cate realities of the automotive industry.

8 Conclusions and outlook

This paper investigates the coopetition strategies of dual-
vehicles firms under the DCP framework, incorporating
subsidies and consumer preferences. We examine scenarios
where firms engage in R&D cooperation for both FVs and
NEVs, developing a three-stage game model – “subsidy-
R&D-production” – involving interactions between the gov-
ernment and these firms. Strategies considered include full
competition, FVs R&D cooperation, NEVs R&D coopera-
tion, and full cooperation. Through comparative and factor

analysis, the study draws several key conclusions: (1) The
government subsidy stimulates firms to increase R&D
investments in NEVs, but does not affect R&D investments
in FVs. (2) Under the optimal subsidy, when NEVs technol-
ogy spillover is low, firms should opt for full cooperation
strategy. Conversely, with significant NEVs technology
spillover, firms should choose FVs R&D cooperation. How-
ever, to enhance social welfare concurrently, it is crucial to
sustain a high level of technology spillovers for FVs. (3)
Under the optimal strategy, both FVs and NEVs exhibit
increases in R&D investments, outputs, profits, and social
welfare with higher technology spillover levels, and more
robust consumer preferences. Conversely, these outcomes
for FVs decrease with higher proportions of NEV credits
required and with discrepancies between actual and compli-
ance fuel consumption values. (4) Under the optimal strat-
egy, R&D investments and outputs of NEV increase with
higher credits prices, whereas those of FVs, along with cor-
porate profits and social welfare, exhibit uncertainty with
increasing credit prices.

According to the above main findings, the government
should prioritize the following management measures: (1)
Refine the subsidy policy for mutual benefit to the govern-
ment and firms. The optimal subsidies have promoted the
R&D investments and outputs of NEVs, but they have
not influenced the R&D investments and outputs of FVs,
nor do they necessarily lead to optimal social welfare.
Therefore, the government should encourage FVs firms to
strengthen R&D cooperation and technical exchanges.
Additionally, indirect subsidy policies such as tax exemp-
tions for FVs’ R&D activities could be implemented. (2)
Enhance firms’ technology absorption capacity and foster
the flow of innovation factors. The equilibrium outcomes
improve significantly with higher levels of technology spil-
lover and absorption capacity under optimal strategies.
Therefore, the government should promote partnerships
between automobile firms, universities, and research insti-
tutes to foster collaborative innovation consortia,
strengthen joint R&D in common technologies, facilitate
technology transfer, and establish shared technology plat-
forms for both FVs and NEVs. (3) Implement low-carbon
certification for FVs and improve charging/swapping
infrastructure for NEVs. The equilibrium outcomes increase
as consumer preferences for low-carbon vehicles and range
increase. Therefore, certification can stimulate R&D invest-
ments and demand for low-emission vehicles, while infras-
tructure improvements alleviate range anxiety and
increase consumer willingness to adopt NEVs. (5)
Strengthen the regulation of DCP and stabilize the credits
price. Under the optimal strategy, as NEVs credits propor-
tion and fuel consumption deviation increase, FVs’ R&D
investments, outputs, profits, and social welfare decrease.
Conversely, NEVs see increases in these metrics with higher
accounting coefficients for NEVs credits. The impact of
credit prices hinges on the current market dynamics
between FVs and NEVs. Therefore, the government should
closely monitor market dynamics, revise the DCP in a
timely manner, and moderately raise the credit coefficient
for NEVs. Concurrently, it is crucial to promptly imple-
ment the credit pool management system. Clarifying
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initiation conditions and establishing effective implementa-
tion and supervision mechanisms will stabilize credits mar-
ket expectations.

In the future, there are several promising avenues for
future research. One potential direction involves exploring
the competitive strategies of two-vehicle manufacturers
across multiple cycles while operating under the DCP. This
examination could reveal deeper insights into how these
firms adapt their strategies over time in response to evolv-
ing market conditions and regulatory environments. Fur-
thermore, extending the model to consider asymmetric
scenarios could provide a more nuanced understanding of
how firms with varying capabilities and market positions
interact within the framework of the DCP. Additionally,
another important area for future investigation is the endo-
genization of the DCP itself. This approach could facilitate
a more comprehensive analysis of how the dynamics of tech-
nology spillovers and the absorptive capacity of firms influ-
ence strategic decision-making. By integrating these
elements into the model, researchers could gain a clearer
picture of the interplay between policy frameworks, techno-
logical advancements, and firm behavior. Such studies
would not only contribute to theoretical advancements in
the field but also offer valuable insights for policymakers
and industry stakeholders aiming to navigate the complex-
ities of the automotive market in an era of rapid technolog-
ical change and environmental concerns.
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Appendix
Proof of Proposition 1

Clearly,
@qeiðxei; xejÞ
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3
> 0,
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> 0:
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3

;
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¼ /4ð2b� 1Þ

3
.

It is easy to derive the conclusions from these expressions.

Proof of Proposition 2

Clearly, the government subsidy rate, R&D investments in NEVs,
and output are all equal under strategy YD and strategy YJ. The

comparison of R&D investments and output for FV:

xNJfi � xNDfi ¼ 18c/1/4ð2b� 1Þ
/5/6

, qNJfi � qNDfi ¼ 6c/1/2/
2
4ð2b� 1Þ

/5/6
;

the comparison of profits and social welfare:
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.

Observing the above equations, it is not difficult to find that
pNJ
Mi � pND

Mi is constant, with the relative magnitudes of R&D
inputs, production, and social welfare contingent upon the sign
of (2b � 1). Analogously, the results of the comparison between
strategy NR and strategy NC can be deduced.

Proof of Proposition 3

It is clear that the R&D investments, output in FVs are equal. The
difference between the firms’ profits is: pNR

Mi � pND
Mi ¼

18c2w2
1w

2
4ð2g� 1Þ2

w6w
2
5

� 0. The difference between the R&D invest-

ments, outputs and social welfare are:
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, and the rela-

tive size of both is related to (2g � 1). Similarly, the results of
the comparison between strategy NJ and strategy NC can be
obtained.

Proof of Proposition 4

The comparison of R&D investments and outputs of NEVs under

strategy NC and strategy ND are xNRei � xNDei ¼ 18cw1w4ð2g� 1Þ
w5w6

,

qNRei � qNDei ¼ 6cw1w2w
2
4ð2g� 1Þ

w5w6
. The comparison of R&D invest-

ments and outputs of FVs under strategy NC and strategy ND

are xNCfi � xNDfi ¼ 18c/1/4ð2b� 1Þ
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; qNCfi � qNDfi ¼ 6c/1/2/
2
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.

The comparison results of strategy NR and strategy NJ are same.

The comparison of corporate profits and social welfare under strat-

egy NC(NJ) and strategy
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. The conclusions can be

easily drawn from these expressions.

Proof of Proposition 5

This is obtained by synthesizing the proofs presented in Proposi-
tions 2 to 4.

Proof of Proposition 6

Clearly, the government subsidy rate, R&D investments in NEVs,
and output are all equal under strategy YD and strategy YJ. The
comparison of R&D investments and output for FV:

xYJfi � xYDfi ¼ 18c/1/4ð2b� 1Þ
/5/6

, qYJfi � qYDfi ¼ 6c/1/2/
2
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;
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. Observing the above
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equations, it is not difficult to find that pYJ
Mi � pYD

Mi is constant,
with the relative magnitudes of R&D inputs, production, and
social welfare contingent upon the sign of (2b � 1). Analogously,
the results of the comparison between strategy YR and strategy
YC can be deduced.

Proof of Proposition 7

It is clear that the R&D investments, output and social welfare in
FVs and NEVs are equal. The difference between the optimal gov-

ernment subsidy rate is: sYR � sYD ¼ 1� 2g
2w2

, and the difference

between the firms’ profits is: pYR
Mi � pYD

Mi ¼ 4cw2w
2
1w

2
4ð1� 2gÞ
w2

9

,

and the relative size of both is related to (1 � 2g). Similarly, the
results of the comparison between Strategy YJ and Strategy YC
can be obtained.

Proof of Proposition 8

It is clear that the R&D investments and outputs of both firms in
NEVs are equal under the optimal subsidy. The comparison of the
subsidy rate, R&D investments and outputs in FVs, social welfare

are sYC � sYD ¼ 1� 2g
2w2

, xYCfi � xYDfi ¼ 18c/1/4ð2b� 1Þ
/5/6

,
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2
4ð2b� 1Þ
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4/
3
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/2
5/

2
6

, respectively. It is

apparent that the relative magnitude of FVs’ R&D investments,
outputs, and social welfare all hinge on the sign of (2b � 1). The
comparison results between strategy YJ and strategy YR are anal-
ogous and will not be reiterated here. The comparison of corporate
profits between Strategy YD(YJ) and Strategy YC(YR):

pYC
Mi � pYD

Mi ¼ 18c2/2
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2
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5
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2
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2
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9

, and the

above conclusions can be easily drawn from this expression.

Proof of Proposition 9

This is obtained by synthesizing the proofs presented in Proposi-
tions 6 to 8.

Proof of Proposition 10

Clearly, regardless of whether the government provides subsidies,
the R&D investments and outputs of FVs are equal under all four
strategies. The comparison of other parameters are as follows:

xYDei � xNDei ¼ 54cgw1w4

w5w9
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2
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4
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. From this expression, the

conclusion stated earlier can be easily derived. The comparison
between Strategy YJ and Strategy NJ is similar to the compar-
ison between Strategy YD and Strategy ND. Similarly, the compar-
ison between Strategy YC and Strategy NC is akin to the
comparison between Strategy YR and Strategy NR, which will
not be elaborated upon further.

Proof of Corollary 1

The differentiation of the equilibrium results with respect to the
level of technological spillovers under the four strategies yields:
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The conclusions can be readily inferred from these expressions. The
differentiation of the equilibrium results across the four strategies
in relation to consumers low-carbon preferences yields:
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, and it is easy to draw conclusions

from these expressions.
The partial derivatives of the equilibrium results under the
four strategies with respect to NEV credit requirement ratio and
the difference between actual and standard values yield:
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Proof of Corollary 2
The partial partial derivatives of R&D investments, outputs, and
social welfare under strategy YD with respect to relevant parame-
ters yield:
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> 0. The proof process for the above

variables under the other three strategies is the same as that for
strategy YD. The partial derivatives of the profits with respect

to relevant parameters under strategies YR and YC yield:

@pYR
Mi

@g
¼ @pYC

Mi

@g
¼ 8cw2w

2
1w

2
4

w2
9

> 0;
@pYR

Mi

@h
¼ @pYC

Mi

@h
¼ 8cw4w

2
1w

2
2

w2
9

> 0;

@pYR
Mi

@n
¼ @pYC

Mi

@n
¼ 8cp0w4w

2
1w

2
2

w2
9

> 0. The partial derivatives of the

profits with respect to relevant parameters under strategies YD
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, and these expres-

sions clearly support the conclusions.

Proof of Corollary 3

The partial derivatives of R&D investments and outputs of NEVs

with respect to relevant parameters yield:
@xYDei
@h

¼ 4aw2w4

w9
> 0;

@qYDei
@h

¼ 3ca
w9

> 0;
@xYDei
@p0

¼ 4nw1w2ð9cþ 4w2
2w

2
4Þ

w2
9

> 0;

@qYDei
@p0

¼ 24cnw1w4w
2
2

w2
9

> 0. The proof of the relevant variables in

the other three strategies is the same as that of Strategy YD.
The partial derivatives of R&D investments and outputs of FVs

with respect to relevant parameters yield:
@xYDfi
@h

¼ @xYRfi
@h

¼

� 2a/3/4

/5
< 0;

@xYJfi
@h

¼ @xYCfi
@h

¼ � 2a/2/4

/6
< 0;

@qYDfi
@h

¼ @qYRfi
@h

¼ � 3ca
/5

< 0;
@qYJfi
@h

¼ @qYCfi
@h

¼ � 3ca
/6

< 0,

@xYDfi
@p0

¼ @xYRfi
@p0

¼ 2/3ðað1� hÞð9cþ 2/2/3/
2
4Þ � ðkþ lÞð18cp0 þ g/5ÞÞ

/2
5

,

@xYJfi
@p0

¼ @xYCfi
@p0

¼ 2/2ðað1� hÞð9cþ 2/2
2/

2
4Þ � ðkþ lÞð18cp0 þ g/6ÞÞ
/2

6

;

@qYDfi
@p0

¼ @qYRfi
@p0

¼ 3cð2/2/3/4ð/1 þ /9Þ � 9cðkþ lÞÞ
/2

5

;

@qYJfi
@p0

¼ @qYCfi
@p0

¼ 3cð2/4/
2
2ð/1 þ /9Þ � 9cðkþ lÞÞ

/2
6

. The results of the

partial derivatives of corporate profits and social welfare with

respect to relevant parameters are presented as follows:
@pYD

Mi

@h
¼

2caðw1w10

w2
9

� /1/7

/2
5

Þ, @p
YJ
Mi

@h
¼ 2caðw1w10

w2
9

� 2ca/1

/2
6

Þ, @p
YR
Mi

@h
¼ 2caðw1

w9
� /1/7

/2
5

Þ;

@pYC
Mi

@h
¼ 2caðw1

w9
� /1

/6
Þ; @p

YC
Mi

@p0
¼ 8cnw4w

2
1w

2
2

w2
9

þ 2c/1ð2/4/9/
2
2 � 9cðkþ lÞÞ
/2

6

;

@pYJ
Mi

@p0
¼ 8cnw2w4w

2
1ð27gc� 4w3w

2
2w

2
4Þ

w3
9

þ 2c/1ð2/4/9/
2
2 � 9cðkþ lÞÞ
/2

6

;

@WSYD

@h
¼ @WSYR

@h
¼ 8caðw1

w9
� /1/8

/2
5

Þ; @WSYJ

@h
¼ @WSYC

@h

¼ 8caðw1

w9
� /1ð9c� /2

2/
2
4Þ

/2
6

Þ, @WSYJ

@p0
¼ @WSYC

@p0
¼ 32cnw4w

2
1w

2
2

w2
9

þ 8c/1ð/4/9/
2
2ð18cþ /6Þ � 81c2ðkþ lÞÞ

/3
6

, and the above conclu-

sions can be obtained from these expressions.
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