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Abstract: This paper investigates strategic production selections in scenarios of credit sharing between
cooperative fuel vehicle (FV) automakers and new energy vehicle (NEV) automakers under the dual-
credit policy. Three coopetition production strategies are formulated: the simultaneous production
strategy, the FV priority production strategy, and the NEV priority production strategy. On the basis
of these three production strategies, this study examines the optimal strategy for both parties in
scenarios of no credit sharing, credit sharing dominated by the FV automaker, and credit sharing
dominated by the NEV automaker. The simultaneous production strategy is the most conducive
to both parties’ coexistence in the vehicle market, and the FV or NEV priority production strategy
can be adopted to realize the Pareto optimization of their total profit in certain applicable intervals.
Credit sharing will greatly change both parties” applicable intervals and optimal strategy selections,
and credit sharing dominated by FV automakers has been proven to effectively improve their social
welfare with a low credit price. Interestingly, a high credit price is sometimes more important for
the development of NEVs than the NEV cruising range and substitutability under the dual-credit
policy. This study also demonstrates the impact of the credit coefficient, credit equilibrium, and NEV
substitutability on both parties” production decisions and credit sharing. Our study has important
managerial implications and can be utilized as strategic guidance for FV/NEV automakers to pursue
coopetition under the dual-credit policy.
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MSC: 90B06

1. Introduction

The dual-credit policy is a new vehicle industry policy officially implemented by
the Chinese government in 2019 (Jia et al., 2024; He et al., 2020 [1,2]). As an alternative
to the NEV subsidy policy, the dual-credit policy encourages automakers to reduce the
fuel consumption of FVs and increase the production of NEVs (Yu et al., 2023; Lou et al,,
2020 [3,4]). If automakers have surplus total credits, they can sell them in the credit market
for extra profit. If automakers have insufficient total credits, they must compensate for
this insufficiency by buying credits from the credit market. Under the dual-credit policy,
automakers that produce a high proportion of FVs, such as “Great Wall Motors Co. Ltd.
(GWM), Hebei, China” and “Volkswagen, Shanghai, China”, face tremendous pressure
from negative credits. However, automakers that actively produce NEVs, such as “BAIC
Motor, Beijing, China” and “BYD Auto, Guangdong, China”, obtain the benefits of positive
credits (Li et al., 2020 [5]). Therefore, many traditional FV automakers, especially foreign
automakers in China, are actively seeking cooperation with NEV automakers to respond to
the dual-credit policy.

There are various types of cooperation between FV automakers and NEV automakers
under the dual-credit policy. For example, some automakers, such as BAIC, jointly produce
FVs and NEVs through cooperation between holding subsidiaries, an approach that can
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be named internal cooperation. Others, such as GWM and the “Hebei Yujie EV Company
(Yogomo), Hebei, China”, participate in limited cooperation between automakers, with
GWM preferentially obtaining NEV credits from Yogomo by holding 25% of Yogomo’s
shares. Other types of cooperation, such as that between “BYD, Guangdong, China”
and “Toyota, Japan”, “JAC, Anhui, China” and “Volkswagen, Shanghai, China”, and
“Zotye, Zhejiang, China” and “Ford, USA”, involve jointly funding the establishment
of a subsidiary to produce NEVs. This cooperation occurs not only within automakers
but also between automakers and even between competitors. Through such cooperation,
both parties strive to achieve brand sharing, technology sharing, and credit sharing to
better respond to market competition under the dual-credit policy. Therefore, what kind of
cooperation is most conducive to the maximization of the parties’ social welfare and the
development of NEVs is the focus of this study.

Although cooperating parties can complement each other’s advantages, allowing
the other party to continue to have its own core technologies may be a double-edged
sword (Ma et al., 2023; Li et al., 2019 [6,7]). Brand and technology sharing will inevitably
increase the substitutability and competitiveness of the company’s products. For example,
BAIC produced its own NEV brand, BAIC BJEV (EU260), based on its FV brand, such as
the BAIC Shenbao, which led some BAIC brand followers to switch from FVs to NEVs.
For cooperative companies such as BYD and Toyota, their new vehicle products will face
similar competition. Therefore, those automakers have to consider how to prioritize the
development of FVs and NEVs. Obviously, different production strategies will have a
profound impact on their profits and market competitive advantages.

Credit sharing is one of the most important driving forces for cooperation between
automakers (Wu et al., 2022; Lou et al., 2020 [3,8]). However, the Chinese government
clearly stipulates in the dual-credit policy that only when two parties hold 25% of each
other’s shares can they be allowed to share credits. Therefore, whether to share credits and
which party will dominate the credit sharing is another important factor affecting both
parties” production decisions. For BAIC, an automaker with outstanding NEV development,
the subsidiary BAIC BJEV will dominate credit sharing. GWM, a large FV automaker, will
dominate credit sharing in cooperation with Yogomo. Thus, automakers that hold no more
than 25% of each other’s shares will independently bear credit costs and credit benefits. We
are also curious about how credit sharing changes their optimal strategy selections.

To investigate these issues, we consider a complex relationship between FV automak-
ers and competitive NEV automakers that cooperate in production and credit sharing under
the dual-credit policy. The vehicles offered by the two parties are imperfectly substitutable;
that is, FVs can be fully substituted for NEVs, but the reverse does not hold true. There
are three coopetition production strategies between the two parties: the simultaneous
production strategy, the FV priority production strategy, and the NEV priority production
strategy. To provide a full picture of the outcomes of the three production strategies, the
following study will consider three scenarios: no credit sharing, credit sharing dominated
by FV automakers, and credit sharing dominated by the NEV automaker. These scenarios
are realistic in the practice of the dual-credit policy in China. The main contribution of
this study is that we not only consider the impact of credit prices on FV automakers and
NEV automakers but also comprehensively study the impact of credit cooperation on their
production strategies. This can help these automakers better deal with dual-credit policy
and maximize their credit benefits.

The remainder of this paper is organized as follows: after relevant studies are reviewed
in Section 2, the model notations and assumptions are presented in Section 3. Section 4
explores the optimal coopetition strategies of both parties without credit sharing according
to market size, credit price, and production cost and carries out sensitivity analyses of the
credit coefficient and NEV substitutability. Section 5 further investigates the impact of
credit sharing dominated by FV/NEV automakers on both parties” production decisions
and strategy selections. Then, a comparative analysis is performed from the perspectives of
production quantities, strategy length, total profit, and total credits in Section 6. Finally, we
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draw conclusions and provide suggestions for future studies in Section 7. All of the proofs
are presented in Appendix A.

2. Literature Review

The dual-credit policy has had a great impact on China’s vehicle industry and has
attracted many scholars to this research field. Jia et al. (2024) [2] established an evolu-
tionary game model to simulate and compare the effects of different policies on GMV
deployment. Xiao et al. (2023) [9] constructed NEV-FV competitive models to study the
effect of greenness-based subsidy policy and dual-credit policy on prices, quantities, profits,
consumer surplus, and social welfare. Ou et al. (2018) [10] summarized the dual-credit
policy and developed FV and NEV credit models to quantify the impacts of this policy
on consumer choices. Li et al. (2020) [11] examined the impacts of the subsidy policy and
dual-credit policy on NEV and FV production decisions. Obviously, there is an essential
difference between the dual-credit policy and the NEV subsidy policy. The former is a
production subsidy, and the latter is a consumption subsidy (Li et al., 2018; Ma et al.,
2017 [12,13]). Therefore, how the dual-credit policy affects the development of NEVs and
the decision-making behavior of automakers has become a focus of attention. Zhao et al.
(2019) [14] established a bottom-up framework to estimate the impacts of regulation on the
technological trends of battery electric vehicles under the dual-credit policy in China. Zhou
et al. (2019) [15] generalized the dual-credit policy and investigated its effects on green
technology investments and pricing decisions in a two-echelon supply chain.

In addition, some scholars further explored the production and pricing decisions of
automakers under the dual-credit policy. Zhao et al. (2024) [16] constructed a tripartite
evolutionary game model based on the tripartite Hoteling model, which involves NEV en-
terprises, FV enterprises, and governments under the dual-credit policy. Yu et al. (2021) [17]
used Stackelberg game paradigms to model a two-stage auto supply chain under the dual-
credit policy. Lou et al. (2020) [3] developed a decision-making model to optimize the fuel
economy improvement level and the production of internal combustion engine vehicles
(ICEVs) under the dual-credit policy. Li et al. (2020) [5] formulated a multiperiod credit
market dynamic equilibrium model to investigate the ongoing sustainable development of
NEV credits. Although these studies have provided a better understanding of the dual-
credit policy, they have not considered the coopetition relationship between FV automakers
and NEV automakers or the impact of credit sharing on their decisions.

This work is also closely related to the study of coopetition between firms. Previous
studies have explored various management fields, including outsourcing decisions (Heese
et al., 2020; Chen et al., 2019; Yan et al., 2019 [18-20]), strategic alliances (Rai, 2016; Lee
and Johnson, 2010; Bello et al., 2010 [21-23]), and supply chain operations (Ge et al.,
2014; Wilhelm, 2011; Chen et al., 2020 [24-26]). Some scholars have further examined
the advantages and disadvantages of coopetition strategies for participating firms and
investigated the optimal choice of coopetition strategies (Mantovani and Ruiz-Aliseda,
2016; Xu et al., 2010 [27,28]). Venkatesh et al. (2006) [29] indicated that the co-optor
strategy is the most optimal among the three distribution strategies for manufacturers of
proprietary component brands. Chen et al. (2019) [30] found that the optimal strategy for
coopetition is determined not only by the degree of production substitution but also by
the interfirm power relationship and the difference in production efficiency between the
two manufacturers.

Although cooperation can bring many benefits, whether to prioritize the development
of FVs or NEVs is always a controversial issue for automakers. According to the traditional
theory of market competition, both parties will strive to act as leaders in the cooperative
relationship to gain the first-mover advantage () (Feng et al., 2020; Pun, 2013 [31,32]). How-
ever, this often causes losses to the overall interests of both parties () (Guan et al., 2019;
Lukas et al., 2016 [33,34]). Under the dual-credit policy, not only will the development of
NEVs affect both parties’ competitive advantage, but each party will also directly affect the
other’s credit benefits, which will make their coopetition decisions more complicated. Fol-
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lowing on from these studies, we will investigate production coopetition strategies from the
perspective of total profits and consider the impact of credit sharing on optimal strategies.

This work is also related to studies of sharing in supply chains, including information
sharing (Johnsen et al., 2020 [35];), revenue sharing (Dye and Yang, 2016 [36]), and cost
sharing (Li et al., 2021 [37]). Li et al. (2020) ([38]) investigated a manufacturer’s information
acquisition and subsidization strategies in a supply chain featuring two competing retailers
that sell substitutable products and have private demand information. Huo et al. (2020) [39]
empirically investigated the impact of information sharing on different types of supply
chain-learning and their influences on flexible performance. Avinadav (2020) [40] studied
marketing and operational decisions in a two-echelon supply chain in which a retailer
and a manufacturer used a revenue-sharing contract to sell a perishable product. Zhao
etal. (2020) [41] presented all participants’ equilibrium strategies and corresponding profits
under a consignment contract with revenue sharing. Fan et al. (2020) [42] considered a two-
echelon supply chain in which an upstream manufacturer and a downstream retailer share
the product liability cost caused by quality defects. These studies prove that sharing has an
enormous impact on the operation and coordination of the supply chain. In addition, some
scholars have also addressed price sharing (Adhikari et al., 2020 [43]), resource sharing (Im
etal., 2019 [44]), and knowledge sharing (Yiu et al., 2020 [45]) in the supply chain. However,
credit sharing has not yet been studied. The implementation of the dual-credit policy will
increase FV automakers’ credit costs and NEV automakers’ credit benefits. Therefore, credit
sharing can be regarded as a special combination of revenue sharing and cost sharing that
will be examined from the production strategy perspective in this study.

3. Notation and Assumptions

In this study, FV automakers and NEV automakers with products that are partially
substitutable engage in a quantity-setting Cournot competition in the vehicle market
(Cheng and Fan, 2021 [46]). Therefore, we adopt the traditional competitive reverse demand
function, which is commonly used in the marketing and operations fields to investigate
production competition (Chen et al., 2019; Wang et al., 2013 [18,47]).

Pm = ¢ = qm —1qn 1
{Pn:‘i’—qn—qn@ @

where ¢ represents the upper bound on market size, p;,, / py is FV/NEV automakers’ retail
price, and ¢,/ qn is their production quantities. r is the substitution rate of NEVs for FVs
(Hsieh and Lai, 2020; Hopp and Xu, 2008 [48,49]). Due to the high production cost, low
cruising distance, and inconvenience of power replenishment, NEVs are usually regarded
as inferior to FVs. The latter are assumed to be perfect substitutes for the former, but
the reverse is not true. For simplicity, the FV automakers” marginal production cost is
normalized to zero, and the NEV automakers’ marginal production cost is Ac (Gray and
Roth, 2009 [50]).

The dual-credit policy will increase the credit cost of FV automakers and increase the
credit benefits of NEV automakers. The credit cost of FV automakers is mainly derived
from two factors. One factor is the production ratio of NEVs required by the government,
and the other is the NEV credits required for fuel consumption levels that fail to meet the
standard set by the government. The credit cost caused by the former is fixed, and the credit
cost caused by the latter depends on the actual energy-saving efforts of FV automakers. For
simplicity, let B,, be the FV credit coefficient; that is, the FV automakers will bear the 8, p.
credit cost for each FV produced, where p, is the credit price. Obviously, the larger the
B, the greater the credit cost faced by FV automakers. Similarly, the NEV automaker will
obtain positive NEV credits from the production of NEVs based on cruising distance. Let
B be the NEV credit coefficient. A higher cruising distance corresponds to more positive
credits received for each NEV. A higher credit coefficient for NEVs means a higher cruising
range; therefore, each NEV produced will obtain more credits.
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We consider three production strategies for the relationship between FV automakers
and NEV automakers: the simultaneous production strategy (S1), the FV priority produc-
tion strategy (S2), and the NEV priority production strategy (S3). In the simultaneous
production strategy, the two parties compete in terms of quantity by simultaneously choos-
ing production quantities. Both parties are economically rational and act strategically to
maximize their profits depending on the other party’s decisions. In the FV or NEV priority
production strategy, the two parties play a Stackelberg game, with one as the leader and
the other as the follower.

4. Coopetition Production Strategy without Credit Sharing

This section begins with the scenario in which the shareholding ratio of the two parties
has not reached the standard set by the government, so credits cannot be shared. Thus, the
FV automaker and NEV automaker will independently bear credit costs and credit benefits.
The profit function of both parties is as follows.

Ttn = Qm(fp —qm — 71771) — ﬁQOPe/ ()

Ty = (qn (47 —qn — q9m — AC) + ,Bn‘hpe, 3)

which are concave and differentiable. Note that in these two profit functions, the first term
is the profit from selling products in the vehicle market, whereas the second is the costs
and benefits from credit trading in the credit market. The total profit of both parties is
represented by 7, = 7 + 7T

Three production strategies are examined to determine which is optimal for automak-
ers without credit sharing. Then, the impact of vehicle market size, credit price, credit
coefficient, and NEV substitutability on production decisions is investigated.

4.1. Equilibrium Outcomes of Three Production Strategies

In the simultaneous production strategy (S1), the optimal solution can be obtained by

the first-order derivative condition, %7;7': =0, aag: = 0. For production strategies S2 and
53, the reverse induction method is needed to solve them. For example, for production
strategy S2, the optimal response function of NEV automakers is first obtained according

to the first-order derivative condition, %7;: = 0. Then, the reaction function is substituted

into Equation (2), and the optimal solution for the FV automaker is obtained according

to the first-order derivative condition, %;f;l = 0. The closed-form expressions of the

game equilibrium outcomes under the three production strategies are summarized in the
following proposition.

Proposition 1. In the simultaneous production strategy (S1), the equilibrium production quantities
and profits are as follows:

S1 _ 2=n)¢+rAc— (2B, +rBu)pe  S1 _ 9—2Ac+(Bim+2Bn)pe .
qm 4—vr ’ an 4—r 7 )
[(2=r)¢+rAc— (2B, +7Bn)pe] 51 — [¢—2Ac+ (Bm+2Bn) pe] n.ZSl _ 7.[511 + 7.[31‘

S1
7T = =
m (4—r) 7o (4-r)* ’

In the FV priority production strategy (S2), the equilibrium production quantities and profits
are as follows:

(2=r)¢+rAc—(2B,, +1Bn)pe 52 = (2=r)¢p—(4=r)Ac+[2B,,+(4=7)Bnlpe .

[(2=r)p+rAc—(2B,,+7Bn)pe]*

202—7) r In a7 ’

7.[32 _ [(2=r)p—(4—7)Ac+(2B,,+(4=1)Bn)pe]” 7.(252 — nfnz + 7-[52.

8(277’) 4 16(2—7)2 7
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In the NEV priority production strategy (53), the equilibrium production quantities and profits
are as follows:

S3 _ (4=8n)@+2rAc—[(4—r)B,, +2rBulpe 53 _ =28+ (Bu+2Bn)pe.
T -7 ’ ‘Z 202-7) L
4-3r)p+2rAc—((4— 2rBn) pe - m+2Bu) pe 53
83 = [4=8near 26((2(_r)r2)ﬁm+ Bulpel’ 53 _ [¢ ZAc;gj)Zﬁ g )

Proposition 1 provides several conclusions about the impact of market size, NEV
production cost, and credit price on the equilibrium outcomes. In the three production
strategies 51-53, a greater market size always results in a larger production quantity
and profit for both parties. However, the NEV production cost and credit price have
opposite impacts on the two automakers. A high NEV production cost will be beneficial
to the FV automaker but detrimental to the NEV automaker, while a high credit price
will be beneficial to the NEV automaker but detrimental to the FV automaker. As the
NEV production cost decreases and the credit price increases, NEVs will gain a greater
competitive advantage over FVs. Moreover, the following lemmas are obtained by drawing
on Proposition 1.

Lemma 1. For the three production strategies, 45> > qoi> q5°, and q;° > qut > g52.

Lemma 1 implies that there is a first-mover advantage for both the FV automakers
and the NEV automaker. The FV automaker will gain a greater competitive advantage
under the FV priority production strategy, while the NEV automaker will gain a greater
competitive advantage under the NEV priority production strategy. Therefore, in the
scenario of no credit sharing, both parties have the motivation to become the leader of the
production strategy.

Lemma 2. For the three production strategies,

(1) when the FV automaker tries to reduce B,,, the production quantities of FV's will increase,
and the production quantities of NEVs will decrease, while when the NEV automaker tries to
promote By, the production quantities of FVs will decrease, and the production quantities of NEV's
will increase;

(2) the production quantities of FV's increased by reducing B, are greater than the production
quantities of NEVs increased by promoting By,.

Lemma 2 implies that, as the credit cost coefficient of FVs, reducing ,, is conducive
to maintaining the competitive advantage of FVs, and as f;, is the credit benefit coefficient
of NEVs, increasing B, helps increase the competitive advantage of NEVs. There are two
main ways to reduce B,;: one is to reduce the fuel consumption level of FVs, and the other
is to reduce the production ratio of NEVs prescribed by the government. As the dual-credit
policy becomes more stringent, the production ratio of NEVs will also increase. Therefore,
FV automakers can maintain their competitive advantage only by investing in reducing fuel
consumption under the dual-credit policy. For NEV automakers, increasing the cruising
range is the main way to increase f8,. However, FVs already occupy a major share of the
vehicle market and have a first-mover advantage, forcing NEV automakers to make greater
efforts to gain a competitive advantage.

Lemma 3. For the three production strategies,

(1) g5} and q32 decrease in r and g5 and g5 increase in r, and

(2) when pe > pY, g2 decreases in r and g3 increases in r; when 0 < p, < p%, g2 increases
in r and q5? decreases in r.

Lemma 3 implies that with the increase in NEV substitutability, the production quanti-
ties of NEVs will increase, and FVs will be gradually replaced by NEVs. However, under
the FV priority production strategy and when the credit price is low, counterintuitive
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results appear. The increase in NEV substitutability will not increase the market share of
NEVs but will further strengthen the competitive advantage of FVs. This scenario has been
a common phenomenon in the early implementation of the dual-credit policy. The credit
market is not yet mature, and the credit price is generally low (only RMB 300/ unit in China
in 2019). Therefore, the increase in the NEV substitutability will lead to counterattacks by
FVs with first-mover advantages, such as price wars. Only when the credit price reaches
a certain height can NEVs gain enough credit advantage to compete with FVs. In short,
during the early implementation of the dual-credit policy, increasing the credit price is
more conducive to the development of NEVs than increasing NEV substitutability.

Drawing on Proposition 1, the conditions of vehicle market size that make FVs and
NEVs coexist in the vehicle market (i.e.,, g, > 0, g, > 0) under the three production
strategies are derived in Proposition 2.

Proposition 2. For the three production strategies, FVs and NEVs can coexist in the market only
when the vehicle market size meets the following conditions:

—rAc+(2 Bn)pe
(1) ¢ > max{g3t, @51}, @5t = ZLALEPLBPe 451 opc (B, +2B) pe;

—rA 2 njre — — m - n|Pe
@9 > mar{gF, g2, 457 — AU g2 (o P Gl

(3) ¢ > max{g3, o}, ¢5? = ZAHOLLuIBRE §%2 — e — (B + 2B e

Proposition 2 implies that when the vehicle market size is large enough relative to
the NEV production cost and credit price that ¢ > max{(p,f}, P31 }, then FVs and NEVs
will coexist in the vehicle market. ¢, is the minimum market size for FVs in the vehicle
market under the simultaneous production strategy (S1), while ¢;! is the minimum market
size for NEVs in the vehicle market. Otherwise, the simultaneous production strategy (51)
will be reduced to a monopoly setting in which the FV automaker or NEV automaker will
be expelled from the vehicle market. Similar properties and conclusions are observed in
production strategies 52-5S3.

When ¢,§} = 31, we can obtain the critical line pg = ﬁmAJfﬁn . When 0 < p, < pg,

then ¢3! < ¢'; when p, > p?, then ¢3! > ¢5l. p? is not only the critical line between
¢35t and ¢3! but also the critical line between ¢52 and ¢52 and ¢,° and ¢;°. Thus, p? is a
very important critical line for the competitive advantage of FVs and NEVs regardless of
production strategy. When the credit price is relatively low, it will be easier for FVs to gain
a foothold in the vehicle market, and when the credit price is high, the credit benefits will
be high enough for NEVs to gain a competitive advantage.

This critical line depends mainly on two key factors: the production cost gap Ac
between the two parties because a decrease in NEV production cost will increase the
likelihood of NEVs gaining a competitive advantage, and the credit coefficient of both
parties, B, and B, because a higher B, will increase the likelihood of NEVs gaining a
competitive advantage. Therefore, the higher the NEV production cost and the lower the
fuel consumption level of FVs, the higher the p?, which will be more conducive for FVs to
maintain competitive advantages. In contrast, as the NEV production cost decreases and the
NEV cruising range increases, p! will decrease, which will help NEVs gain a competitive
advantage. Interestingly, the critical line p? has nothing to do with NEV substitutability
because under the dual-credit policy, the key factor that determines whether FVs and NEVs
can coexist in the vehicle market is not substitutability but the gap between the two parties’
production costs and credit coefficients.

Table 1 shows that the market size threshold for each production strategy depends
on the credit price level. When p, > p!, if ¢ € [¢;°, +0), then the production of FVs and
NEVs under each production strategy is non-negative, i.e., production strategies S1-53
are all applicable under this condition. If ¢ € [¢pl/$5%, ¢5°), then production strategy
53 is no longer applicable, and only production strategies S1 and S3 are applicable. If
¢ € [0, iy cp,snz), then the FV automaker will be expelled from the vehicle market, and
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there will be no room for production cooperation. A similar situation results if 0 < p, < p?
in the three production strategies.

Table 1. Vehicle market size for the application of the three production strategies.

Credit Price Market Size Production Strategies
lgbﬁf, +00) 51/52/53
pe>pl [0/ pits P 51/52
[0, ¢t/ d?) Only NEVs
(¢332, +00) 51/52/53
0 S
0 < pe < pl 1/, 97 S1/S3
[0, ¢t/ ¢33) Only FVs

4.2. Optimal Production Strategies

Although market size has a great impact on the selection of a production strategy, it
is relatively stable and can, therefore, be regarded as an exogenous variable. In fact, we
pay more attention to the impact of changes in credit prices and NEV production costs on
production strategy. In this section, we explore the optimal production strategy for the total
profit of both parties via comparisons between the three production strategies S1-S3. If
¢ < @5t/ P52 when pe > plorif ¢ < ¢yl /¢y when 0 < p, < p?, then either FVs or NEVs
are always expelled from the vehicle market, and the other is always the monopolist. We
focus on the coexistence of FVs and NEVs, and the two reduced cases are omitted here.
On the basis of Proposition 2, the optimal production strategies without credit sharing are
summarized in Proposition 3.

Proposition 3. For the three production strategies S1-S3, as shown in Figure 1,

(1) all critical lines for production quantities p, ~ f(Ac) intersect at point (ﬁ’”ﬁ%ﬁ”q), }%),

(2) if pe € [pe11/pea1, +°) or pe € [0, pe12/ pesz2), then FVs or NEVs will not coexist
in the wvehicle market, and the applicable intervals of the three production
strategies S1-S3 are A — C(pe12/ Pes2< P, < Pe11/ Pe21), A — Ba(per2 < p, < Per1/ pe21), and
B1 — C(pe12/ pes2 < p, < pesn), respectively;

(3) in interval By (pe13p < P, < Pes1), the NEV priority production strategy S3 will be the
optimal strategy; in interval By (pexn < p, < Pet2a), the FV priority production strategy S2 will be

the optimal strategy; otherwise, the simultaneous production strategy S1 will be the optimal strategy.

All the critical lines related to credit price p, in Proposition 3 are derived from the
critical lines related to vehicle market size ¢ in Proposition 2. For simplicity and to guarantee

meaningful outcomes, let Ac < B ";;;lﬁ ¢ and p, < % Figure 1 illustrates the applicable

interval of the three production strategies and the optimal strategy for maximizing both
parties’ total profits in each interval. pe11, Pei2, Pe21, Pe22, Pe31,and pesp are the critical
lines of production quantities q,, and q,,, while p,124, Pe12b, Pel3ar Pe13bs Pe23a, and peo3, are
the critical lines of total profit for each production strategy. It should be noted that the
parameter settings in Figure 1, especially the FV/NEV credit coefficients B, and B, are
set based on the simulation of China’s BAIC EU260 and other automobile products. The
changing rules of these parameters have been proved in our proposition.

In Figure 1, the applicable interval of production strategies S1-5S3 is divided into two
parts symmetrically by p?. The interval below p? belongs to the competitive advantage
area of FVs, and that above p? is more conducive to the development of NEVs. The
gap in production cost between the two parties is another important factor. When NEV

production cost Ac is high (Ac — %QD) , regardless of how high the credit price p, is,

NEV automakers will choose to abandon the vehicle market due to unprofitability. In this
scenario, the government often introduces subsidy policies to support the development
of NEVs.
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However, even if Ac decreases to interval C, it is still difficult for the two parties
to achieve production cooperation due to the weak competitiveness of NEVs. When Ac
further decreases, and the credit price remains at a low level, that is, in the B, interval,
the two parties will choose the FV priority production strategy (S2) to achieve a Pareto
improvement of total profits. Interestingly, if Ac continues to fall or p, continues to rise, i.e.,
in the B, — Bj interval, the NEV automakers will tend to compete rather than cooperate. In
such a scenario, NEV technology is relatively mature, and the competitive situation is more
conducive for NEV automakers to occupy a larger market share and earn profits. Since
B, — Bz is a fiercely competitive interval for FVs and NEVs, the necessity of a NEV subsidy
policy will decrease, and the incentive value of the dual-credit policy will increase. On the
right side of Figure 1, the red circle represents the optimal strategy in this area.

A similar situation results if p. > p,o in interval A — B, for the three production
strategies, in which case the NEV automaker will dominate the vehicle market. Similarly, as
the competitiveness of the FV automaker continues to decline with a high credit price, both
parties will choose the NEV priority production strategy (S3) as their optimal strategy in
interval B;. Obviously, when the credit price is higher than the critical line, the importance
of the credit price to the competitive advantage will be greater than the production cost
gap between the two parties.

Pe

. Pe23b

9 _H
B,
S1 s2 83
A @O
3 ® @ @
2@ ® @
Pell/Pe21 5O @ @
Pe31 B4 ' . .
c @ L
: B
e ac
0 Pe22 Pel2/Pe32/Pel3a B+
—F ¢

B

$=140, 7 =06, B, =04, B, =44

Figure 1. Optimal production strategies without credit sharing.

The development of NEV technology often requires a process. Therefore, the NEV
production cost will remain relatively stable for a period of time. For a particular Ac, the
selection of the production strategy will depend mainly on the credit price p,, and the
existence condition of each production strategy will change from a certain interval to a line
segment, as shown in Figure 1. Let 151 152 and L33 be the lengths of the three production
strategies S1-S3, respectively. Then, we obtain the following:

(4= 1) [(Bn + Bu)¢ — BuAc]
(Bm +2Bn)(2Bm +1Bn)

L? = pey1 — perz = 42 =1)[(Bn + ) — Plc]
AP T 0B 1) 2By + (2 — 1)Ba]’

19— pot — peg = 22D [(Bn & Br)g = puhd]
AL B 1 2Bu) (4~ 1)Bu + 2rBa]’

where Ac is a certain NEV production cost for a period of time. Again, comparing the
lengths of the three production strategies L°! — L3 leads to the following lemma.

L' = pett — per2 =
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Lemma 4. For the length of the three production strategies,

(1) L' > L2 > L3, i.e., the simultaneous production strategy (S1) is the longest, and the
NEV priority production strategy (53) is the shortest, and

(2) all strateqy lengths L', L2, 153 decrease in B, Bn, and r.

Lemma 4 implies that the simultaneous production strategy (S1) has the largest appli-
cable interval and can allow FVs and NEVs to coexist in the vehicle market to the greatest
extent. However, the FV priority development strategy (52) will hinder the development
of NEVs and increase the survival challenges of NEVs. In addition, the strategy length is
affected by the credit coefficient and NEV substitutability. Counterintuitively, when FV
automakers try to reduce fuel consumption, the strategy length of all production strategies
will not be shortened due to the increased advantages of FVs; rather, the strategy length
is extended. The reason may be the relief of the FV credit pressure, and the decline in
competition will give NEVs more room for survival in the vehicle market. However, if
the NEV cruising range and substitutability are increased, the length of all production
strategies will be reduced and encroach on the market share of FVs. Therefore, reducing
fuel consumption will lead to a win—win situation for FVs and NEVs, but increasing cruis-
ing range and substitutability will accelerate the transformation of the vehicle market to a
monopoly market dominated by NEVs.

Finally, we discuss the credit equilibrium of the three production strategies. Let
V = Buqn — Bmqm be the total credits of each production strategy. When V' > 0, the
automakers have obtained positive credits; otherwise, the credits are negative and need to
be supplemented by purchasing NEV credits from the credit market. Again, comparing the
total credits of the three production strategies V5! — V53 leads to the following lemma.

Lemma 5. For the three production strategies, the total credits satisfy V53 > VS > V52, Moreover,
the NEV priority production strategy (S3) most easily achieves credit equilibrium, and the FV
priority production strategy (S2) has the greatest difficulty achieving credit equilibrium.

Lemma 5 implies that the NEV priority production strategy (S3) benefits from the
first-mover advantage of NEVs and thus obtains more positive NEV credits. In contrast, the
FV priority production strategy (S2) is more conducive to FVs, resulting in more negative
NEV credits. At present, many automakers adopt the FV priority production strategy (52),
but the credit market is not yet mature, and there are great uncertainties in the price and
supply of credits. As a result, these automakers will face greater risks in credit trading.

5. Coopetition Production Strategy with Credit Sharing

Credit sharing is one of the main forms of cooperation between FV automakers
and NEV automakers under the dual-credit policy. At present, the Chinese government
stipulates that only if the shareholding ratio exceeds 25% can credits be shared between
cooperative automakers. In this section, we will discuss the two main credit-sharing
scenarios. One is credit sharing dominated by FV automakers, such as the relationship
between GWM and Yogomo. The other is credit sharing dominated by the NEV automaker,
such as the relationships between BYD and Toyota and BAIC Shenbao (X35) and BAIC
BJEV (EU260). In the former scenario, the credit costs and credit benefits will be borne by
the FV automaker, while in the latter scenario, the NEV automaker will bear the credit
costs and credit benefits. Similarly, we will discuss the equilibrium solutions, the optimal
production strategies, and some important properties for both parties under these two
credit-sharing scenarios.

5.1. Credit Sharing Dominated by the FV Automaker

The FV automaker will bear the credit costs and credit benefits when it dominates the
credit sharing. For example, in the cooperation between GWM and Yogomo, Yogomo's
NEYV credits will be transferred to GWM to meet GWM'’s great demand for positive NEV
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credits. As a transaction, GWM will hold a 25% stake in Yogomo and provide Yogomo with
advanced vehicle manufacturing technologies to enhance the competitiveness of its NEVs
in the vehicle market. The profit function of both parties in this scenario can be obtained
as follows.

Ton_Fv = Gm(P — Gm — 1qn) + (Bnqn _:qum)pe' (4)
Ty FV = qn (Qb —qn —qm — AC)- )
Similar to Section 4, according to Equations (4) and (5), the equilibrium solutions

of both parties under the three production strategies can be deduced in the following
proposition.

Proposition 4. The equilibrium production quantities of both parties, with credit sharing dominated
by the FV automaker, are as follows:

S1 _ @-r)¢p+rAc=2B,pe  S1  _ p—2Ac+Bmpe.

Im_rv = p— ' Qu_Frv = i

S22 _ (2=n)¢trAe—(2B, +Bu)pe S22 _ (2=r)p—(4—1)Act+(2B,,+Bn)pe .
Tm_rv 2(2—7) + In_Fv i2-r) 7
S3  _ (4=8n)¢+2rAc—(4-r)B,pe  S3  _ ¢p—20c+Pmpe

Im_Fv = 2= v = 22

According to Proposition 4, credit sharing dominated by the FV automaker will cause
the following changes in the equilibrium production quantities compared with the scenario
of no credit sharing.

S1 npPe S1 2 npPe .
Ay py = 75{; ’ )?%_FV = _%j; ‘3 y
S2 _ —1)PnPe S2 _ —1)PnPpe .
Ay py = — 2(2—r)p By = — 4(2—r)p ’
S3 _ bBupe S3 _ nPe
Agu rv = 2(,[32_}7r), Agyry = _gfr'

Under the simultaneous production strategy (S1) and the NEV priority production
strategy (53), credit sharing dominated by the FV automaker will increase the production of
FVs and reduce the production of NEVs. Obviously, under these two production strategies,
the FV automaker has an incentive to convert its credit advantages into production advan-
tages. However, it is counterintuitive that under the FV priority production strategy (52),
the production of FVs will not increase but will decline. It may be that the credit advantage
of the FV automaker eases the competition between the two parties, thereby weakening the
motivation of the FV automaker to use its first-mover advantage to maintain its market
share. In other words, credit sharing can enable the two parties to avoid price wars to a
certain extent and achieve a win-win situation.

Again, the following lemmas are obtained by drawing on Proposition 4.

Lemma 6. For the three production strategies with credit sharing dominated by the FV
automaker, 4y} py,, qoz gy and 452 ., decrease in p, and increase in Ac, and q3'p,, and 3, and
qff’ py increase in pe and decrease in Ac.

Lemma 6 implies that a high credit price and low production cost are undoubtedly
more conducive to the development of NEVs. This conclusion is consistent with the scenario
of no credit sharing. Therefore, regardless of whether credits are shared, maintaining a
reasonable credit price is a necessary condition for the dual-credit policy to be effective.

Lemma 7. For the three production strategies with credit sharing dominated by the FV automaker,

(1) under all three production strategies S1-S3, when the FV automaker tries to reduce B,
the production of FV's will increase, and the production of NEVs will decrease;

(2) the production of FVs and NEV's under the simultaneous production strategy (51) and the
NEYV priority production strategy (S3) will have nothing to do with By,

(3) under the FV priority production strategy (52), when the NEV automaker tries to in-
crease By, the production of FVs will decrease, and the production of NEVs will increase.
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Lemma 7 implies that credit sharing dominated by the FV automaker will not change
the impact of the FV credit coefficient on both parties’ production but will change the impact
of the NEV credit coefficient on both parties” production. Especially under production
strategies S1 and S3, because the NEV automaker no longer enjoys credit benefits, it loses
the influence of the NEV credit coefficient on the production decisions of both parties.
However, under the FV priority production strategy (52), the FV automaker must consider
NEV production to optimize its credit benefits. This instead prompts the NEV credit
coefficient to become a key constraint for the development of FVs. Therefore, even if
current automakers, such as GWM, generally adopt the FV priority production strategy
(S2) and even take advantage of credit sharing, NEV automakers, such as Yogomo, can still
gain market competitive advantages by increasing their cruising range.

Lemma 8. For the three production stmtegies with credit sharing dominated by the FV automaker,
(1) q51 py and g53 ’ py decrease in v and 7 FV and q3 FV increase in v, and

(2) when p. (p¢ HZ < pe < pex1) is high, g% 1, decreases in r and q32, increases in r, and
when pe (pexz < pe < pH?) is low, g3 1, increases in r and q525,, decreases in r.

Lemma 8 implies that in most cases, credit sharing dominated by the FV automaker
does not change the relationship between the production quantities of both parties and NEV
substitutability. The higher the NEV substitutability is, the stronger the competitiveness of
NEVs. However, under the FV priority production strategy (S2), there are counterintuitive
results. When the credit price is low, the production quantities of NEVs will not increase
because of the increase in their substitutability but rather will decrease. The reason may
be that due to the low credit price, the dual-credit policy has not effectively changed the
competitive advantages of both parties. As NEV substitutability improves, FV automakers
will use first-mover advantages, such as price wars, to suppress NEVs and maintain their
market position. Once the credit price increases, FV automakers will have to consider the
credit benefits generated by the growth of NEVs and thus tend to cooperate rather than
suppress. Therefore, in the scenario of credit sharing dominated by the FV automaker, it is
counterproductive to improve NEV substitutability, and increasing the credit price is more
important for the development of NEVs.

Drawing on Proposition 4, the conditions of vehicle market size that make FVs and
NEVs coexist in the vehicle market (i.e., g, > 0, g4 > 0) under these three production
strategies with credit sharing dominated by FV automakers are derived in Proposition 5.

Proposition 5. For the three production strategies with credit sharing dominated by the FV
automaker, FVs and NEV's can coexist in the market only when the vehicle market size meets the
following conditions:

—rAc+2B,,p. B _

1) ¢ = max{gbf}_w, GI’EEFV}/ Pol pv = M  n'py = 28¢ — Bupe;
—A+2m+ne (A=) Ac— (2Bt Bu)pe .

2)¢ = mﬂx{ﬁbi{w/ﬁ”ﬁ}w}f Porry = (ZEr o RV = (e BBt fulp:,
—2rAc+(4—1)B, pe B

3¢ > max{zpﬁ}_FV, ‘P;%Fv}r Poiry = — C4£ TR ul ‘PS3 = 2A¢ = Pmpe-

Compared with the scenario without credit sharing, the critical market size of each
production strategy with credit sharing dominated by the FV automaker also changes as
follows. Obviously, under production strategies S1 and S3, credit sharing dominated by
the FV automaker reduces the critical market size of FVs and increases the critical market
size of NEVs. Thus, under these two production strategies, NEVs will have more difficulty
surviving in the vehicle market, and FVs will survive more easily. Interestingly, under the
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FV priority production strategy (S2), the critical market size of FVs also becomes larger. In
other words, it is more difficult for both parties to coexist in the vehicle market.

A¢m vV — a rg;’ge/Agb = 2,8;1}76)/5
V) PnpPe 7)Pnpe .
A‘Pm FV = : A‘P =2 P

—r

2rBupe
A(Pm V= Zli:f; ; A‘Pn “rv = 2Bnpe-

_ _ S3 483 .
Similarly, let ¢,' py = ¢plpy, $prpy = ey and ¢ py = ‘Pn “py; then, we can

obtain the critical lines pg Fsvl = /éj PS FS{/Z = 2,32%;:/5 ,and pg}s{;’ ﬁ , respectively, and

0<p, FSVZ < pg Fsvl / pg FSV3 The market size threshold for each production strategy with

credit sharmg dominated by the FV automaker is summarized in Table 2. For example,

when 0 < p, < rﬁ;Afﬁy, ,if ¢ > ¢52, production strategies S1-S3 are all applicable, and if

Pt/ < ¢ < ([)iZ, NEVs will be expelled from the vehicle market under the FV priority
production strategy (S2). Therefore, only production strategies S1 and S3 will be applicable
under this condition. Then, if ¢ < ¢3'/¢;3, these three production strategies will no
longer be applicable and will degenerate into a monopoly setting with only FVs. Similar
conclusions apply to other intervals of p, and ¢. Therefore, only when the credit price or
market size is large enough will both parties have enough options to improve production
strategies and credit benefits.

Table 2. Market size for the three production strategies with credit sharing dominated by the
FV automaker.

Credit Price Market Size Production Strategies
[ 52, +00) 51/52/53
83 pS2 51/S3
Pe = Py /Py P o)
[ m s m) S1
[0, ¢t) Only NEVs
(-9 (2, +c0) 51/52/S3
r)Ac S 0—-S3
@Butp = Pe <P, e rV /Py (90" /93>, dn7) §1/53
[0, p51/¢33) Only FVs
() [¢pnS1/¢pnS3,+0) S1/52/S3
—T1)Ac
PoFy SPe< wrpaip 032, ¢/ 03°) 52
[0, ¢32) Only FVs
\ s [(,bnSl/(anS +oo) S1/52/S3
ButBr = Pe < PeFv (032, i /o) 52
[O ¢32) Only FVs
\ [ 22, 4-00) 51/52/S3
_rAc 2
0= pe < 75,47 051793, 9 51/53
[0, ot/ ¢n3) Only FVs

Considering the effect of changes in credit prices and NEV production cost on pro-
duction strategies with credit sharing dominated by the FV automaker leads to the follow-
ing proposition.

Proposition 6. For the three production strategies with credit sharing dominated by the FV
automaker, as shown in Figure 2,
(1) the critical lines for production quantities under production strategies S1-S3 intersect at

points H1 (<p, ﬁ%>’ H2 (4), %), and H3 ((p, %), respectively;

(2) the applicable intervals of the three production strategies S1-S3 are p,12/ pe2< p, <
Peils Pe22 < P, < Pe1, and pe1a/ pez2 < p, < Pest, respectively; otherwise, FVs and NEV's will
not coexist in the vehicle market;
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(3) the optimal production strategy for each applicable interval is shown in Tables 3-5. For
example, in interval A(I), the simultaneous production strategy (S1) will be the optimal strategy;
in interval B(I), the NEV priority production strategy (S3) will be the optimal strategy; and in
interval C1(I), the FV priority production strategy (S2) will be the optimal strategy.

Table 3. Applicable interval and optimal production strategies under scenario I with credit sharing
dominated by the FV automaker.

Interval 51 S2 S3 Profit Comparison

A o st

B o o n23 > mdl

G o o o 2 > 33> il
G o o o B > 15> nst
C3 o o o 3 > slt> 32
Cy o o o ol > 33> m3?
Cs (o} o o ol > 2> 3
Ce o o o 73?2 > st> nsd
D o o el > P

Table 4. Applicable interval and optimal production strategies under scenario II with credit sharing
dominated by the FV automaker.

Interval s1 S2 S3 Profit Comparison
A o St
B o o 3 > mst
C o o o 2?2 > 33> mdt
D (0] 3

Table 5. Applicable interval and optimal production strategies under scenario III with credit sharing
dominated by the FV automaker.

Interval 51 S2 S3 Profit Comparison
A o nst
B o (0] 73 > mst
C (0] uch
Pe

9 H

ﬁm HI/H3

Pell

Pe31

Pe2l

Pe23v |

Pe12b s

Pe13b | c4-¢s5Col D > AC
0l

Pevsa | Pe22 Pel2/ ) M¢

Pel2a | Pe32/ Bm

Pe13a

$=40, r=06, f, =0.4, B, =44

Figure 2. Optimal production strategies with credit sharing dominated by the FV automaker.
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There is no doubt that credit sharing has a significant impact on the applicable in-
terval of the production strategy and the selection of the optimal strategy. Comparing
Figures 1 and 2, we find that the applicable interval of the three production strategies has
been greatly reduced on the horizontal axis. This means that credit sharing dominated
by the FV automaker has higher requirements for the NEV production cost. Only when
the NEV production cost is reduced to a certain level may the two parties consider credit-
sharing cooperation dominated by the FV automaker. At the same time, the critical lines
of the credit price of each production strategy have been raised, indicating that credit
sharing dominated by the FV automaker also requires a higher credit price. In addition,
the applicable interval in this scenario has become more complicated.

In interval I of Figure 2, the applicable interval of all production strategies can be
subdivided into nine intervals A — D. In interval A, only the simultaneous production
strategy (S1) is applicable, so it is also the optimal production strategy. In interval B,
production strategies S1 and S3 are applicable. However, the total profit of production
strategy S3 is higher than that of production strategy S1, so production strategy S3 is the
optimal strategy. Similarly, in interval Cy, all three production strategies are applicable, and
the optimal strategy is production strategy S2. The applicable production strategy for each
interval is represented by a black circle, and the optimal production strategy is represented
by a red circle, as shown in Table 3. Obviously, in intervals B, C1, C2, C3, and Cg, the FV or
NEYV priority production strategy can be adopted to realize the Pareto optimization of both
parties’ total profit.

In intervals II and III, the applicable interval of each production strategy will become
simpler. In these intervals, the Pareto optimization of total profit can also be achieved by
selecting one of the three production strategies.

For a relatively stable NEV production cost Ac in a certain period, we can also obtain
the length of these three production strategies with credit sharing dominated by the FV
automaker as follows.

1St (4—r)(¢—Ac) 152 _ 2(2—r)(¢—Ac) 1S3 _ 4(2—r)(¢ — Ac)
-V 2Bm P 2B, +Bu Y (4—7)Bm

Lemma 9. For the three production strategies with credit sharing dominated by the FV automaker,

(1) Lf}:v > Lff_lv > Li%v; i.e., the simultaneous production strategy (S1) is the longest, and
the FV priority production strategy (S2) is the shortest;

(2) under all the production strategies, when the FV automaker tries to reduce By, the length
of all production strategies will increase, and when the NEV automaker tries to increase By, it has
no impact on the length of production strategies S1 and S3 but will shorten the length of production
strateqy S2;

(3) as NEV substitutability r increases, the length of all production strategies will decrease.

Lemma 9 is basically consistent with Lemma 4 without credit sharing. The difference
is that under the simultaneous production strategy (S1) and the FV priority production
strategy (S3), the NEV automaker will not be able to influence the strategy length for
both parties by increasing its cruising range. This implies that in the scenario of credit
sharing dominated by the FV automaker, the selection of a production strategy will be
more beneficial to the FV automaker than to the NEV automaker.

Similarly, we discuss the total credits of each production strategy with credit sharing
dominated by the FV automaker in the following lemma.

Lemma 10. For the three production strategies with credit sharing dominated by the FV automaker,

(1) in the high credit interval (peH_FV <pe < pm), VEL > V3 in the moderate credit inter-

val (Pé\fpv < pe < peI‘_[FV), VE > VEL; in the low credit interval (pgn/}?esz < pe < p?fpv),
S3 S1 S2.
Vev > Viv > Viy,
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(2) the NEV priority production strategy (S3) most easily achieves credit equilibrium, and the
FV priority production strategy (52) has the greatest difficulty achieving credit equilibrium.

Interestingly, in the scenario of credit sharing dominated by the FV automaker, when
the credit price is high, production strategy S1 instead of production strategy S3 maximizes
the total credits of both parties. The reason is that because the NEV automaker no longer
bears credit benefits, regardless of how high the credit price is, its first-mover advantage
will not take into account the credit benefits. However, under the simultaneous production
strategy (S1), as the FV automaker bears credit benefits, a high credit price will prompt it to
reduce certain FV production quantities to obtain higher credit benefits.

5.2. Credit Sharing Dominated by the NEV Automaker

For cooperative companies such as BYD, Toyota, BAIC Shenbao (X35), and BAIC BJEV
(EU260), the credit benefits and credit costs are borne by the NEV automaker. In their
cooperative relationship, the NEVs are relatively mature and have sufficient positive NEV
credits. The profit function of both parties in this scenario can be obtained as follows.

Tn NEV = Gm(P — Gm — 1qn), (6)

Ty _NEV = ‘711(4) —n —q9m — AC) + (,BnEIn - :qum)pe. (7)

According to Equations (6) and (7), the equilibrium outcomes of both parties under
the three production strategies can be deduced in the following proposition.

Proposition 7. The equilibrium production quantities of both parties, with credit sharing dominated
by the NEV automaker, are as follows:

s1 _ (2=n)¢+rAc—rBupe 51 P— 2AC+2ﬁnpe

Im_NEV = p— » Qu_NEV = p

52 _ (2=1)¢+r(Be—Pupe) _ (2= (4 r)(Ac Pupe).,
Tn_NEV 207  n_NEV 42-)

S3 _ (4=3r)p+2rAc—r(rB,,+2Bn)pe _ ¢ ZACJF(’/SWJFz.Bn)Pe
Tm_NEV = i2—r) » In_NEV 202—1)

Credit sharing dominated by the NEV automaker will cause the following changes in
the equilibrium production quantities compared with the scenario of no credit sharing.

_ 2ﬁmpe _ mPe .

A‘7m NEV = ; pr Aqn NEV = glfr ;

__ PmPpPe mPe_.

Aqm,NEV = 2= Aqn NEV = ~302-r)’
S3 _ (4=rr ),Bmpe (1=7)Bmpe
Ady NEy = ( iz—r A‘7n NEV = 7202 ﬁr)p

Regardless of the production strategy, credit sharing dominated by the NEV automaker
will increase the production quantities of FVs and reduce the production quantities of NEVs.
Interestingly, this conclusion is basically consistent with the scenario of credit sharing
dominated by the FV automaker. Therefore, even if the NEV automaker dominates credit
sharing, it is not conducive to the development of NEVs. In this scenario, NEV automakers
share the credit costs of FV automakers, thereby increasing production costs in disguise.

Proposition 8. For the three production strategies with credit sharing dominated by the NEV
automaker, FVs and NEV's can coexist in the market only when the vehicle market size meets the
following conditions:

D¢ = max{‘i’m NEV P NEV} P npy = "R oS Ly = 2(Ac — Bupe);

S _ Ac+Bupe S _ 4—r)(=Ac+PBupe) .
2) ¢ = max{ ¢S py Piney | OS2 npy = % 82 gy = — A,
2AC+(Yﬁ m +2/5n pg
@ ¢ = max{(Pil_NEV’(P;%NEV}f Poe NEV = ds p—r } , Pr3NEy = 20c —

(B +2B,)p,
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Compared with the scenario without credit sharing, the critical market size of each
production strategy under credit sharing dominated by the FV automaker has also changed.
Obviously, regardless of the production strategy, credit sharing dominated by the NEV
automaker reduces the critical market size of FVs and increases the critical market size of
NEVs. This means that credit sharing makes the threshold for NEV automakers to survive
in the vehicle market even higher.

2
A4’S1l NEV = ZZT};B/A%_NEV = [zgzpe}
_ mPe S2 _ mPe .
AP NEY = — 5 AP NEy = 5

4—r—1? ,Bmpe
A‘l’mJ\JEV = 7%;A¢2§NEV = (1=r1)B,,Pe-

i S1 S2 S3 — 453
Similarly, when ¢m7N§V ! NEV’g)m NEV = =P NEVSand P NEV = P NEV, WE CAN
: a1 0-S1 _ Ac ,0-52 _ A 0-S3 _ _ 2Ac :
obtain the critical lines p, \ry, = Bur Pe NEV = B,/ = and p, ypy = "Bt 2B, respectively, and

< pgj\?gv pg I\?év / PS?\?}%V' The market size threshold for each production strategy with

credit sharing dominated by the NEV automaker is summarized in Table 6. For example,

when 0 < p, < pg zggvr if ¢ > ¢52, production strategies S1-S3 are all applicable; however,

if gl < ¢ < 4>n , NEVs will be expelled from the vehicle market under the FV priority
production strategy (S2). Therefore, only production strategies S1 and S3 will be applicable

under this condition. Again, if ¢;° < ¢ < qbil, NEVs will be expelled from the vehicle
market under the simultaneous production strategy (51), and only production strategy S3
will be applicable under this condition. Then, if ¢ < ¢;3, the three production strategies
will no longer be applicable, and the situation will degenerate into a monopoly setting with
only FVs. Similar conclusions can be drawn for other intervals of p, and ¢.

Table 6. Market size for the existence of the three production strategies with credit sharing dominated
by the NEV automaker.

Credit Price Market Size Production Strategies
ifp;“;?, +oo) S$1/52/53
> /P NE ! 51/52
Pe = pe NEV Pe NEV [‘Pm /‘Pm ’ )
[0, ¢t/ Py ) Only NEVs
(¢332, +00) 51/52/S3
[#S1  5S2
0-53 0-S1 ;. 0-52 , 51/S3
Pe NEV < Pe < Pe_NEV/ Pe NEV =¢1§3 (Pgl)
(P52, ¢it) S3
[0, 4)313) Only FVs
(52, +c0) 51/52/S3
52
0< pe < P05, S 90 51/53
r S1
P 53
[0, ¢3°) Only FVs

Considering the effect of changes in credit prices and NEV production cost on pro-
duction strategies with credit sharing dominated by the NEV automaker leads to the

following proposition.

Proposition 9. For the three production strategies with credit sharing dominated by the NEV

automaker, as shown in Figure 3,

(1) the applicable intervals of the three production strategies S1-S3 are p,12< p, < Pelt,
Pe22 < P, < Pert, and pezp < p, < pesi, respectively; otherwise, FVs and NEVs will not coexist

in the vehicle market;

(2) the optimal production strategy for each applicable interval is shown in Tables 7-9. For
example, in interval A(I), the simultaneous production strategy (51) will be the optimal strateQy;
in interval By(I), the NEV priority production strategy (S3) will be the optimal strategy; in
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intervals By(I) and Bs(I) the simultaneous production strategy (S1) will be the optimal strategy;
in interval B4(I), the FV priority production strategy (S2) will be the optimal strategy.

Table 7. Applicable interval and optimal production strategies under scenario I with credit sharing
dominated by the NEV automaker.

Interval S1 S2 S3 Profit Comparison
A o o Sl > 752
B o o o 73 > Sl> ns?
B, o o o ol > s3> nl?
B3 o o o ol > %> 3l
By o o o 32 > s> nsd

Table 8. Applicable interval and optimal production strategies under scenario II with credit sharing
dominated by the NEV automaker.

Interval s1 S2 S3 Profit Comparison
A o o el > 2
By o o o 93 > wSl> ns?
B, o o o ol > 183> 12
Bs o o o ol > 5> sl
B, o o o 2?2 > > 3l
C o o sl > 1P

Table 9. Applicable interval and optimal production strategies under scenario III with credit sharing
dominated by the NEV automaker.

Interval 51 S2 S3 Profit Comparison
A o (0] Sl > 2
B o o o 23 > > 32
B, o o o Sl > 183> 12
Bs o o o ol > 5% > 3l
By o o o n2? > o> sl
C o o o> S8
D 0 3

Pe

Pel2b

Pell/Pe21

Pe3l - Pel3b

Pe23b  Pel2a Pe22 /2

$=40, 7 =06, f, =04, B, =4.4

Figure 3. Optimal production strategies with credit sharing dominated by the NEV automaker.
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Credit sharing dominated by the NEV automaker also has a significant impact on
the applicable interval of both parties” production strategies and the selection of optimal
strategies. Comparing Figures 1 and 3, we find that not only is the applicable interval
extended on the horizontal axis but also all the critical lines have dropped. This means that
in this scenario, all production strategies have lower requirements for the NEV production
cost and credit price. In other words, it will be easier for both parties to coexist in the vehicle
market. Similarly, the applicable interval in this scenario also becomes more complicated.

In interval I, the applicable interval of all production strategies can be subdivided
into five intervals A — By4. In interval A, the simultaneous production strategy (51) and
the FV priority production strategy (52) will be applicable, and the production strat-
egy Sl is the optimal production strategy. In interval By, all three production strategies,
51-S3, are applicable, and the NEV priority production strategy will maximize both parties’
total profits. When the credit price is relatively moderate, i.e., in intervals B, and Bs, the si-
multaneous production strategy (51) will be the optimal strategy. However, when the credit
price is low, i.e., in interval By, the FV priority production strategy becomes the optimal
production strategy. Only in intervals B and B4 can the FV or NEV priority production
strategy be adopted to realize the Pareto optimization of both parties’ total profit.

Similarly, in intervals II and III, the applicable interval of all production strategies can
be subdivided into six intervals A — C and seven intervals A — D, respectively. In these
intervals, the Pareto optimization of total profit can also be achieved by selecting one of the
three production strategies.

For a relatively stable NEV production cost Ac in a certain period, we can also obtain
the length of the three production strategies with credit sharing dominated by the NEV
automaker as follows. Interestingly, in this scenario, the length of all production strategies
is fixed and has nothing to do with NEV production cost.

st _@-ng e 42-1)¢ s 22-1)¢
-NEV 27’/3” " NEV (4—7’)7’/371, -NEV r(rﬁm_._zﬁ”)'

Lemma 11. For the three production strategies with credit sharing dominated by the
NEV automaker,

(1) LSy, > L%, > LS5y, ie., the strategy length of the simultaneous production
strateqy (S1) is the longest, and the strategy length of the NEV priority production strategy (S3) is
the shortest;

(2) when FV automakers try to reduce By, it has no impact on the strategy length of production
strategies S1 and S2 but will extend the strategy length of production strategy S3; and when NEV
automakers try to increase B, the strategy length of all production strategies will be shortened;

(3) as NEV substitutability r increases, the strategy length of all production strategies
will decrease.

Lemma 11 implies that if NEV automakers have both the first-mover advantage and
the credit-sharing advantage, it will not be conducive to the coexistence of both parties
in the vehicle market. FV automakers can expand their coexistence room by actively
reducing fuel consumption. However, the way to reduce fuel consumption does not apply
to production strategies S1 and 52. Moreover, with the increase in the cruising range of
NEVs, the living room of FVs in the vehicle market will be further occupied by NEVs, and
FV automakers will lose part of their production decision-making power.

Similarly, we can also discuss the total credits of each production strategy with credit
sharing dominated by the NEV automaker in the following lemma.

Lemma 12. For the three production strategies with credit sharing dominated by the
NEV automaker,

(1) when Ac > ¢/2 and credit price is low (pe < pMypy), Vaky > Vigy > Vv
when Ac < ¢/2, V%, > VR, > V2,
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(2) the NEV priority production strategy (S3) most easily achieves credit equilibrium, and the
FV priority production strategy (52) has the greatest difficulty achieving credit equilibrium.

In the early stage of the implementation of the dual-credit policy, the credit price is
relatively low, and the NEV production cost is relatively high. During this period, if NEV
automakers dominate credit sharing, then adopting the simultaneous production strategy
(51) can maximize the two parties’ total credits. However, with the rapid development
of NEV technologies, once the NEV production cost is reduced to a certain extent, the
NEV priority production strategy will be most conducive to maximizing both parties’
total credits. Moreover, regardless of which party dominates credit sharing, production
strategy S3 is the production strategy that most easily achieves credit equilibrium. This is a
revelation for FV automakers that have a large demand for positive NEV credits.

6. Comparative Analysis

In this section, we examine the optimal credit-sharing strategies from the perspectives
of production quantities, strategy length, total profit, and total credits. Lemmas 13-16
summarize the comparison results of the three credit sharing strategies: no credit sharing,
credit sharing dominated by the FV automaker and credit sharing dominated by the
NEV automaker.

Lemma 13. For the three credit-sharing strategies,
(1) if both parties adopt the simultaneous production strategy (S1), then qfnl_FV > qsml_NEV >

s > Gn Nev > Toipvi
(2) if both parties adopt the FV priority production strateqy (S2), then qgf_NEV >g2>¢

52 52 s2 .
In” > Gu_NEV = Tn_Fv/ ] s
(3) if both parties adopt the NEV priority production strategy (S3), then qu_FV > qme’_NEV >

S2
m_FV’

Gorr @n° > GyNEy > G Fy-

Lemma 13 implies that under production strategies S1 and S3, the FV automaker will
tend to adopt the credit-sharing strategy dominated by the FV automaker to maintain
the competitive advantage of FVs in the vehicle market. However, under the FV priority
production strategy S2, credit sharing dominated by the NEV automaker is more conducive
to maintaining the competitive advantage of FVs in the vehicle market. This is why many
FV automakers are actively acquiring NEV automakers and allowing them to bear the
credit cost. Counterintuitively, regardless of the production strategy, no credit sharing is
the optimal strategy for maintaining the competitive advantage of NEVs. Therefore, NEV
automakers often lack incentives to share credits. This has led cooperating FV automakers
to provide other compensation measures, such as vehicle manufacturing technologies and
brand sharing.

Lemma 14. For the three credit-sharing strategies, L%, > L5 -, > L51, L2, > L2 >
$2 s3 s3 s3 - - -
L%y, and Ly > LXpy > L.

Lemma 14 implies that if both parties adopt the simultaneous production strategy (S1),
then credit sharing dominated by the FV automaker will be the most conducive to their
coexistence in the vehicle market. If they adopt the FV priority production strategy (S2),
then credit sharing dominated by the NEV automaker will be the optimal strategy from the
perspective of strategy length, while credit sharing dominated by the FV automaker will be
the optimal strategy under the NEV priority production strategy (S3). Therefore, credit-
sharing strategies and production strategy prioritization have counteracting effects on the
competitive advantages of the two parties. One party gives priority to production, and the
other party dominates credit sharing, which will help balance their competitive advantages.
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Lemma 15. For the three credit-sharing strategies, when p, € [0, pe1), T; Fv > Tz NEV >

Ttz; when pe € [pe1, Pe2), Tz_pv > T0z> Tz NEV; When pe € [pe2, Pe3), Tz > T pv >
7, NEV; and when p, € [pe3, +0), 1, > 1, NEV > Tz py, as shown in Figure 4.

Ty v >y npy > 7y Ty >y v =Ty Ny
f ”ZiFV >7, > ”ZiNEV f -
A A N — Ty 27y ngy > %y py
s N —' -
T A > P
0 pel pez pe3

Figure 4. Profit comparison with the three credit sharing strategies.

Lemma 15 implies that when the credit price is relatively low, credit sharing dominated
by the FV automaker can maximize the two parties” total profit. This scenario is often
applicable to the immature stage of the credit market. Therefore, in the early stage of the
implementation of the dual-credit policy, cooperation such as that of GWM and Yogomo is
conducive to maximizing social welfare. However, as the credit price increases, no credit
sharing is most conducive to maximizing both parties’ total profit. It is interesting that
regardless of whether the credit price is high or low, credit sharing dominated by the NEV
automaker is not conducive to the improvement of both parties’ total profits. Therefore,
current cooperation, such as that of BYD, Toyota, BAIC Shenbao (X35), and BAIC BJEV
(EU260), has actually reduced the efficiency of the dual-credit policy. With the advancement
of NEV technologies, such cooperation should gradually switch to production cooperation
that independently bears credit costs and credit benefits.
Lemma 16. For the three credit-sharing strategies, Vsl > Vfﬁgv > Vg‘l,, V2 > fo,i-v >
VEZ, and V3 > Vi3, > VES.

Lemma 16 implies that regardless of the production strategy, the total credits without
credit sharing are the largest, and both parties can obtain the most positive NEV credits.
However, the total credits of both parties are always the smallest, with credit sharing
dominated by the FV automaker. In fact, no matter what the credit-sharing strategy is,
credit sharing will help to reduce the risk of both parties’ credit disruption. The current
credit market in China is in its infancy and is not yet mature. The credit price is low and
fluctuates greatly. At the same time, credit trading is not very convenient. FV automakers
such as GWM cannot successfully purchase enough positive NEV credits, while BAIC BJEV
cannot sell all its positive NEV credits in time. Therefore, credit sharing can determine
both parties” credit demand and credit price in advance, reducing dependence on the
credit market.

7. Conclusions

The dual-credit policy is a new and unique industrial policy in China that will have a
profound impact on the energy savings of FVs and the development of NEVs. To obtain
sufficient positive NEV credits, many FV automakers cooperate with NEV automakers,
including technology sharing, brand sharing, and even credit sharing. Therefore, the
preferences of the two parties for coopetition in the vehicle market and credit market are
intriguing issues that have been underexplored in the literature. This study considers three
production strategies and credit-sharing strategies between cooperative FV automakers
and NEV automakers and shows that the optimal strategies for both parties depend on
the circumstances. Whether the two parties choose the simultaneous production strategy
(51), the FV priority production strategy (52), or the NEV priority production strategy (S3)
depends on multiple factors, including market size, credit price, production cost, and NEV
substitutability. Whether to share credits and which party dominates credit sharing will
affect the selection of the optimal strategies for both parties.
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This study first investigated the impact of the dual-credit policy on both parties’
production strategies without credit sharing. A high credit price and low production
cost often help NEV automakers obtain a competitive advantage. For FV automakers,
reducing fuel consumption is an important way to maintain a competitive advantage under
the dual-credit policy. NEV manufacturers can also increase their competitive advantage
by increasing the NEV cruising range and substitutability. However, such an approach
is far inferior to the advantages that FV automakers can obtain through energy savings.
Moreover, under certain conditions, such as the FV priority production strategy with a
low credit price, it is counterproductive. Therefore, a high credit price is sometimes more
important for the development of NEVs than the NEV cruising range and substitutability
under the dual-credit policy.

In addition, we examined the coexistence conditions of FVs and NEVs under the
dual-credit policy and found that they are closely related to vehicle market size, credit price
and production cost. In fact, although both parties have first-mover advantages, production
prioritization strategies often fail to optimize their total profits. Only when the credit price
and NEV production cost are in certain applicable intervals can the FV or NEV priority
production strategy achieve the Pareto optimization of the parties’ total profits. However, in
most cases, the simultaneous production strategy, not the production prioritization strategy,
is optimal. Moreover, a critical line that determines both parties” competitive advantages is
proposed to provide guidance for cooperation and competition between FV automakers
and NEV automakers. Finally, we also found that the simultaneous production strategy
is most conducive to the coexistence of both parties in the vehicle market. However, for
positive NEV credits, the NEV priority production strategy can help them reach credit
equilibrium as soon as possible. This has great enlightenment significance for large credit
demanders such as GWM.

This study also further explored the optimal production strategy for the two parties in
the scenario of credit sharing dominated by the FV automaker and the NEV automaker.
There is no doubt that credit sharing has an important impact on both parties” applicable
interval, optimal strategy selection and credit equilibrium. The coexistence conditions
and optimal strategies of the two parties in the vehicle market with credit sharing are far
more complicated than those without credit sharing. Generally, the party that dominates
credit sharing will increase the production of FVs while reducing the production of NEVs.
However, it is counterintuitive that under the FV priority production strategy (S2), the
production of FVs does not increase but rather declines. This is precisely the current
production strategy adopted by the Chinese vehicle industry. Although the relationship
between production quantity, credit price, and production cost holds in the scenario of
credit sharing, the relationship between production quantity and the FV/NEV credit coeffi-
cient and NEV substitutability changes and even becomes irrelevant or reversed. These
conclusions provide guidance for automakers on how to effectively invest in energy savings
and NEV cruising range to improve cooperation efficiency. In addition, we conducted
a comparative analysis of all the strategies proposed in this study from the perspectives
of production quantities, strategy length, total profit, and total credits. We found that
maintaining competition between the two parties and letting FV automakers dominate
credit sharing is the optimal strategy in most cases. In addition, it is often an undesirable
strategy for NEV automakers to dominate credit sharing.

Furthermore, automakers such as Great Wall Motors, which mainly produce FVs,
are facing a large gap in NEV credits. If they fail to speed up the production of NEVs
or obtain sufficient NEV credits by investing in NEV automakers such as Hebei Yujie,
they will face severe punishment from the government. However, this study proves
that it is not the optimal strategy for automakers like Great Wall Motors to prioritize
the production of NEVs. Instead, they should allow the original FV brands and Hebei
Yujie’s NEVs to maintain relative independence and internal competition and adopt a
synchronous production strategy to improve the efficiency of credit utilization. For large
NEV automakers such as BAIC, BYD, and Tesla, surplus NEV credits are one of the biggest
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challenges they face. Credit income is one of the most important sources of income for these
automakers. Therefore, reducing the risk of credit sales through credit cooperation with
FV automakers is an important part of their production planning. For these automakers,
adopting a FV production priority strategy or a synchronous production strategy is more
conducive to improving the efficiency of credit utilization because this can not only increase
the market demand and price of NEV credits but also promote the advancement of FV
energy-saving technology.

This study provides a new angle from which to view the relationship between FV
automakers and NEV automakers under the dual-credit policy. Similar to many other
studies using modeling approaches, we made several assumptions. However, coopetition
activities are highly complex in practice. Thus, if we relax these assumptions, we can
identify directions for future research. For instance, the Cournot model is adopted in
this research because it is widely used and has the advantage of being analytically more
tractable. Nevertheless, FVs and NEVs may not fully share a vehicle market, and price
decisions are sometimes more important to consumers than production decisions. Some
consumers insist on buying FVs, while others must buy NEVs (for example, in cities
such as Beijing, where they are restricted from purchasing FVs). Thus, a Bertrand pricing
model with the potential markets for FVs and NEVs must be considered. In addition, the
costs of energy saving and NEV cruising range improvements are also key factors that
determine both parties’ credit coefficient and competitive advantage. Furthermore, this
research assumed that FVs are regarded as superior to NEVs for vehicle consumers. In
reality, this assumption does not always hold true. An increasing number of NEVs, such
as the BAIC BJEV and Tesla, have become more attractive than similar types of FVs. It
would be interesting for future research to consider a richer model that includes these
additional factors.
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Appendix A. Proofs

Proof of Lemma 1.

s2 51 _ rl2=r)p+rAc—(2Bm+rB,)pe] S1_ .53 _ r*[p—2Ac+(Bm+2B,)pe] )
G —9m = 20—n)(2—1) >0, gy =@y = 4(4—r)(2—1) >0
3 _ pS1 _ M¢=28cH(But2B,)pe] o ( S1_ ps2 _ M@=n)gtrAc—(2putrp,)p]
T = qn 204r)(2—7) r -~ qn 42— :
Thus, 437 > qa> 450, 450 > 43" > 452
This Lemma is proven. [
Proof of Lemma 2.
1) L — _2pe gyl . pe gy _ _ (4-r)pe. dgul _ _rpe I _ __rpe 9y _
¢y B E—r" B 2=7 Pw A1)’ Pn E—r’ Py — 202-1) Pn

— z(rzpj ok It is easy to find that the first derivative of g, for all production strategies S1-53

with respect to B, Bn is negative.

o' _ pe 0q _ _pe 04 _ _pe O3t _ 2pe 047 _ (A=r)pe O _ pe i

Ow — A1’ By — 202-1) Pu  22-1) Pu A1’ s 421/ Py 2o 1
easy to find that the first derivative of g, for all production strategies S1-S3 with respect
to Bm, Bx is positive.

(2) Assume that the B, is reduced by —Ap and B, is increased by AB, AB > 0. We can

calculate the change in FV production quantities and NEV production quantities by the
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change in credit coefficient, which are Aq,_g , Ag,,_p , respectively. The difference in the
change in NEV production is Aqﬁ}ﬁm - Aqﬁ}ﬁn = “%Pf"Aﬁ >0, Aqﬁim — Aqi? o = FenB >
0, Aqﬁ% — Aqﬁi@n = (i(;?’_r)rg"’ AB > 0. Obviously, they are all positive.

This Lemma is proven. [

Proof of Lemma 3.

og5! 2[p—2Ac+(Bu+2B,,)pe ag5 —2Ac+(Bm+2B,,) pe .
1 %= — — ¢ 6(4(—/?;)2 Pulpel 0, Mu — ¢ cz(gir)z Pulpe 0;
g5 p—2Ac+(Bum+2B,)pe 9953 _ ¢p—=2Ac+(Bm+2B,)pe
o (4-1)? >0 5 = 2(2-1)* > 0.
a 52 A — m n e a 32 A — m n [4
() G = %, G —%; Let peo = 5,55, Thus, when pe > peo,
352 Rl L

9952
% <0, 5= > 0; when 0 < p, < peo, 2= > 0, 5= < 0.
This Lemma is proven. [

Proof of Proposition 3.
According to the conditions that g,; > 0, g, > 0, the following critical lines about p,
can be obtained.

rAc+(2—r 2Ac—¢ |
Pel1 = Zlgm(“ﬁn)cp' Pe12 = lngrz‘lgpn/
_rAcle-ne _ Genac-@-ng,
Pe2t = 3, 75, + Pe22 = "o, Ta-)p,
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m n 2 m n _ I’HA
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@B+ (B [G-11B,2rBa] — O P2 = P12 = (5,535,106, 7 )] ~ O THUS Perr/pex >
Pe31 > Pe22 > Pe12/ Pes2-

Pe12a, Pe12bs Peldar Pelsbs Pe2sa, and peogp are the critical lines of the total profit of

production strategies S1-53, respectively. When p,12, < pe < peiop, then 7r§1 > nzsz,
otherwise, ! < 7152, When p,13; < pe < Peisp, then St > 7133, otherwise, 51 < 753,

z
When pexzs < pe < Peasp, then 7123 > 7122, otherwise, 13% < 7152

This proposition is proven. [

Proof of Lemma 4.

r|(Pm n)P— mE
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This Lemma is proven. []

Proof of Lemma 5.
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thus, V53 > vS1 > v92,
This Lemma is proven. [
Proof of Lemma 6.
Ml py 2P MpZry 2B, +Pn Mpipy _ (4-1)B .
Bt = i <O =~ < O = — il <0
My rv _ 1 M rv _  r M py _ r .
ae — 17> % S5 e >0 Ta = >0
aqf&PV — Pm > 0 aqi%FV — 2/5m+,5n > 0 aqﬁfpv — ,Bm > 0
ape 4—r 7 Ope 4(2—r) 7 9pe 2(2—r) ’
aqglFV _ 2 aqupv _ 4—r a%sx3pv _ 1
9hc — 15 < 0, 9Ac — T a(2-r) <0, 9hc — 1 < 0.

7



Mathematics 2024, 12, 2429

25 of 28

This Lemma is proven. [

Proof of Lemma 7.

My v 2Pe i rv Pe 5 py (4=1)pe
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This Lemma is proven. [
Proof of Lseimma 8.
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Th1s Lemma is proven. UJ

Proof of Lemma 9. 2 (- ) (>-5)
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This Lemma is proven. D

Proof of Lemma 10.
Let VFs‘l, = V32 VS1 VE‘B}, VI‘;S‘Z/ = VFS%, we can obtain the critical lines that

Fv’
r[(2=r)¢+rAc] r[(Bmt+Bn)p—Bnic]

2Ac . .
PQZIFV = 2B, (4 )ﬁ s Per1/ Pes2 = B 14’, and ngV = BB (2Bt B) respectively. Addi-
tionally, pg v > M ¢ FV > Pe11/ Pes2- Considering the applicable interval, we can obtain the
conclusions as shown in the lemma. This Lemma is proven. [

Proof of Lemma 11.
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This Lemma is proven. O

Proof of Lemma 12.
Let Vf,}sv = sz]%v, Vf]EV = Vf]%v, VZ%%V = VEIEV, we can obtain the critical lines
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Additionally, pe11 > pMypy > pL ypy- Considering the applicable interval, we can obtain
the conclusions as shown in the lemma. This Lemma is proven. [

respectively.
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Proof of Lemma 13. (tBa=2p) 2
"Pn—2Py, ) Pe — mre . —
Oy ey = B 5 0, ] = > 00—, =
Bmpe S1 s1 _ (2Bu—PBy)pe S1 S1 51 .51 51
i T NEV ~ Tnpy = — 4=¢ > 0. Thus, 4, py > G5 npv > G900 > G NEV >
Tu_rv-
$2 $2 _ Bmpe s2 s2  _ (1-r)B,pe . S2 S2 _ Bmpe
@) G nev — D = [52% >0, @i = Gmrv = 3@ > 00— Tney = 2?23)'
s2 52 _ [B=r)Bu—2Bmlpe S2 S2 52 S2 s2
qn?NEV - qnﬁFV - 4(2—r) > 0. Thus, qm?NEV > qm > qm_pvl n~ > qn?NEV >
52
Tv_Fv-
3 3 _ [2rBu—(4=r—7*)Bu]pe s3 53 _ (4=r=r)Bup.
G) G rv — G nEv = 127 >0 Gy Ny — T = “apmny >
. .S3 S3 _ (A=r)Bupe _S3 3 _ [2Bh—(1-7)Bumlpe S3
0 dn” — G Nev = "3 2 TaNEV ~ TlFv = 2(2—1) > 0. Thus, ;" py >

References

3 s3 S3 . S3 s3
T NEV = 9mTn” > T NEV = D0 FV-

This Lemma is proven. [

Proof of Lemma 14.

S1 S1 — (=DBn—Pm)p—rBnAc] S1 ST (4=7)Bu[((4=r)Bn+2Bm)p+2rnc]
Lrv =Ly = BBy >0 Loney — L 2B, B 2B OBt 1By)
0, thus Liljv > Lf}VEV > L Similarly, we can prove that if LfIZ\IFV —L2>0,L%2— Lf?v >0,

. 3
then L%, > L2 > L3 ;if 153, — L9 >0, L%, — L3 > 0, then L}, > L3, > L™

This Lemma is proven. [J

Proof of Lemma 15.

Pel, Pe2, and p.3 are the critical lines of 7, 7, ry, and 7, Npv, respectively. Ad-
r[(4=3r)¢p+2rAc]
1’(4—7)[5,71-&-[4—(2—7)7’],5;1'
then 7, > 7, py; otherwise, 7, < 7, py. When p, > p,q, then m; > 7, Ngv; otherwise,
m; < 7, Ngv. When p, > p,s, then 7, Ngy > 71, py; otherwise, 71, Npy < 71, py. There-
fore, we can obtain the conclusions in the lemma according to their relative position.

This Lemma is proven. [

ditionally, 0 < p,1 < per < pe3. For example, when p, > p,, =

Proof of Lemma 16. , )
VSl _ st ﬁm(Zimjﬁn)Pe >0, VSL, — VSL — (285~ (1=7) BmPn—2% ] pe > 0; VS2 —

B (26, ) N P 2B (Bu 28, e
m mTPn)Pe o —1)Bn+2Bm|(Bn—2p,,)Pe . .
VRbv = 25500 > 0, Vigy — Vi = 1) Pe > 0; VB VS =
P [2(1*?‘)/311+(477‘772)/3m}p3 S3 S3 _ [4ﬁ%+2(27*1)ﬁmﬁn7(477*72)[3"1]?6

1z >0, Viey — VEy = o) > 0. Thus,

S1 S1 S1 1782 52 52 1753 S3 S3
Vol > V3ey > Vey, Vo2 > Vg, > VEG, V2 > Ve, > Vep.
This Lemma is proven. []
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