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Abstract

:

The dual-credit policy has increased the complexity of the automotive supply chain. This study constructs a game model and uses reverse induction to explore the impact of the dual-credit policy on production and cooperative R&D. The results show that compared with no dual-credit policy, the dual-credit policy may not be able to promote improvement of the fuel economy, the development of the new energy vehicle (NEV) industry, and cooperative research and development (R&D). The policy effects are related to other parameters. Meanwhile, increasing control of the dual-credit policy can suppress the scale of fuel vehicles (FVs), but has little effect on the level of fuel economy improvement. Additionally, the impact on the intensity of NEV production and cooperative R&D needs to be discussed within a specific threshold. Manufacturers can obtain policy dividends by adjusting their operational strategies. The government can quantify the effect of policies through production supervision and flexibly adjust the intensity of regulation, to build a green and win–win automotive supply chain.
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1. Introduction


China has been the world’s largest producer and seller of automobiles for 12 consecutive years [1]. The China Automobile Association expects total vehicle sales in China to reach 27.5 million units in 2022. However, the market share of NEVs was only 21.6% in the first half of 2022. FVs are a major source of greenhouse gas emissions [2,3], causing a huge negative impact on the ecosystem. Almost all FVs run on fossil fuels, and China’s dependence on crude oil imports has reached 72%, far above the safety line [4,5]. Considering the threats to ecological and energy security, NEVs have become an ideal alternative to FVs [6,7]. The NEV market is small, and the technical level required is the key reason for this. Based on the high R&D costs and technical barriers of NEVs, cooperative R&D has become an important strategy for automotive supply chains, to reduce costs and increase efficiency, such as the joint R&D strategy adopted by Toyota and BMW.



The Chinese government has been vigorously promoting the development of the NEV industry. In 2009, China issued the NEV subsidy policy. Although NEV production and sales exceeded 1.2 million units in 2018, driven by the subsidy policy, the following problems exist: First, long-term subsidies put enormous financial pressure on governments [8]. Second, manufacturers falsify and exaggerate NEV production to obtain subsidies [9]. Third, the subsidy policy promotes the increase in the production of NEVs, but neglects the improvement in technical level of FVs and NEVs [10]. As a result, China has entered a post-subsidy era [11], and the Chinese government proposed the dual-credit policy in 2017 [12].



The dual-credit policy mainly affects the automotive supply chain through corporate average fuel consumption (CAFC) credits and NEV credits. On the one hand, it regulates manufacturers to improve their level of fuel economy; on the other hand, it encourages FV manufacturers to transform into NEV manufacturers. The dual-credit policy aggravates the heterogeneity and instability, which is mainly reflected in the heterogeneity of fuel consumption levels and the instability of control intensity. Manufacturers must rationalize their production and cooperative R&D strategies according to the dual-credit policy. This study mainly answers the following questions: (1) What are the optimal production and cooperative R&D strategies for manufacturers with and without the dual-credit policy? (2) What is the impact of the dual-credit policy on the optimal production and cooperative R&D strategies? (3) What regulatory measures should the government take to promote the healthy development of the automobile market?



This study considers the impact of the dual-credit policy on the production and cooperative R&D decisions of the automotive supply chain. The main contributions of this study are as follows: (1) This study explores the optimal production strategy, based on the actual market environment. The optimal solutions with and without the dual-credit policy are compared, to explore the effects of this policy’s implementation and to provide guidance for manufacturers to formulate and adjust their production strategies. (2) This study identifies and analyzes the optimal cooperative R&D strategy among manufacturers, and provides guidance to promote the cooperative model of cost-sharing and technology-sharing. (3) This study explores the impact of the dual-credit policy on the production and cooperative R&D decisions of the automotive supply chain, and provides a reference for the government to improve the automotive market structure and promote manufacturer cooperation.



The remainder of this study is organized as follows: Section 2 provides a review of the relevant literature. Section 3 introduces the model. Section 4 explores the optimal solutions. In Section 5, the optimal solutions are discussed and analyzed. In Section 6, numerical simulations are carried out. Section 7 summarizes the study.




2. Literature Review


This study is related to two streams of literature: (1) the dual-credit policy, and (2) the technological R&D of NEVs.



2.1. The Dual-Credit Policy


Since the implementation of the dual-credit policy, some scholars have carried out research on it. Zhao et al. and Chen et al. constructed a top-down framework, to evaluate the impact of government regulation on the development of the NEV industry under the dual-credit policy [13,14]. Li et al. built a closed supply chain studied the optimal production [15]. Cheng et al. constructed a supply chain including a FV manufacturer and a NEV manufacturer, to study the optimal production strategies under stable and unstable credit markets [16]. Li et al. simulated the decisions of NEV manufacturers under different scenarios and compared the optimal production decision under the dual-credit policy and subsidy policy [8]. Luo et al. studied the impact of the dual-credit policy on the production and fuel economy of FVs, and explored the impact of the dual-credit policy on manufacturer’s decisions [17]. Li et al. constructed a closed supply chain, to explore the impact of credit acquisition approaches on production decisions [18]. Yu et al. constructed a supply chain consisting of a FV–NEV manufacturer and a retailer, and explored the impact of the dual-credit policy on production and pricing [19]. Zhou et al. constructed a secondary supply chain, to explore the impact of the dual-credit policy on production decisions under different production strategies [20]. Ou et al. quantified the impact of the dual-credit policy on consumer choice and industry profit, to analyze the impact of the subsidy policy on the development of the automotive industry [21]. Li et al. established a multi-stage credit market dynamic equilibrium model, to explore the impact on NEV production and profits under different market scenarios [22]. Zhao et al. explained the promoting effect of the dual-credit policy on the production of NEVs from the perspective of the environment [23]. Li et al., based on the credit market equilibrium theory, analyzed the influence of the dual-credit policy on the decision-making of NEVs and found that the dual-credit policy can accelerate the elimination of NEVs with a low technology content [24]. The existing research has mainly studied the optimal decision under the dual-credit policy but has not considered the fuel consumption level of FVs, and has ignored the dynamics and controllability of fuel consumption levels. At the same time, most of the existing research built a secondary supply chain that includes one NEV manufacturer and one retailer, or a multi-manufacturer chain that includes both a NEV manufacturer and a FV manufacturer, but most manufacturers, in reality, are composite manufacturers, in the transition stage from the production of FVs to the production of NEVs, or are dominant NEV manufacturers.




2.2. Technological R&D


Some scholars have carried out research on promoting the technological R&D of NEVs. There are many factors affecting technology R&D, including market demand [25], technology basis [26], and government regulation [27]. Ma et al. explored the optimal production decisions of NEVs, considering vertical cooperation between members of the supply chain [4]. Majumdar conducted research on zero-point policies and suggested that a zero-credit policy could drive innovation and increase R&D investment [28]. Li et al., Raj et al., and Yang and Chen focused on emission reduction and benefits, and suggested that revenue sharing could promote revenue improvement more than cooperative R&D [29,30,31]. NEV credits have become a tradable market resource and a new source of revenue for manufacturers [12]. Manufacturers have ample motivation to improve their technological level by strengthening technological R&D. Zhou et al. explored the impact of the dual-credit policy on green technology investment under different production strategies [20]. Li et al. analyzed and compared the impact of the dual-credit policy and subsidy policy on the production and decision-making regarding FVs and NEVs from the perspective of cross-chain cooperation [22]. Zheng et al. used a three-stage game model to analyze the impact of dual-credit price on the R&D investment of NEV manufacturers [32]. Gu et al. studied the role of government subsidies in promoting the technological R&D into NEV under the condition of imperfect information [33]. The existing research on technological R&D mostly considered cooperative R&D between vertical supply chains, and few literature works have considered horizontal cooperative R&D between composite FV–NEV manufacturers and dominant NEV manufacturers in the transition period. At the same time, a small number of literature works have studied a cooperative R&D strategy under the dual-credit policy but did not explore the impact of the dual-credit policy on the cooperative R&D strategy.




2.3. Summary


The positioning of this study is shown in Table 1. There are relatively few literature works on cooperative R&D under the dual-credit policy, most of which only discussed the influence of the dual-credit policy on manufacturers’ decision-making or the improvement of the profits between the upstream and downstream members of the supply chain through cooperative contracts. Based on the actual situation, cooperative R&D between manufacturers under the dual-credit policy will be discussed. At the same time, manufacturers are classified according to their fuel consumption level, and it is of research significance to discuss the optimal decision under different situations. This study constructs an automotive supply chain including composite manufacturers and dominant manufacturers that only produce NEVs. Based on the difference in fuel consumption level, the R&D decisions about horizontal cooperation under the dual-credit policy are discussed. The main innovations are as follows: (1) This study studies an automotive supply chain consisting of a dominant manufacturer that only produces NEVs and a composite manufacturer that produces both NEVs and FVs, which is in line with the real situation. Most of the existing studies only focused on NEVs manufacturers or composites manufacturers. (2) This study explores the optimal production and cooperative R&D decisions of the automotive supply chain in the context of heterogeneous fuel consumption. Most of the existing research assumed that the FVs were in the high fuel consumption state, ignoring the controllability of fuel economy. (3) This study explores the impact of the dual-credit policy on the production and cooperative R&D decisions. Existing studies mostly assumed that the dual-credit policy can promote the production of the automotive supply chain, ignoring the research on cooperative R&D decisions and the negative impacts of the dual-credit policy.





3. The Model


3.1. Model Description


The dual-credit policy consists of NEV credits and CAFC credits, and Figure 1 shows the procedure. When the difference between the CAFC standard set by the government and the actual value is less than 0, FVs are in the state of high fuel consumption and will generate negative CAFC credits. When the difference between the CAFC standard and the actual value is greater than 0, FVs are in the state of low fuel consumption and positive CAFC credits will be generated. When the difference between the CAFC standard and the actual value is 0, FVs are in the state of equilibrium fuel consumption, and the CAFC credit value is 0. The government requires manufacturers to produce a certain percentage of NEVs. If the manufacturer does not meet this target, negative NEV credits will be generated. If the production quantity exceeds the standard, positive NEV credits will be generated. Automakers must have a total credit greater than or equal to 0 [1]. Positive CAFC credits cannot be traded on the credits market, but NEV credits can.



We constructed an automotive supply chain consisting of one NEV manufacturer and one FV–NEV manufacturer, as shown in Figure 2. This study explored the optimal production and R&D decisions of the automotive supply chain, with and without the dual-credit policy. The parameters and meanings of the model are shown in Table 2.



In the following, the subscripts M1 and M2 indicate NEV manufacturers and FV–NEV manufacturers, respectively. The subscripts n1, n2, and f indicate NEVs produced by NEV manufacturers, NEVs produced by FV–NEV manufacturers, and FVs produced by FV–NEV manufacturers, respectively. The superscripts N, DH, DE, and DL indicate no dual-credit policy, high fuel consumption NEVs under the dual-credit policy, equilibrium fuel consumption NEVs under the dual-credit policy, and low fuel consumption NEVs under the dual-credit policy, respectively.



Hypothesis 1.

The production cost of NEVs and FVs produced by the FV–NEV manufacturer is    c n    and    c f   , respectively. The NEV manufacturer producing only NEVs has an advantage in production efficiency, assuming that the production cost of NEVs produced by NEV manufacturer is   k  c n   ,  0 < k < 1   [16].





Hypothesis 2.

The production of NEVs produced by NEV manufacturers is    q   n 1    =  1 2  δ a − b  p   n 1    + u  p   n 2    + σ h  . The production of NEVs and FVs produced by F–-NEV manufacturers are     q f  = ( 1 − δ ) a − b  p f  + ϕ x   and     q   n 2    =  1 2  δ a − b  p   n 2    + u  p   n 1    + σ h  . The production of NEVs is affected by the market price, driving range, and market competition. The production of FVs is affected by market price and fuel economy.   u  denotes the price cross-influence coefficient between NEVs.   b  denotes consumer sensitivity to vehicle price. In order to simplify the calculation, let    u = 0.5   and    b = 1   [34].





Hypothesis 3.

The cost function of FV–NEV manufacturers to improve the level of fuel economy improvement is    1 2  m  x 2    [1]. The cost function of a NEV manufacturer to improve the driving is    1 2  n  h 2    [35].





Hypothesis 4.

The technical bottleneck of NEVs is mainly reflected in the insufficient driving range, so this study mainly studies the cooperative R&D of driving range [36]. The dominant NEV manufacturer specializing in the production of NEVs has a high technical foundation for R&D. The composite FV–NEV manufacturer has a weak technical foundation for R&D, and the same R&D results have to pay for higher R&D costs [37].





Hypothesis 5.

In the case of cooperative R&D, the cost sharing ratio of the FV–NEV manufacturer is  λ ,  0 < λ < 1  . Cooperative R&D refers to the FV–NEV manufacturer’s share of the R&D cost of the NEV manufacturer, and the NEV manufacturer provides technology sharing to the FV–NEV manufacturer [4].





Hypothesis 6.

This study ignores the profits generated by positive CAFC credits. Positive CAFC credits cannot be traded on the credits market [1,22] and generate very low profits.





Hypothesis 7.

The CAFC credits can be expressed as   min ( α + x , 0 )  q f    [20]. Manufacturers can improve fuel economy to reduce actual fuel consumption, thereby reducing negative CAFC credits [17].





Hypothesis 8.

The NEV credits can be expressed as   e h  q n  − γ  q f   . The production of FVs by manufacturers produces negative NEV credits    γ  q f   . Manufacturers obtain positive NEV credits when producing NEVs, and the credit value is positively correlated with the driving range of NEVs. Therefore, the credits obtained by manufacturers through the production of NEV are expressed as    e h  q n    [1,20].





Hypothesis 9.

In order to ensure the existence of an optimal solution, the following conditions should be met   2 m −   ( p + ϕ )  2  > 0  ,  9 n − 4   ( e  p c  + 2 δ )  2  > 0  ,  5 a δ −  c n  ( 4 + k ) > 0  , and   5 a δ −  c n  ( 7 k − 2 ) > 0  .






3.2. The Game Model


In the no policy scenario, the automobile supply chain is not constrained by the dual-credit policy, and the profit and cost brought by the credit are not considered. The profit function of NEV manufacturer and FV–NEV manufacturer are as follows:


   π   M 1   N  = (  p   n 1    −  c n  )  q   n 1    −   1 − λ  2  n  h 2   



(1)






   π   M 2   N  = (  p f  −  c f  )  q f  −  1 2  m  x 2  + (  p   n 2    − k  c n  )  q   n 2    −  λ 2  n  h 2   



(2)







In the dual-credit policy scenario, the profit and cost brought by the credit are considered. The profit function of NEV manufacturer and FV–NEV manufacturer are as follows:


   π   M 1   D  = (  p   n 1    − k  c n  )  q   n 1    −   ( 1 − λ )  2  n  h 2  + e h  q   n 1     p c   



(3)






   π   M 2   D  = (  p f  −  c f  )  q f  −  1 2  m  x 2  + (  p   n 2    −  c n  )  q   n 2    −  λ 2  n  h 2  + ( e h  q   n 2    − γ  q f  + min ( α + x , 0 )  q f  )  p c   



(4)







The game sequence between the NEV manufacturer and FV–NEV manufacturer is shown in Figure 3. In the first stage, the FV–NEV manufacturer determines the cost sharing ratio. In the second stage, the NEV manufacturer determines the driving range of NEVs, and the FV–NEV manufacturer determines the production, pricing, and fuel economy improvement level of FVs. The NEV manufacturer and FV–NEV manufacturer jointly determine the production and pricing of NEVs.





4. Equilibrium


4.1. Decision without a Dual-Credit System


In the no policy scenario, the optimal fuel economy improvement level, driving range, vehicle price, and cooperative R&D cost sharing coefficient can be calculated as follows:


    x N  =   ( a ( 1 − δ ) −  c f  ) ϕ   2 m −  ϕ 2        h N  =   6 σ ( 5 δ a −  c n  ( 4 + k ) )   5   ( 9 n − 16 σ )  2        p f N  =   m ( a ( 1 − δ ) +  c f  ) −  c f   ϕ 2    2 m −  ϕ 2        p   n 1   N  =   5 δ a ( 9 n − 4  σ 2  ) + 2  c n  ( 9 n  (  1 + 4 k  )  − 10  σ 2   (  4 + 7 k  )  )   15 ( 9 n − 16  σ 2  )       p   n 2   N  =   2  c n   (  4 + k  )   (  9 n − 22  σ 2   )  + 5 δ a  (  9 n − 4  σ 2   )    15  (  9 n − 16  σ 2   )        λ N  =    c n   (  n  (  144 − 99 k  )  + 40  σ 2   (  5 k − 4  )   )  − 5 δ a  (  9 n + 8  σ 2   )    27 n  (   c n   (  4 + k  )  − 5 δ a  )      












4.2. Decision with a Dual-Credit System


4.2.1. FVs Are in the High Fuel Consumption State


FVs cannot meet the CAFC standard set by the government, that is   α + x < 0  , and will generate negative CAFC credits. Manufacturers must purchase positive NEV credits to offset negative credits, and the scope of  α , the fuel economy improvement level, driving range, vehicle price, and cooperative R&D cost sharing coefficient can be calculated as follows:


   α <    (   p c  + ϕ  )   (   c f  +  p c  γ − a ( 1 − δ )  )    2 m − ϕ  (   p c  + ϕ  )        x  DH   =    (  a ( 1 − δ ) −  c f  +  p c   (  α − γ  )   )   (   p c  + ϕ  )    2 m −    (   p c  + ϕ  )   2        h  DH   =   3  (  5 δ a −  c n   (  4 + k  )   )   (  e  p c  + 2 σ  )    5  (  9 n − 4    (  e  p c  + 2 σ  )   2   )        p f  DH   =   m  (  a ( 1 − δ ) +  c f  −  p c  ( α − γ )  )  −  (   p c  + ϕ  )   (   c f  ϕ +  p c   (  a ( 1 − δ ) − ϕ ( α − γ )  )   )    2 m −    (   p c  + ϕ  )   2        p   n 1    DH   =   2  c n   (  9 n  (  1 + 4 k  )  −  (  e  p c  + 2 σ  )   (  e  p c   (  − 8 + 13 k  )  + 5 σ  (  4 + 7 k  )   )   )  + 5 δ a  (  9 n − 4  σ 2  − 2 e  p c  ( 5 e  p c  + 11 σ )  )    15  (  9 n − 4    (  e  p c  + 2 σ  )   2   )        p   n 2    DH   =   2  c n   (  4 + k  )   (  9 n − 22  σ 2  − ( e  p c  + 13 σ )  )  + 5 δ a  (  9 n − 4  σ 2  − 2 e  p c  ( 5 e  p c  + 11 σ )  )    15  (  9 n − 4    (  e  p c  + 2 σ  )   2   )        λ  DH   =    c n   (  n  (  144 − 99 k  )  − 10  (  5 k − 4  )     (  e  p c  + 2 σ  )   2   )  − 5 δ a  (  9 n + 2    (  e  p c  + 2 σ  )   2   )    27 n  (   c n   (  4 + k  )  − 5 δ a  )      












4.2.2. FVs Are in the Equilibrium Fuel Consumption State


FVs just meet the CAFC standard set by the government, that is   α + x = 0  ; the CAFC credit generated is 0, scope of  α , and the fuel economy improvement level, driving range, vehicle price, and cooperative R&D cost sharing coefficient can be calculated as follows:


     ϕ  (   c f  +  p c  γ − a ( 1 − δ )  )    2 m −  ϕ 2    < α <    (   p c  + ϕ  )   (   c f  +  p c  γ − a ( 1 − δ )  )    2 m − ϕ  (   p c  + ϕ  )        x  DE   = − α     h  DE   =   3  (  5 δ a −  c n   (  4 + k  )   )   (  e  p c  + 2 σ  )    5  (  9 n − 4    (  e  p c  + 2 σ  )   2   )        p f  DE   =   a ( 1 − δ ) +  c f  +  p c  γ − α ϕ  2      p   n 1    DE   =   2  c n   (  9 n  (  1 + 4 k  )  −  (  e  p c  + 2 σ  )   (  e  p c   (  − 8 + 13 k  )  + 5 σ  (  4 + 7 k  )   )   )  + 5 δ a  (  9 n − 4  σ 2  − 2 e  p c  ( 5 e  p c  + 11 σ )  )    15  (  9 n − 4    (  e  p c  + 2 σ  )   2   )        p   n 2    DE   =   2  c n   (  4 + k  )   (  9 n − 22  σ 2  − ( e  p c  + 13 σ )  )  + 5 δ a  (  9 n − 4  σ 2  − 2 e  p c  ( 5 e  p c  + 11 σ )  )    15  (  9 n − 4    (  e  p c  + 2 σ  )   2   )        λ  DE   =    c n   (  n  (  144 − 99 k  )  − 10  (  5 k − 4  )     (  e  p c  + 2 σ  )   2   )  − 5 δ a  (  9 n + 2    (  e  p c  + 2 σ  )   2   )    27 n  (   c n   (  4 + k  )  − 5 δ a  )      












4.2.3. FVs Are in the Low Fuel Consumption State


FVs meet the CAFC standard set by the government, that is   α + x > 0  , and generate positive CAFC credits, scope of  α , the fuel economy improvement level, driving range, vehicle price, and cooperative R&D cost sharing coefficient can be calculated as follows:


   α >    (   c f  +  p c  γ − a ( 1 − δ )  )  ϕ   2 m −  ϕ 2        x  DL   =   ϕ  (  a ( 1 − δ ) −  c f  −  p c  γ  )    2 m −  ϕ 2        h  DH   =   3  (  5 δ a −  c n   (  4 + k  )   )   (  e  p c  + 2 σ  )    5  (  9 n − 4    (  e  p c  + 2 σ  )   2   )        p f  DL   =   m  (  a ( 1 − δ ) +  c f  +  p c  γ  )  −  ϕ 2   (   c f  +  p c  γ  )    2 m −  ϕ 2        p   n 1    DL   =   2  c n   (  9 n  (  1 + 4 k  )  −  (  e  p c  + 2 σ  )   (  e  p c   (  − 8 + 13 k  )  + 5 σ  (  4 + 7 k  )   )   )  + 5 δ a  (  9 n − 4  σ 2  − 2 e  p c  ( 5 e  p c  + 11 σ )  )    15  (  9 n − 4    (  e  p c  + 2 σ  )   2   )        p   n 2    DL   =   2  c n   (  4 + k  )   (  9 n − 22  σ 2  − ( e  p c  + 13 σ )  )  + 5 δ a  (  9 n − 4  σ 2  − 2 e  p c  ( 5 e  p c  + 11 σ )  )    15  (  9 n − 4    (  e  p c  + 2 σ  )   2   )        λ  DL   =    c n   (  n  (  144 − 99 k  )  − 10  (  5 k − 4  )     (  e  p c  + 2 σ  )   2   )  − 5 δ a  (  9 n + 2    (  e  p c  + 2 σ  )   2   )    27 n  (   c n   (  4 + k  )  − 5 δ a  )      














5. Analysis of Optimal Decisions and Policy Effects


This section, on the one hand, compares the optimal production and cooperative R&D decisions; on the other hand, the impact of key parameters on the production and cooperative R&D is analyzed.



5.1. Optimal Result Comparison


Proposition 1.

Compared with the no policy scenario, the effect of the dual-credit policy on the fuel economy improvement level is as follows:




	
If    α ⋚   ( 2 m + ϕ  (   p c  + ϕ  )  )  (  a ( 1 − δ ) −  c f   )  + γ ϕ ( ϕ  (   p c  + ϕ  )  − 2 m ) − 2 m  p c  γ    (   p c  + ϕ  )   (   ϕ 2  − 2 m  )     , then     x   DH   ⋚  x N   



	
If    α ⋚ −   ( a ( 1 − δ ) −  c f  ) ϕ   2 m −  ϕ 2     , then     x   DE   ⋛  x N   



	
If    γ ⋚ 0  , then     x   DL   ⋛  x N   










Proposition 1 reflects the relationship between the optimal fuel economy improvement level, with and without the dual-credit policy. When FVs are in the high fuel consumption state,  α  is less than a certain threshold, which will lead to the ineffectiveness of the dual-credit policy and even inhibit an increase fuel economy improvement level. When FVs are in the equilibrium fuel consumption state,  α  is less than a certain threshold, which will promote the improvement of fuel economy. In real life,  γ  is always greater than 0, so the dual-credit policy will inhibit the improvement of fuel economy of low fuel consumption FVs. It is worth warning that the dual-credit policy does not necessarily promote energy conservation and emission reductions, and the government should adjust the parameters according to the actual situation.



Proposition 2.

Compared with the no policy scenario, the effect of the dual-credit policy on the optimal price of FVs is as follows:




	
Let    α − γ > 0  , if       p c  (  c f  − a ( 1 − δ ) + 2 ϕ ( α − γ ) ) + 3  ϕ 2  ( α − γ ) − A   4 ( α − λ )   < m <    p c  (  c f  − a ( 1 − δ ) + 2 ϕ ( α − γ ) ) + 3  ϕ 2  ( α − γ ) + A   4 ( α − λ )    , then     p f  DH   >  p f N   ; if    m >    p c  (  c f  − a ( 1 − δ ) + 2 ϕ ( α − γ ) ) + 3  ϕ 2  ( α − γ ) + A   4 ( α − λ )     or    0 < m <    p c  (  c f  − a ( 1 − δ ) + 2 ϕ ( α − γ ) ) + 3  ϕ 2  ( α − γ ) − A   4 ( α − λ )    , then     p f  DH   <  p f N   ; Let    α − λ < 0  , if       p c  (  c f  − a ( 1 − δ ) + 2 ϕ ( α − γ ) ) + 3  ϕ 2  ( α − γ ) − A   4 ( α − λ )   < m <    p c  (  c f  − a ( 1 − δ ) + 2 ϕ ( α − γ ) ) + 3  ϕ 2  ( α − γ ) + A   4 ( α − λ )    , then     p f  DH   <  p f N   ; if    m >    p c  (  c f  − a ( 1 − δ ) + 2 ϕ ( α − γ ) ) + 3  ϕ 2  ( α − γ ) + A   4 ( α − λ )     or    0 < m <    p c  (  c f  − a ( 1 − δ ) + 2 ϕ ( α − γ ) ) + 3  ϕ 2  ( α − γ ) − A   4 ( α − λ )    , then     p f  DH   >  p f N   



	
If    m ⋚    ϕ 2   (  a ( 1 − δ ) −  c f  +  p c  γ − α ϕ  )    2  (   p c  γ − α ϕ  )     , then     p f  DE   ⋚  p f N   



	
If    m ⋚  ϕ 2   , then     p f  DL   ⋚  p f N   








where   A =   − 8  (  α − γ  )   ϕ 2   (   p c  + ϕ  )   (   c f  − a ( 1 − δ ) + ϕ ( α − γ )  )  +    (  3  (  α − γ  )   ϕ 2  +  p c   (   c f  − a ( 1 − δ ) + 2 ϕ ( α − γ )  )   )   2     .





Proposition 2 reflects the relationship between the FVs price with and without the dual-credit policy. When FVs are in the high fuel consumption state, the relationship between the FVs price is not only related to  m , but also related to  α  and  γ . When FVs are in the equilibrium fuel consumption state, if  m  is less than      ϕ 2   (  a ( 1 − δ ) −  c f  +  p c  γ − α ϕ  )    2  (   p c  γ − α ϕ  )     , the dual-credit policy will promote the lower price of FVs. When FVs are in a low fuel consumption state, and if  m  is less than    ϕ 2   , the dual-credit policy will promote a lower price of FVs.



Proposition 3.

Compared with the no policy scenario, the effect of the implementation of the dual-credit policy on the driving range of NEVs is as follows:     h N  <  h  DH   =  h  DE   =  h  DL    .





Proposition 3 reflects that the dual-credit policy always encourages the NEV market to increase R&D to improve driving range. The difference in the fuel consumption state of FVs has no impact on the driving range of NEVs.



Proposition 4.

Compared with the no policy scenario, the effect of the implementation of the dual-credit policy on the optimal price of NEVs is as follows:



If    n ⋚   8  σ 2   (  e  p c  + 2 σ  )    3  (  e  p c  + σ  )     , then     p   n 1    DL   =  p   n 1    DE   =  p   n 1    DH   ⋛  p   n 1   N    and     p   n 2    DL   =  p   n 2    DE   =  p   n 2    DH   ⋛  p   n 2   N   





Proposition 4 reflects the fact that the dual-credit policy will promote a higher price of NEVs when  n  is less than a specific threshold     8  σ 2   (  e  p c  + 2 σ  )    3  (  e  p c  + σ  )     . At this point, manufacturers are more willing to increase their R&D, due to the lower costs incurred, leading to higher prices.



Proposition 5.

Compared with the no policy scenario, the effect of the implementation of the dual-credit policy on the cost-sharing coefficient of cooperative R&D is as follows:



If    k ⋚   4  c n  + δ a   5  c n     , then    λ   DL   =  λ   DE   =  λ   DH   ⋛  λ  N   .





Proposition 5 reflects that when  k  is below the threshold     4  c n  + δ a   5  c n     , the dual-credit policy can encourage the FV–NEV manufacturers to bear more R&D cooperative costs, at which time the NEV manufacturer will increase R&D and share better R&D results with the FV–NEV manufacturer.




5.2. The Impact of the Dual-Credit Policy on Production and R&D Decisions


Proposition 6.

We calculated the different production strategies of FV in three cases when  α  increases. All are shown in Table 3.





A higher  α  indicates a looser CAFC target set by the government. Table 3 shows that an increased  α  has different effects on the decisions in different cases. When FVs are in the high fuel consumption state, the production and fuel economy improvement level increase when  α  increases. Changes in  α  can lead to opposite effects on pricing. When   m < ϕ (  p c  + ϕ )  , the manufacturer should raise the price of FV; the reverse is also true. When FVs are in the equilibrium fuel consumption state, the price, production, and fuel economy improvement level decreases with increasing  α . When FVs are in the low fuel consumption state, the change of  α  has no effect on these decisions.



Proposition 7.

We calculated the different production strategies of FV in three cases when   γ  increases. All are shown in Table 4.





A higher  γ  indicates that the government is pushing the transition from FV manufacturers to NEV manufacturers more strongly. Table 4 shows that an increased  γ  has different effects on the pricing decisions in different cases. With FVs in the high fuel consumption state, when   m > ϕ (  p c  + ϕ )  , the manufacturer should raise the price of FVs; the reverse is also true. When FVs are in the equilibrium fuel consumption state, the price increases with increasing  γ . With FVs in the low fuel consumption state, when   m >  ϕ 2   , the manufacturer should raise the price of FVs; the reverse is also true. No matter the fuel consumption state, an increase of  γ  will promote a decline in the production of FVs. When FVs are in the equilibrium fuel consumption state, the increase of  γ  has no effect on fuel economy, and the rest of the cases will lead to a decrease in the level of fuel economy improvement.



Proposition 8.

The effects of positive NEV credit generated by an NEV on decision-making:




	
 h  increases with the increase of   e 



	
If    0 < n <   4 σ    (  e  p c  + 2 σ  )   2    3  (  2 e  p c  + σ  )     ,     p  n 1     and     p  n 2     decrease with the increase of   e ; If    n >   4 σ    (  e  p c  + 2 σ  )   2    3  (  2 e  p c  + σ  )     ,     p  n 1     and     p  n 2     increase with the increase of   e 



	
If    0 < δ <    c n   (  5 k − 4  )   a   ,   λ  decreases with the increase of   e ; If    δ >    c n   (  5 k − 4  )   a   ,   λ  increase with the increase of   e .










Proposition 8 shows that the increase of  e  will promote the improvement of the NEV’s driving range, and the government can stimulate manufacturers to increase the driving range by increasing the positive NEV credit generated by an NEV. We can see that when the cost factor of increasing the driving range of NEVs is low, the manufacturer can obtain more credit profit by increasing R&D investment, which will promote the reduction of prices. When the cost factor of increasing the driving range of NEVs is high, the R&D input generates a higher production cost, and the manufacturer needs to raise the price to ensure a profit, which is consistent with reality. When the market share of NEVs is low, the increase of  e  cannot promote an increase of the cost sharing ratio between the FV–NEV manufacturer and NEV manufacturer. Only when   δ >    c n   (  5 k − 4  )   a   , the increase of  e  can promote an increase in the cost sharing ratio between the FV–NEV manufacturer and NEV manufacturer. When the market share is low, the market profit brought by the increase of  e  is low, which cannot offset the high cost of cooperative R&D.





6. Numerical Simulation


In order to display the research results more intuitively, we used a numerical simulation to supplement the demonstration. This section mainly explores the optimal production and R&D decisions of the automotive supply chain. Combining previous literature reports [4,8,17] and data [38,39,40,41,42], the parameter settings in this paper are shown in Table 5.



In this model, the potential market size of vehicles  a  is denoted as   6 ×   10  5   . The proportion of NEVs in the total market size of the automobile market  δ  is relatively low, due to the high cost and poor driving range, so we assumed  δ  is 0.4. Consumers are sensitive to fuel economy and driving range, and for every 1 L decrease in fuel consumption, demand will increase by 5000 units, and for every 1 km increase in driving range, demand will increase by 500 units [8,17]. We assumed the NEVs had a range of around 600 km [4]. The cost coefficients of fuel economy improvement and driving range improvement are large, and were assumed to be   4 ×   10  8    and   4 ×   10  7   . Combined with the market research report, it was assumed that the unit average production cost of FV was 80,000 CNY, and the unit average production cost of NEV was higher, due to the short development time and high technical difficulty. The FV–NEV manufacturer focused on the production of FVs in the early stages and had a weak production layout for NEVs, whose unit average production cost of each NEV was 120,000 CNY. Due to advanced technology and greater production experience, the unit average production cost of the NEV manufacturer was 0.6 times of that of FV–NEV manufacturer. In 2021, the positive credits generated by the automotive supply chain were three times more than negative credits [31], and the market relationship of supply exceeding demand caused the trading price of credits to fall below 1000 CNY/credit. Great Wall Motor forecasts that the trading price of credit will be 500–800 CNY/credit. Let the credit trading price be at 650 CNY/credit [17]. The MIIT stipulates that each NEV with a 1 km mileage increase will obtain 0.0056 credits [41]. MIIT issued a document clarifying the requirement for the proportion requirements for NEV production from 2021 to 2023, which were 14%, 16%, and 18%, respectively [38]. We took 16%, to simulate the 2022 scenario. Currently, the difference between the CAFC standard and the actual CAFC of most FVs is negative [39,40,42], and we took −2.5L/100 km in this study.



6.1. The Impact of the Difference between the CAFC Standard and the Actual Value on the Production Decision for FVs


When  α  is in different ranges, the a FVs are in different fuel consumption states. As shown in Figure 4a–c, when FVs are in the high fuel consumption state, the increase of  α  reduces the pressure on FV–NEV manufacturers, and FV–NEV manufacturers vigorously produce FVs. At this point, FV–NEV manufacturers increase their fuel economy improvement level, which can reduce the cost of credits. Lower credit costs drive manufacturers to lower pricing. When FVs are in the equilibrium fuel consumption state, the fuel economy improvement level, pricing, and production are reduced as the intensity of government regulation decreases. At this time, FV–NEV manufacturers lack an incentive to improve fuel economy levels. When FVs are the in low fuel consumption state,  α  does not have any impact on the manufacturers’ decisions. It is worth noting that the implementation of the dual-credit policy does not necessarily promote an improvement of fuel economy, when FVs are in low fuel consumption state, the dual-credit policy may inhibit the motivation of manufacturers to improve the fuel economy.




6.2. The Impact of Proportion Requirements for NEV Production Set by the Government on the Production Decisions of FVs


As can be seen from Figure 5a, the fuel economy improvement level under the dual-credit policy was much higher than that under no policy. Under the dual-credit policy, when  γ  increases, the FV–NEV manufacturer spent more resources on the production of NEVs, and the fuel economy improvement level gradually weakened. As can be seen from Figure 5b, under the dual-credit policy, the increase in  γ  may compress the production of FVs, but the impact on the pricing of FVs is minimal. The pricing of FVs under the dual-credit policy is always lower than that under no policy, mainly because the cost of credits is reduced by improving the fuel economy improvement level under the dual-credit policy, which in turn promotes the reduction of prices and an increase in production.




6.3. The Impact of Positive NEV Credit Generated by an NEV on the Production Decisions of NEVs and R&D


As shown in Figure 6a, the driving range under the dual-credit policy was much higher than that under no policy. The higher the  e , the more motivation the NEV manufacturer had to improve the driving range. The effect of the dual-credit policy on the pricing and production of the NEV manufacturer and the FV–NEV manufacturer was almost the same, as shown in Figure 6b,c. The pricing of NEVs decreased with the increase of  e . Contrary to pricing, the production of NEVs increased with the increase of  e . The dual-credit policy promoted the reduction of NEV pricing and the increase of production. As shown in Figure 6d, the implementation of the dual-credit policy promoted the increase of the cost sharing ratio of cooperative R&D costs, and the increase of  e  also encouraged the NEV manufacturer and FV–NEV manufacturer to agree a win–win cooperation model through technology sharing and cost-sharing.





7. Conclusions


This study explored a general analytical framework for the production and cooperative R&D strategies of an automotive supply chain. The optimal decision for manufacturers under different policy backgrounds and scenarios was analyzed and determined. Under a heterogeneous and unstable market environment, an automobile supply chain can be built in line with the real situation, which can provide decision support for manufacturers, to improve their profits and expand their market. This study can draw the following conclusions:



This study compared and analyzed the optimal production strategies and found that the dual-credit policy can promote the improvement of driving range. Meanwhile, it was found that the quantitative relationship between optimal solutions with and without the dual-credit policy was related to the threshold of specific parameters. Luo et al. drew similar conclusions about the improvement level of fuel economy, but they did not consider the impact of the dual-credit policy on the decision-making of NEV manufacturers [17]. Zhou et al. found that the dual-credit policy always increased the pricing of NEVs and FVs, because the influence of different fuel consumption levels on decision-making was not considered [20]. This provides a new perspective for the government to promote the dual-point policy. The government can quantify the effect of the policy through supervision of the production process of manufacturers, so as to optimize the effect of the policy implementation. Manufacturers can also flexibly adjust their production strategies according to the policy intensity, so as to obtain policy dividends.



The relationship of the cooperative R&D intensity with and without the dual-credit policy is related to the R&D cost coefficient. The positive NEV credit generated by an NEV will have an impact on cooperative R&D decisions. Ma et al. found that R&D cost-sharing contracts between upstream and downstream enterprises in the FV supply chain can promote supply chain coordination, but they ignored the fact that cooperative R&D between NEV manufacturers can improve supply chain coordination [4]. Zhou et al. found that the dual-credit policy can promote manufacturers to increase investments in green technology, but the impact of the dual-credit policy on cooperative R&D among manufacturers was not considered [20]. In order to promote the formation of a win–win cooperation pattern, the government should carefully control the policy intensity or R&D cost coefficient, and strengthen the incentive of manufacturers for cooperative R&D.



This study comprehensively analyzed the impact of the key parameters of the dual-credit policy on decisions: (a) An increase of CAFC targets set by the government will inhibit production and the motivation to improve the fuel economy of high fuel consumption vehicles, while the impact on equilibrium fuel consumption vehicles will be opposite. There is no effect on the FVs in the low fuel consumption state. This confirms some of the conclusions made by Ma et al. [4] and Luo et al. [17]. (b) An increase in the proportion requirements for NEV production set by the government will discourage the production of FVs and discourage manufacturers who produced high fuel consumption and low fuel consumption FVs from improving the level of fuel economy. Yu et al. also found that an increase in the production ratio of NEVs would inhibit the output of FVs, but they did not study the improvement of fuel economy [19]. (c) An increase in the positive NEV credit generated by a NEV will promote the improvement of the driving range of NEVs. Yu et al. and Zhou et al. found that the credit value generated by NEVs has an impact on pricing, but they did no research the driving range of NEVs [19,20]. Sometimes the implementation effect of the dual-credit policy is not determined by the strength of the regulation, and the relationship between the two is related to the relevant threshold range. Therefore, the government should flexibly control the intensity of control according to the actual local situation and build a green economy automotive supply chain.



There are limitations to our study. First, we did not consider the impact of canceling government subsidies on manufacturers’ decisions. At present, China has completely canceled government subsidies, so it is of practical significance to study the impact of canceling government subsidies on the automobile supply chain. Second, we did not consider the technological spillover among manufacturers, which will affect the enthusiasm of manufacturers toward cooperative R&D, and thus affect the development level of the automobile industry. In the future, we will study the impact of government subsidy cancellation and technology spillover on the automobile supply chain under the dual-credit policy and draw more meaningful conclusions and suggestions.
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Figure 1. Procedure of the dual-credit policy. 






Figure 1. Procedure of the dual-credit policy.



[image: Sustainability 15 01302 g001]







[image: Sustainability 15 01302 g002 550] 





Figure 2. Automotive supply chain model. 
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Figure 3. Game sequence. 
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Figure 4. The impact of  α  on the optimal decisions of FV manufacturers: (a) the impact of  α  on the optimal improvements in fuel economy; (b) the impact of  α  on the optimal price; (c) the impact of  α  on the optimal production. 
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Figure 5. The impact of  γ  on the optimal decisions of FV manufacturers: (a) the impact of  γ  on the optimal improvements in fuel economy; (b) the impact of  γ  on the optimal prices and production. 
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Figure 6. The impact of  e  on the optimal decisions of FV manufacturers: (a) the impact of  e  on the optimal driving range; (b) the impact of  e  on the optimal price and production; (c) the impact of  e  on the optimal price and production; (d) the impact of  e  on the optimal cost sharing ratio. 
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Table 1. The positioning of this study.
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	Chen et al. [14]
	√
	
	
	
	√



	Li et al. [15]
	√
	
	
	
	√



	Cheng et al. [16]
	√
	
	
	
	√



	Li et al. [8]
	√
	
	
	
	√



	Luo et al. [17]
	√
	
	√
	
	√



	Li et al. [18]
	√
	
	
	√
	√



	Yu et al. [19]
	√
	
	
	
	√



	Zhou et al. [20]
	√
	√
	
	√
	√



	Ou et al. [21]
	√
	
	
	
	√



	Li et al. [22]
	√
	
	
	
	√



	Zhao et al. [23]
	√
	
	
	
	√



	Li et al. [24]
	√
	
	
	
	√



	Liu et al. [25]
	
	√
	
	
	



	Kong et al. [26]
	
	√
	
	
	



	Jin et al. [27]
	
	√
	
	
	



	Ma et al. [4]
	√
	√
	√
	
	√



	Majumdar [28]
	
	√
	
	
	√



	Li et al. [29]
	
	√
	
	
	



	Yang and Chen [30]
	
	√
	
	
	



	Zheng et al. [31]
	
	√
	
	
	



	Raj et al. [32]
	
	√
	
	
	√



	Gu et al. [33]
	
	√
	
	
	√



	Our paper
	√
	√
	√
	√
	√
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Table 2. Summary of notations.






Table 2. Summary of notations.





	Notations
	Definition
	Notations
	Definition





	  a  
	Potential market size of vehicles
	    q f    
	Production of FVs produced by FV–NEV manufacturer



	  b  
	Consumer sensitivity to vehicle price
	    p c    
	Credit transaction price



	  δ  
	The proportion of NEVs in the total market size
	  x  
	The fuel economy improvement level



	  σ  
	Consumer sensitivity to the driving range of NEVs
	  h  
	The driving range of NEVs



	  ϕ  
	Consumer sensitivity to FV fuel economy
	  e  
	Positive NEV credit generated by an NEV



	  u  
	Price cross-influence coefficient between NEVs
	  γ  
	Proportion requirements for NEVs production set by government



	  k  
	Cost ratio to NEV production of NEV manufacturer
	  α  
	The difference between the CAFC standard set by the government and the actual value



	    p   n 1      
	Market price of NEVs produced by NEV manufacturer
	  m  
	The cost factor for improving the fuel economy of FVs



	    p   n 2      
	Market price of NEVs produced by FV–NEV manufacturer
	  n  
	The cost factor of increasing the driving range of NEVs



	    p f    
	Market price of FVs produced by FV–NEV manufacturer
	  λ  
	Cost sharing ratio



	    q   n 1      
	Production of NEVs produced by NEV manufacturer
	    c n    
	Production cost of NEVs produced by FV–NEV manufacturer



	    q   n 2      
	Production of NEVs produced by FV–NEV manufacturer
	    c f    
	Production cost of FVs produced by FV–NEV manufacturer
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Table 3. The effects of  α  on decisions.






Table 3. The effects of  α  on decisions.





	
Parameters

	
Cases

	

	
     p f D     

	
     q f D     

	
   x   






	
  α    ↑  

	
high fuel consumption state

	
   m < ϕ (  p c  + ϕ )   

	
  ↑  

	
  ↑  

	
  ↑  




	
   m = ϕ (  p c  + ϕ )   

	
  →  

	
  ↑  

	
  ↑  




	
   m > ϕ (  p c  + ϕ )   

	
  ↓  

	
  ↑  

	
  ↑  




	
equilibrium fuel consumption state

	

	
  ↓  

	
  ↓  

	
  ↓  




	
low fuel consumption state

	

	
  →  

	
  →  

	
  →  
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Table 4. The effects of  γ  on decisions.






Table 4. The effects of  γ  on decisions.





	
Parameters

	
Cases

	

	
     p f D     

	
     q f D     

	
   x   






	
  γ    ↑  

	
high fuel consumption state

	
   m > ϕ (  p c  + ϕ )   

	
  ↑  

	
  ↓  

	
  ↓  




	
   m = ϕ (  p c  + ϕ )   

	
  →  

	
  ↓  

	
  ↓  




	
   m < ϕ (  p c  + ϕ )   

	
  ↓  

	
  ↓  

	
  ↓  




	
equilibrium fuel consumption state

	

	
  ↑  

	
  ↓  

	
  →  




	
low fuel consumption state

	
   m >  ϕ 2    

	
  ↑  

	
  ↓  

	
  ↓  




	
   m =  ϕ 2    

	
  →  

	
  ↓  

	
  ↓  




	
   m <  ϕ 2    

	
  ↓  

	
  ↓  

	
  ↓  
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Table 5. Value for each parameter.






Table 5. Value for each parameter.





	Parameters
	Values
	Parameters
	Values





	  a  
	   6 ×   10  5    
	    c f    
	80,000 CNY/vehicle



	  δ  
	0.4
	    c n    
	120,000 CNY/vehicle



	  ϕ  
	5000
	  k  
	0.6



	  σ  
	500
	    p c    
	650 CNY



	  h  
	600
	  e  
	0.0056 credits/km × vehicle



	  m  
	   4 ×   10  8    
	  γ  
	0.16



	  n  
	   4 ×   10  7    
	  α  
	−2.5 L/100 km
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