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Abstract

:

In this paper, we investigate the government’s optimal subsidy strategy for the China–Europe Railway Express (CERE) considering environmental impacts and industry competition. Specifically, we consider three subsidy options: no subsidies, subsidies to CERE carriers, and subsidies to shippers. A game theory framework is developed to analyze the problem of developing a sustainable supply chain consisting of the government, competitive carriers, and shippers. First of all, we find that for the government, indirect subsidies to CERE carriers and direct subsidies to shippers lead to the same total social welfare. We then examine the conditions for phasing out government subsidies. Our results indicate that the government’s optimal subsidy strategy switches at a threshold level of CERE’s environmental advantage. In particular, when the environmental advantage of CERE is high, the government should subsidize CERE by subsidizing either the carrier or shipper. In contrast, when the environmental advantage of CERE is low, the government should opt out of subsidies. At last, we find that this threshold of CERE’s environmental advantage is further impacted by CERE’s capacity and marginal operating costs. This study differs from prior research by investigating various subsidy strategies while taking into account CERE’s emission advantage and the timing of subsidy withdrawal.
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1. Introduction


The Belt and Road Initiative (B&R) is proposed as a critical strategy to improve connectivity in regional economic cooperation and growth. This initiative comprises two major platforms: the land-based Silk Road Economic Belt (SREB), and the sea-based 21st-Century Maritime Silk Road (MSR). These two platforms facilitate the flow of infrastructure and promote deeper market integration among the countries spanning from China to Europe [1,2]. To further advance this initiative, the China–Europe Railway Express (CERE) has been launched to offer cross-border joint railway freight transport services to countries situated along the Silk Road Economic Belt (SREB) and the 21st-Century Maritime Silk Road (MSR). Since the first CERE train started operating in Chongqing in 2011, CERE has played a vital role in promoting regional economic development along SREB. Currently, there are more than 40,000 CERE freight trains operating between China and Europe. Over 160 cities in 22 European countries have been served by these trains along 73 routes so far [3]. In the future, with further expansion of the CERE network, more and more trade routes will be connected to SREB and MSR. For example, there are two popular trade routes between Yiwu, China and Madrid, Spain: the CERE route and the liner shipping route. The CERE route linking Yiwu and Madrid (i.e., the Yiwu–Xinjiang–Europe cargo train) is the longest train line in the SREB (13,502 km), which carries container freights passing through China, Kazakhstan, Russia, Belarus, Poland, Germany, France, and Spain. There are currently more than 5000 cargo trains operating on the Yiwu–Xinjiang–Europe line, and 19 additional lines have been added, while the liner shipping route consists of Yiwu to Ningbo Port, followed by Ningbo Port to Madrid Port via MSR.



Both CERE and liner shipping emit emissions during transportation, resulting in environmental pollution [4]. Compared with liner shipping, CERE is more environmentally friendly. For instance, the total emissions of CERE passing through Russia, Belarus, and Kazakhstan are only 27.7% of those of liner shipping [5]. However, CERE incurs higher transportation costs than liner shipping. CERE has a monetary transportation cost of around 8000 USD/FEU, whereas liner shipping has a monetary transportation cost of 3000 USD/FEU [6]. This places CERE at a competitive disadvantage against liner shipping. To achieve balanced economic and environmental development, the government has always been interested in promoting and supporting CERE. For example, in 2017, the government of Zhengzhou adopted an operational subsidy policy for CERE carriers to offset their transportation costs [7,8]. Subsidies provided by the government are beneficial to the CERE’s development and environmental protection. However, they may not always benefit society as a whole. For example, as competitors in the same industry, liner shipping’s profit may get harmed as a result of the government’s subsidization of CERE.



As discussed above, it is critical to examine the government’s subsidy strategy for CERE in light of environmental protection as well as competition in the transportation industry. Establishing such a subsidy mechanism contributes not only to the sustainability of the environment, but also to the sustainability of the transportation sector. Motivated by this practical need, this study aims to investigate the government’s optimal subsidy strategy for CERE considering its emission advantage and industry competition. This presents us with three interesting and important questions:




	(1)

	
What is the government’s optimal subsidy strategy considering environmental impact and industry competition?




	(2)

	
How do environmental protection-oriented government subsidies affect CERE and liner shipping carriers’ optimal decisions?




	(3)

	
Under what conditions can the government phase out subsidy policies?









To answer the questions above, we establish a two-stage game model to investigate the government’s optimal subsidy strategy for CERE. Specifically, we consider three subsidy options: (1) no subsidy schemes at all; (2) providing subsidies to CERE carriers; (3) providing subsidies to shippers. The equilibrium outcomes under three different government subsidies are derived and compared. Moreover, we examine how government subsidies that take into account environmental emissions affect the optimal decisions made by supply chain members.



The main contributions of this study to the literature are three-fold. Firstly, it investigates the optimal pricing decision of the CERE carrier and liner shipping carrier under three different subsidy strategies, thus filling a research gap in the CERE literature. Secondly, differing from previous literature, this study investigates optimal subsidy strategies for the government by simultaneously considering environmental impacts and industry competition. Lastly, we discuss the timing for the government to opt out of CERE subsidies. This research result enriches the literature on the government’s CERE subsidy strategy.



Following is the structure of the remainder of this paper. In Section 2, we review related studies in the literature and highlight what we have contributed to the field. In Section 3, the problem is described in detail and basic assumptions are presented. Section 4 develops three different game models and derives corresponding equilibrium results. A numerical analysis is performed in Section 5. Section 6 gives the findings and some managerial implications. This paper concludes with managerial insights and future research directions in Section 7. We provide all proofs in Appendix A for clarity.




2. Literature Review


This study is closely related to three streams of literature: (1) the development of CERE; (2) government subsidies for CERE; and (3) CERE’s impacts on the environment.



2.1. The Development of CERE


As the major passage of China–Europe trade, the development of the China–Europe Railway Express (CERE) has attracted widespread attention [9,10]. Some researchers have conducted relevant studies on market demand, government subsidies, investment, and sustainable development in CERE [11,12,13]. Men [14] summarized the opportunities and challenges in China–Europe railway connectivity. She systematically expounded the great significance of the international railway layout of the BRI in improving the overall competitiveness of CERE, and gave some countermeasures. Wei and Lee [15] developed a two-level alliance cooperation mechanism for CERE to match the logistics capabilities and demands between CERE platforms. Their analysis indicated that alliance members could improve operational efficiency by setting joint routes planning and scheduling. Zhou et al. [16] addressed a multimethodological approach to examine the possibility of integration problems of the air transportation networks (ANT) of Belt and Road Initiative (BRI) countries. They found that the increase in multimodal transportation hubs could efficiently improve both connectivity and the international trade outreach of the BRI. Yang et al. [17] adopted a discrete choice model to determine the impact of transportation accessibility (transportation time and freight cost) on the establishment of international logistics centers. They indicated that the authorities could achieve a sustainability process of CERE by developing high-valued manufacturing industries. Besharati et al. [18] investigated the feasibility of using empty wagons and containers returned from Europe to maintain the sustainable development of trade basing on the current situation of CERE. Liu et al. [19] indicated that in the logistics service supply chain, a cost-sharing contract may result in increased profit for suppliers.



As a logistics service provider, CERE is a direct participant in the supply chain. It has been demonstrated that game theory can be used to design supply chains that involve logistics service providers [20,21,22,23]. Ma et al. [20] established a noncooperative game model in the duopoly market to investigate pricing accounting, local road infrastructure investment, given frequency, and operational costs. They further extended their study to explore the problem of simultaneous decision making on pricing and frequency. Their research showed that social welfare would be higher when the government becomes less regulated. Zhang et al. [21] constructed a two-stage game model to investigate the impact of railways on port transportation. They concluded that the railway damages both the freight prices and profits of the port. Chen et al. [22] developed a game-theoretic model to identify the effect of a competitive game strategic method (deterrence) on shipping and CERE. Feng et al. [23] established an evolutionary game model to study the optimal competition strategy of CERE considering differential freight categories. Their mathematical model showed that the service-optimizing strategy raises the market share of CERE.




2.2. Government Subsidies for CERE


It is widely believed that government subsidies play an indispensable role in the development of transportation, especially in cases where the operational costs are high [24,25]. Jiang et al. [26] compared the fee structures of five CER routes and related seaborne container shipping routes under government subsidies. It was found that government subsidies can efficiently reduce freight costs up to 60%, and thus improve the willingness of operators in transportation. Wang et al. [27] developed a “hub-and-spoke” model to examine the link between border port hinterland selection and cost control. It is seen that the market share of the CERE is negatively affected by government subsidies. Gong and Li [6] investigated the government’s optimal subsidy and emission control coverage and further considered the competition and cooperation of operators in the CERE. Their results showed that the regulator should achieve economic and environmental goals by adjusting subsidies. Feng et al. [28] considered the case of the CERE line “Wuhan–Hamburg” and indicated the optimal government subsidy as an efficient method to promote sustainable development. Kundu and Sheu [7], on the other hand, focused on the competition freight transportation issue from China to Germany and considered the effect of the government subsidy on shippers’ mode switching. Afterward, they identified that a minimum 30% shipper fee subsidy can attract low-value shippers for the rail mode. Du and Shi [29] indicated that the high shipping fee and disorderly competition are the two problems that restrain the CERE. Thus, they developed a dynamic game model with incomplete information to study the effectiveness of the government subsidy in enhancing the ties between local government and relevant enterprises. They found that a reasonable government subsidy raises the local enterprise’s operational willingness and social benefit. Lian et al. [30] compared the competitiveness of CERE and liner shipping considering the enforced sulfur emission convention of the IMO and government subsidies. They indicated that the subsidies can efficiently support CERE to survive in the market economy. Yin et al. [31] suggested that the government adopt the differentiated subsidy strategy, which is to promote high-value-to-weight product exports.




2.3. CERE’s Impacts on the Environment


Previous studies have shown that the construction and development of modern railway express lines have both been caused and affected by the environment [32,33,34]. Li et al. [35] analyzed the sustainable transport competitiveness of the CERE aspect to reliability, convenience, safety, and environmental protection. Their results showed that the decrease in carbon emissions could raise social benefits. Cheng et al. [36] developed a biobjective mixed-integer programming model and investigated how to mitigate greenhouse gas emissions and operating costs of CERE. Their sensitivity analysis indicated that the cargo amount affects the trade-off between greenhouse gas emissions and operating costs. Hu et al. [37] believed that technological innovation and foreign investment are two important channels that improve the environmental efficiency of CERE. Mao et al. [38] investigated the effect of CERE on regional green economic efficiency (GEE). They showed that the environmental impact mechanism of CERE relies on the original attributes of the region. Gong and Li [6] established a multistage sequential decision game model to solve optimal subsidy and emission control coverage of CERE. Their results indicated that moderate competition between different modes of transportation can benefit social welfare.




2.4. Research Gaps and Contributions


This research contributes to the literature on CERE. A growing body of research on CERE focuses on the site location, route planning, and the comparison of different modes of transportation [15,16,17,37,38]. However, there are few previous studies that addressed the issue of CERE carrier’s optimal pricing decision under the government’s subsidy [7,20]. Differing from previous studies, we consider both government subsidies and industry competition. On this basis, we further analyze the optimal pricing decision of the CERE carrier and liner shipping carrier under three different subsidy situations.



This research also contributes to the government’s subsidy strategy literature in the field of CERE. Previous studies emphasize the effect of the government’s subsidy on various types of operational strategies made by CERE carriers [29,30]. But they ignore the fact that the government will consider the environmental impact of CERE to choose the subsidy strategic accordingly. Note that the environmental impact plays an important role in the sustainable development of CERE. Our study contributes to the literature by considering both the environmental impact and political subsidies of CERE. The established link between environmental impact and the government’s subsidy to CERE may provide future research avenues.



In addition, it also enriches the literature gap in the field of CERE on the withdrawal of government subsidies. The previous literature largely focused on the optimal subsidy strategic choice of the government [6,28,29,30,31]. However, discussion of the condition of the government’s withdrawal from subsidies is limited. Differing from previous studies, our research discusses the condition for the government to opt out of subsidies to CERE.





3. Problem Description


This study aims to determine the government’s optimal subsidy strategy for CERE when considering carbon neutrality. Following the literature [6,20,21,22,23], we use the two-stage game theory model to investigate this problem. Specifically, we propose a vertical structure of the China–Europe cargo transportation system, consisting of the government, two competing carriers (i.e., CERE carrier and liner shipping carrier), and shippers, as shown in Figure 1. We then examine and compare three different subsidy strategies for the proposed system: (1) no subsidy schemes at all; (2) providing subsidies to the CERE carrier; and (3) providing subsidies to the shippers. In this system, two competing carriers, CERE (by rail) and liner shipping (by water), transport freight from China to Europe. The notations used in this paper are described in Table 1.



The freight per container charged by CERE and liner shipping are   p r   and   p s  , respectively. Following the literature [39], we assume that the market demand for either transport mode is deterministic and linearly related to freight charges, as follows:


   D r  = θ a −  b 1   p r  +  b 2   p s  ,  



(1)






   D s  =  ( 1 − θ )  a −  b 1   p s  +  b 2   p r  ,  



(2)




where   D r   is the demand of the CERE and   D s   is the demand of the liner shipping. In addition, a is the total market size,  θ  (  0 ≤ θ ≤ 1  ) is the market preference for CERE, and   1 − θ   is the market preference for liner shipping. Parameters   b 1   and   b 2   address self-price and cross-price elasticity, respectively. We further assume    b 1  >  b 2   .



The marginal operating costs of CERE and liner shipping are denoted by   c r   and   c s  , respectively. Moreover, the fuel costs for transporting via CERE and liner shipping depend on journey length, fuel consumption per kilometer, and oil price per unit. The journey lengths of the CERE route and liner shipping route are denoted by   d r   and   d s  , respectively. Let   β r   and   β s   represent the marginal fuel consumption of the CERE and liner shipping. Parameters   f r   and   f s   indicate the fuel price of CERE and liner shipping. The capacity of CERE and liner shipping is measured in containers per train and vessel, denoted by   k r   and   k s  . In practice, trains have less capacity than vessels, namely    k r  <  k s   . Given the above, the fuel cost per container for CERE (  F r  ) and liner shipping (  F S  ) are calculated as follows:


   F r  =    d r   β r   f r    k r   ,  



(3)






   F s  =    d s   β s   f s    k s   .  



(4)







During the transportation process, liner shipping’s unit emission per kilometer is given by   e s  . Due to its environmental advantage, CERE cuts unit emissions by   1 − ϕ  %, in which   0 < ϕ < 1  . In other words,    e r  = ϕ  e s   , where the value of  ϕ  reflects the environmental advantage of CERE. Following the literature [6,40], a polynomial function is adopted to model the impact of emissions on the ecological environment resulting from different transportation modes, as follows:


   E r  =  τ 0  +  τ 1      d r  ϕ  e s    k r    +  τ 2       d r  ϕ  e s    k r    2  ,  



(5)






   E s  =  τ 0  +  τ 1      d s   e s    k s    +  τ 2       d s   e s    k s    2  .  



(6)




where   τ 0  ,   τ 1  , and   τ 2   are positive scale parameters. Here,   E r   and   E s   can be regarded as the marginal pollutant damage costs from CERE and liner shipping.



Within this context, the government aims to maximize the social welfare by providing a subsidy s to CERE. The social welfare consists of shippers’ surplus and carriers’ profits. In accordance with previous studies [6,41], we define shippers’ surplus as follows:


  C S =  ∫  p r  m i n    p r  m a x     D r  d  p r  +  ∫  p s  m i n    p s  m a x     D s  d  p s  =   D r 2   2  b 1    +   D s 2   2  b 1    ,  



(7)




where    p r  m i n   =   θ a +  b 2   p s  −  D r    b 1     and    p s  m i n   =    ( 1 − θ )  a +  b 2   p r  −  D s    b 1     indicate the freight charge of CERE and liner shipping, respectively, while    p r  m a x   =   θ a +  b 2   p s    b 1     and    p s  m a x   =    ( 1 − θ )  a +  b 2   p r    b 1     denote the maximum freight charge that shippers are willing to pay, respectively.



Social welfare equals the carriers’ profits plus the shippers’ surplus, minus the air pollution cost and the subsidy for the CERE. Thus, the total social welfare can be formulated as


  S W = C S +  Π r  +  Π s  −  D r  s −  (  E r   D r  +  E s   D s  )   



(8)




where   Π r   is the profit of the CERE carrier,   Π s   is the profit of the liner shipping carrier, and    D r  s   is the total subsidy to the CERE.




4. Equilibrium Analysis


In this section, we first consider the benchmarking scenario in Section 4.1, where the government does not subsidize at all. After that, in Section 4.2, we consider the scenario where the government provides subsidies to the CERE. Then, in Section 4.3, we consider the scenario where the government provides subsidies to the shipper. Finally, a comparison of these three scenarios is conducted in Section 4.4 to reveal the government’s optimal subsidy scheme.



4.1. Benchmark: No Subsidy Schemes (Model B)


In the benchmarking scenario, government subsidies are not provided. Therefore, the government does not make any decisions; rather, the CERE carrier and liner shipping carrier determine   p n   and   p r   simultaneously in order to maximize their profits. Formally, the CERE carrier solves the optimization problem


   max  p r    Π r B  =  (  p r  −  c r  −  F r  )   D r  ,  



(9)




and the liner shipping carrier simultaneously solves


   max  p s    Π s B  =  (  p s  −  c s  −  F s  )   D s  ,  



(10)




where   D r   and   D s   are given by Equations (1) and (2), respectively.



It is easy to prove that   Π r B   (  Π s B  ) is a concave function of   p r   (  p s  ). Thus, the equilibrium solution can be obtained by solving the first-order conditions simultaneously, and is presented in Proposition 1.



Proposition 1. 

The CERE carrier’s and the liner shipping carrier’s pricing decisions in equilibria are described as follows:


    p r  B *   =   2  b 1   a θ +  b 1    c r  +  F r    +  b 2   a  ( − θ )  + a +  b 1    c s  +  F s       b 2 2  − 4  b 1 2    ,   










    p s  B *   =    b 1   k s    k r   − 2 a θ + 2 a +  b 2   c r   +  b 2   d r   f r   β r   + a  b 2  θ  k r   k s  + 2  b 1 2   k r    c s   k s  +  d s   f s   β s      4  b 1 2  −  b 2 2    k r   k s    ,   








where    F r  =    d r   f r   β r    k r     and    F s  =    d s   f s   β s    k s    .





Correspondingly, the CERE carrier’s and the liner shipping carrier’s optimal freight volume, optimal profits, and total social welfare are:


   D r  B *   =    b 1    k s    k r    b 2   a  ( 1 − θ )  +  b 2   c r   +  b 1   2 a θ +  b 2   c s   − 2  b 1 2   c r   +   b 2 2  − 2  b 1 2    d r   f r   β r   +  b 1   b 2   d s   f s   k r   β s      4  b 1 2  −  b 2 2    k r   k s    ,  










   D s  B *   =    b 1    k s    k r    b 1    b 2   c r  − 2 a  ( θ − 1 )   +  b 2   a θ +  b 2   c s   − 2  b 1 2   c s   +  b 1   b 2   d r   f r   β r   +   b 2 2  − 2  b 1 2    d s   f s   k r   β s      4  b 1 2  −  b 2 2    k r   k s    ,  










   Π r  B *   =    b 1    k s    k r    b 2   a  ( 1 − θ )  +  b 2   c r   +  b 1   2 a θ +  b 2   c s   − 2  b 1 2   c r   +   b 2 2  − 2  b 1 2    d r   f r   β r   +  b 1   b 2   d s   f s   k r   β s     2     4  b 1 2  −  b 2 2     2   k r 2   k s 2    ,  










   Π s  B *   =    b 1    k s    k r    b 1    b 2   c r  − 2 a  ( θ − 1 )   +  b 2   a θ +  b 2   c s   − 2  b 1 2   c s   +  b 1   b 2   d r   f r   β r   +   b 2 2  − 2  b 1 2    d s   f s   k r   β s     2     4  b 1 2  −  b 2 2     2   k r 2   k s 2    ,  










  S  W  B *   =     D r  B *    2   2  b 1    +     D s  B *    2   2  b 1    +  Π r  B *   +  Π s  B *   −  (  E r   D r  B *   +  E s   D s  B *   )  .  












4.2. Subsidies to CERE Scenario (Model R)


In this section, we consider the scenario in which the government provides subsidies to the CERE carrier. With the subsidy provided, the CERE carrier’s profit is derived from the freight charge, operating cost, fuel cost, and subsidy as follows:


   Π r R  =  (  p r  + s −  c r  −  F r  )   D r  ,  



(11)




where s is the government subsidy per container for the CERE.



The profit of the liner shipping carrier, represented as   Π s R  , is the freight charge minus the operating and fuel costs, and is formulated as:


   Π s R  =  (  p s  −  c s  −  F s  )   D s  .  



(12)







In this scenario, the government aims to maximize the total social welfare, and both carriers aim to maximize their profits. We formulate this decision framework using a two-stage model. At stage 1, the government determines the subsidy for the CERE carrier, while at stage 2, the CERE carrier and the liner shipping carrier set the freight charge simultaneously.



The government first decides the subsidy s for each unit container transported by the CERE carrier to maximizes the total social welfare. This decision making can be formulated as an optimization problem as follows.


   max s  S  W R  =   D r 2   2  b 1    +   D s 2   2  b 1    +  (  p r  + s −  c r  −  F r  )   D r  +  (  p s  −  c s  −  F s  )   D s  − s  D r  −  (  E r   D r  +  E s   D s  )   



(13)







After that, the CERE carrier and the liner shipping carrier competitively determine the freight charge   p r   and   p s   to maximize their own profits. Their optimization problems can be formulated as (14) and (15).


   max  p r    Π r R  =  (  p r  + s −  c r  −  F r  )   D r   



(14)






   max  p s    Π s R  =  (  p s  −  c s  −  F s  )   D s   



(15)







To examine the impact of the government subsidy s on carriers’ pricing, we first solve the best response functions    p r  R *    ( s )    and    p s  R *    ( s )   , which are summarized in Lemma 1.



Lemma 1. 

For given s, the best response functions    p r  R *    ( s )    and    p s  R *    ( s )    are given by


       p r  R *    ( s )  =   2  b 1   a θ +  b 1    c r  +  F r  − s   +  b 2   a  ( 1 − θ )  +  b 1    c s  +  F s      4  b 1 2  −  b 2 2    ;      










       p s  R *    ( s )  =    b 1   k s    k r    b 2    c r  − s  − 2 a  ( θ − 1 )   +  b 2   d r   f r   β r   + a  b 2  θ  k r   k s  + 2  b 1 2   k r    c s   k s  +  d s   f s   β s      4  b 1 2  −  b 2 2    k r   k s    .      













The impacts of subsidy s on the optimal freight charges of the CERE carrier and the liner shipping carrier are further presented in Corollary 1.



Corollary 1. 

The impacts of subsidy s on the optimal freight charges of the CERE carrier and the liner shipping carrier are described as follows:


     ∂  p r  R *    ( s )    ∂ s   < 0 ,   ∂  p s  R *    ( s )    ∂ s   < 0 .   













Corollary 1 shows that with the increase in the government’s subsidy, both the CERE carrier’s and the liner shipping carrier’s freight charge decreases. The reason for this is that as government subsidies for each unit container transported by the CERE carrier increase, the CERE carrier will lower freight prices in order to gain more market share. The CERE carrier’s reduced freight charges further result in price competition, which leads to corresponding price reductions by the liner shipping carrier.



We then solve the equilibrium outcomes of this game, which are summarized in Proposition 2.



Proposition 2. 

The optimal subsidy   s  R *   , the optimal freight charge   p r  R *    of the CERE carrier, and the optimal freight charge   p s  R *    of the liner shipping carrier are given by



(1) when   ϕ <  ϕ t   , then


       s  R *   =      4  b 1 4   k r   −  k r   k s 3    c r   k r  +  d r   β r    f r  + 2  e s  ϕ  τ 1    −   b 2   d s 2   e s 2   k r 2   β s 2    c s   k s  +  d s   f s   β s   +  d r 2    (  e s  ϕ )  2   k s 2   β r 2    2 a θ +  b 2   c s    k s  +  b 2   d s   f s   β s     τ 2      4  b 1 4  − 3  b 1 2   b 2 2  −  b 2 4    k r 3   k s 3  + 2  b 1   k r   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2          +   2  b 1 3   k s   b 2   − 2  d r 2    (  e s  ϕ )  2   k s 2   β r 2    a − a θ + 2  b 2   c r    k r  + 2  b 2   d r   f r   β r   +  d s 2   e s 2   k r 2    2 a − 2 a θ +  b 2   c r    k r  +  b 2   d r   f r   β r    β s 2   )   τ 2      4  b 1 4  − 3  b 1 2   b 2 2  −  b 2 4    k r 3   k s 3  + 2  b 1   k r   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2           +    b 1   b 2 2   k s 2   −  k r 3    7 a θ + 5  b 2   c s    k s  +  b 2   d s   β s   5  f s  +  e s   τ 1    + 2  b 2   d r 2    (  e s  ϕ )  2   k s   β r 2    a − a θ +  b 2   c r    k r  +  b 2   d r   f r   β r    τ 2      4  b 1 4  − 3  b 1 2   b 2 2  −  b 2 4    k r 3   k s 3  + 2  b 1   k r   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2           +   8  b 1 5   d r 2    (  e s  ϕ )  2   k s 3   β r 2    c r   k r  +  d r   f r   β r    τ 2  −  b 2 3   k r 2   k s 3   2  a − a θ +  b 2   c r    k r  +  b 2   d r   β r   2  f r  +  (  e s  ϕ )   τ 1       4  b 1 4  − 3  b 1 2   b 2 2  −  b 2 4    k r 3   k s 3  + 2  b 1   k r   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2           +   2  b 1 2   b 2 2   k r    d s 2   e s 2   k r 2   β s 2    a θ +  b 2   c s    k s  +  b 2   d s   f s   β s   +  d r 2    (  e s  ϕ )  2   k s 2   β r 2    2 a θ +  b 2   c s    k s  +  b 2   d s   f s   β s     τ 2     4  b 1 4  − 3  b 1 2   b 2 2  −  b 2 4    k r 3   k s 3  + 2  b 1   k r   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2           +   4  b 1 3   k s 4   k r 3    a θ + 2  b 2   c s    k s  +  b 2   d s   β s   2  f s  +  e s   τ 1       4  b 1 4  − 3  b 1 2   b 2 2  −  b 2 4    k r 3   k s 3  + 2  b 1   k r   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2           +    b 1 2   b 2   k r 2   k s 3    4 a  − 1 + θ  + 3  b r   c r    k r  + 3  b 2   d r   β r    f r  +  (  e s  ϕ )   τ 1       4  b 1 4  − 3  b 1 2   b 2 2  −  b 2 4    k r 3   k s 3  + 2  b 1   k r   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2    ;      










       p  r   R *   =       b 1 2   b 2   k s 2   −  k r   k s    3 a  − 1 + θ  + 2  b 2   c r    k r  + 2  b 2   d r   β r    f r  +  (  e s  ϕ )   τ 1    − 2  b 2   d r 2    (  e s  ϕ )  2   β r 2    2 a θ +  b 2   c s    k s  +  b 2   d s   f s   β s    τ 2      4  b 1 4  − 3  b 2 2   b 1 2  −  b 2 4    k r 2   k s 3  + 2  b 1   k s     − 2  b 1 2  +  b 2 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2          +   2  b 1 4     b 2   d s 2   e s 2   k r 2   β s 2    c s   k s  +  d s   f s   β s   + 2  d r 2    (  e s  ϕ )  2   k s 2   β r 2    2 a θ +  b 2   c s    k s  +  b 2   d s   f s   β s     τ 2      4  b 1 4  − 3  b 2 2   b 1 2  −  b 2 4    k r 2   k s 3  + 2  b 1   k s     − 2  b 1 2  +  b 2 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2           +   a  1 − θ   b 2 3   k r 2   k s 2  +  b 1   b 2 2   k s 2    k r 2    2 a θ +  b 2   c s    k s  +  b 2   d s   f s   β s   + 2 a  − 1 + θ   b 2   d r 2    (  e s  ϕ )  2   k s   β r 2   τ 2      4  b 1 4  − 3  b 2 2   b 1 2  −  b 2 4    k r 2   k s 3  + 2  b 1   k s     − 2  b 1 2  +  b 2 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2           +    b 1 3   b 2   k s   −  k r 2   k s   3  c s   k s  + 3  d s   β s   3  f s  + 2  e s   τ 1    + 2 a  − 1 + θ   − 2  d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  d s 2   e s 2   k r 2   β s 2    τ 2      4  b 1 4  − 3  b 2 2   b 1 2  −  b 2 4    k r 2   k s 3  + 2  b 1   k s     − 2  b 1 2  +  b 2 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2           +   2  b 1 4   2  k r   k s 3    c r   k r  +  d r   β r    f r  +  (  e s  ϕ )   τ 1        4  b 1 4  − 3  b 2 2   b 1 2  −  b 2 4    k r 2   k s 3  + 2  b 1   k s     − 2  b 1 2  +  b 2 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2    ;      










       p  s   R *   =      a θ  b 2 3   k r 2   k s 3  + 4  b 1 5   d r 2    (  e s  ϕ )  2   k s 2   β r 2    c s   k s  +  d s   f s   β s    τ 2  + 2  b 1 4   k s 2    k r 2    c s   k s  +  d s   f s   β s   + 2 a  1 − θ   d r 2    (  e s  ϕ )  2   k s   β r 2   τ 2      4  b 1 4  − 3  b 2 2   b 1 2  −  b 2 4    k r 2   k s 3  + 2  b 1   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2          +    b 1 2   b 2 2   k s 2   −  k r 2   3  c s   k s  +  d s   β s   3  f s  +  e s   τ 1    − 2 a  1 − θ   d r 2    (  e s  ϕ )  2   k s   β r 2   τ 2      4  b 1 4  − 3  b 2 2   b 1 2  −  b 2 4    k r 2   k s 3  + 2  b 1   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2           +   2  b 1 3   k r   k s 3    a − a θ +  b 2   c r    k r  +  b 2   d r   β r    f r  +  (  e s  ϕ )   τ 1       4  b 1 4  − 3  b 2 2   b 1 2  −  b 2 4    k r 2   k s 3  + 2  b 1   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2           +   2  b 1 3   b 2    b 2   d s 2   e s 2   k r 2   β s 2    c s   k s  +  d s   f s   β s   +  d r 2    (  e s  ϕ )  2   k s 2   β r 2    2 a θ −  b 2   c s    k s  −  b 2   d s   f s   β s     τ 2     4  b 1 4  − 3  b 2 2   b 1 2  −  b 2 4    k r 2   k s 3  + 2  b 1   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2           −    b 1   b 2 3   k s 3    c r   k r 2  +  d r   β r    k r    f r  +  (  e s  ϕ )   τ 1   + 2 a θ  d r    (  e s  ϕ )  2   β r   τ 2       4  b 1 4  − 3  b 2 2   b 1 2  −  b 2 4    k r 2   k s 3  + 2  b 1   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2    ;      











(2) when   ϕ ≥  ϕ t   , then


       s  R *   = 0 ;      










       p  r   R *   =   2  b 1   a θ +  b 1    c r  +  F r    +  b 2   a  ( − θ )  + a +  b 1    c s  +  F s       b 2 2  − 4  b 1 2    ;      










       p  s   R *   =    b 1   k s    k r    b 2    c r  − s  − 2 a  ( θ − 1 )   +  b 2   d r   f r   β r   + a  b 2  θ  k r   k s  + 2  b 1 2   k r    c s   k s  +  d s   f s   β s      4  b 1 2  −  b 2 2    k r   k s    ;      








where


       ϕ t  =    8  b 1 4  − 6  b 2 2   b 1 2  +  b 2 4    d r   e s   k r 2   k s 3   β r   τ 1  −  λ    4  b 1   2  b 1 2  −  b 2 2    d r 2   e s 2   k s 2   β r 2    k s    2  c r   b 1 2  −  2 a θ +  b 2   c s    b 1  +  b 2   θ a − a −  b 2   c r     k r  −   b 2 2  − 2  b 1 2    d r   f r   β r   −  b 1   b 2   d s   f s   k r   β s    τ 2    ;      










      λ =  d r 2   e s 2   k r 2   k s 2   β r 2    8  b 1 4  − 6  b 2 2   b 1 2  +  b 2 4     2   k r 2   τ 1 2   k s 4  + 8  b 1   2  b 1 2  −  b 2 2    λ 1   τ 2   λ 2   ;      










       λ 1  =  k r    2 a θ +  b 2   c s    k s  +  b 2   d s   f s   β s    b 1  − 2  k s    c r   k r  +  d r   f r   β r    b 1 2  +  b 2   k s    − θ a + a +  b 2   c r    k r  +  b 2   d r   f r   β r   ;      










       λ 2  =     2  k s    b 2   d s 2   e s 2     b 2   c r  − 2 a  ( θ − 1 )    k r  +  b 2   d r   f r   β r    τ 2   β s 2  + 2  k r   k s    a θ + 2  b 2   c s    k s  +  b 2   d s   β s   2  f s  +  e s   τ 1      b 1 3            b 2     4 a  ( θ − 1 )  + 3  b 2   c r    k r  + 3  b 2   d r   f r   β r    k s 3  + 2  b 2   d s 2   e s 2   k r   β s 2    a θ +  b 2   c s    k s  +  b 2   d s   f s   β s    τ 2    b 1 2           −  b 2 2   k r   k s 2    7 a θ + 5  b 2   c s    k s  +  b 2   d s   β s   5  f s  +  e s   τ 1     b 1  + 2  b 2 3   k s 3    − θ a + a +  b 2   c r    k r  +  b 2   d r   f r   β r            + 4    c r   k r  +  d r   f r   β r    k s 3  +  b 2   d s 2   e s 2   k r   β s 2    c s   k s  +  d s   f s   β s    τ 2    b 1 4  .      













Correspondingly, the CERE carrier’s and the liner shipping carrier’s optimal freight volume, optimal profits, and total social welfare are:


   D r  R *   = θ a −  b 1   p r  R *   +  b 2   p s  R *   ;  










   D s  R *   =  ( 1 − θ )  a −  b 1   p s  R *   +  b 2   p r  R *   ;  










   Π r  R *   =  (  p r  R *   +  s  R *   −  c r  −  F r  )   D r  R *   ;  










   Π s  R *   =  (  p s  R *   −  c s  −  F s  )   D s  R *   ;  










     S  W  R *   =        (  D r  R *   )  2   2  b 1    +    (  D s  R *   )  2   2  b 1    +  (  p r  R *   +  s  R *   −  c r  −  F r  )   D r  R *   +  (  p s  R *   −  c s  −  F s  )   D s  R *   −  s  R *    D r  R *            − (  E r   D r  R *   +  E s   D s  R *   ) .     












4.3. Subsidies to Shipper (Model S)


In this section, we consider the scenario in which the government provides subsidies to the shipper. Specifically, when a shipper chooses the CERE carrier, the government provides the shipper with a subsidy of s per container. For the shipper, this means that the actual cost of a CERE container is    p r  − s  . Given the above, demand for CERE is derived as


   D r S  = θ a −  b 1   (  p r  − s )  +  b 2   p s  .  



(16)







The demand for liner shipping is derived as


   D s S  =  ( 1 − θ )  a −  b 1   p s  +  b 2   (  p r  − s )  .  



(17)







In this scenario, the CERE carrier’s profit function can be represented by


   Π r S  =  (  p r  −  c r  −  F r  )   D r S  .  



(18)







The profit function of the liner shipping carrier can be written as


   Π s S  =  (  p s  −  c s  −  F s  )   D s S  .  



(19)







Similar to Model R, the government aims to maximize the total social welfare, and both carriers aim to maximize their profits. Specifically, the government first determines the subsidy for the shipper. Then, the CERE carrier and the liner shipping carrier set the freight charge simultaneously.



The government’s decision making can be formulated as an optimization problem as follows.


   max s  S  W S  =     D r S   2   2  b 1    +     D s S   2   2  b 1    +  (  p r  −  c r  −  F r  )   D r S  +  (  p s  −  c s  −  F s  )   D s S  − s  D r S  −  (  E r   D r S  +  E s   D s S  )   



(20)







And the CERE carrier’s and the liner shipping carrier’s decision making can be formulated as (21) and (22).


   max  p r    Π r S  =  (  p r  −  c r  −  F r  )   D r S   



(21)






   max  p s    Π s S  =  (  p s  −  c s  −  F s  )   D s S   



(22)







We first solve the best response functions    p r  S *    ( s )    and    p s  S *    ( s )    to examine the impact of the subsidy s on carriers’ pricing.



Lemma 2. 

For given s, the best response functions    p r  S *    ( s )    and    p s  S *    ( s )    are given by


       p r  S *    ( s )  =   2  b 1   a θ +  b 1    c r  +  F r  + s   +  b 2   a  ( 1 − θ )  +  b 1    c s  +  F s   −  b 2  s    4  b 1 2  −  b 2 2    ;      










       p s  S *    ( s )  =    b 1   k s    k r    b 2    c r  − s  − 2 a  ( θ − 1 )   +  b 2   d r   f r   β r   + a  b 2  θ  k r   k s  + 2  b 1 2   k r    c s   k s  +  d s   f s   β s      4  b 1 2  −  b 2 2    k r   k s    .      













Then, we demonstrate the impacts of subsidy s on the CERE carrier’s and the liner shipping carrier’s optimal freight charge.



Corollary 2. 

The impacts of subsidy s on the CERE carrier’s and the liner shipping carrier’s optimal freight charge are described as follows:


     ∂  p r  S *    ( s )    ∂ s   > 0 ,   ∂  p s  S *    ( s )    ∂ s   < 0 .   













Corollary 2 shows that as government subsidies increase, the CERE carrier’s freight charge increases, while the liner shipping carrier’s freight charge decreases. This is because direct government subsidies to shippers can be considered a government-borne freight. Thus, an increase in subsidies could prompt the CERE carriers to appropriately raise freight rates without losing market share and thus gain more revenue. On the contrary, the liner shipping carrier will cut freight charges to earn a comparative advantage in the market.



The equilibrium outcomes in this scenario are further summarized in Proposition 3.



Proposition 3. 

The optimal subsidy   s  S *   , the optimal freight charge   p r  S *    of the CERE carrier, and the optimal freight charge   p s  S *    of the liner shipping carrier are given by



(1) when   ϕ <  ϕ t   , then


       s  S *   =      4  b 1 4   k r   −  k r   k s 3    c r   k r  +  d r   β r    f r  + 2  e s  ϕ  τ 1    −   b 2   d s 2   e s 2   k r 2   β s 2    c s   k s  +  d s   f s   β s   +  d r 2    (  e s  ϕ )  2   k s 2   β r 2    2 a θ +  b 2   c s    k s  +  b 2   d s   f s   β s     τ 2      4  b 1 4  − 3  b 1 2   b 2 2  −  b 2 4    k r 3   k s 3  + 2  b 1   k r   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2          +   2  b 1 3   k s   b 2   − 2  d r 2    (  e s  ϕ )  2   k s 2   β r 2    a − a θ + 2  b 2   c r    k r  + 2  b 2   d r   f r   β r   +  d s 2   e s 2   k r 2    2 a − 2 a θ +  b 2   c r    k r  +  b 2   d r   f r   β r    β s 2   )   τ 2      4  b 1 4  − 3  b 1 2   b 2 2  −  b 2 4    k r 3   k s 3  + 2  b 1   k r   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2           +    b 1   b 2 2   k s 2   −  k r 3    7 a θ + 5  b 2   c s    k s  +  b 2   d s   β s   5  f s  +  e s   τ 1    + 2  b 2   d r 2    (  e s  ϕ )  2   k s   β r 2    a − a θ +  b 2   c r    k r  +  b 2   d r   f r   β r    τ 2      4  b 1 4  − 3  b 1 2   b 2 2  −  b 2 4    k r 3   k s 3  + 2  b 1   k r   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2           +   8  b 1 5   d r 2    (  e s  ϕ )  2   k s 3   β r 2    c r   k r  +  d r   f r   β r    τ 2  −  b 2 3   k r 2   k s 3   2  a − a θ +  b 2   c r    k r  +  b 2   d r   β r   2  f r  +  (  e s  ϕ )   τ 1       4  b 1 4  − 3  b 1 2   b 2 2  −  b 2 4    k r 3   k s 3  + 2  b 1   k r   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2           +   2  b 1 2   b 2 2   k r    d s 2   e s 2   k r 2   β s 2    a θ +  b 2   c s    k s  +  b 2   d s   f s   β s   +  d r 2    (  e s  ϕ )  2   k s 2   β r 2    2 a θ +  b 2   c s    k s  +  b 2   d s   f s   β s     τ 2     4  b 1 4  − 3  b 1 2   b 2 2  −  b 2 4    k r 3   k s 3  + 2  b 1   k r   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2           +   4  b 1 3   k s 4   k r 3    a θ + 2  b 2   c s    k s  +  b 2   d s   β s   2  f s  +  e s   τ 1       4  b 1 4  − 3  b 1 2   b 2 2  −  b 2 4    k r 3   k s 3  + 2  b 1   k r   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2           +    b 1 2   b 2   k r 2   k s 3    4 a  − 1 + θ  + 3  b r   c r    k r  + 3  b 2   d r   β r    f r  +  (  e s  ϕ )   τ 1       4  b 1 4  − 3  b 1 2   b 2 2  −  b 2 4    k r 3   k s 3  + 2  b 1   k r   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2    ;      










       p  r   S *   =       b 1   b 2 2   k s 2   2  b 2 2   d r 2    (  e s  ϕ )  2   k s   β r 2    c r   k r  +  d r   f r   β r    τ 2  −  k r 3    5 a θ + 4  b 2   c s    k s  +  b 2   d s   β s   4  f s  +  e s   τ 1        4  b 1 4  − 3  b 2 2   b 1 2  −  b 2 4    k r 3   k s 3  + 2  b 1   k r   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2          +   −  b 2 3   k r 2   k s 3    a − a θ + 2  b 2   c r    k r  +  b 2   d r   β r   2  f r  +  e s  ϕ  τ 1    + 2  b 1 4   k r 2   − 2  d r   e s  ϕ  k s 3   β r   τ 1  −  b 2   d s 2   e s 2   k r   β s 2    c s   k s  +  d s   f s   β s    τ 2      4  b 1 4  − 3  b 2 2   b 1 2  −  b 2 4    k r 3   k s 3  + 2  b 1   k r   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2           +    b 1 2   b 2   k r 2    k s 3    a  − 1 + θ  +  b 2   c r    k r  +  b 2   d r   β r    f r  + 4  (  e s  ϕ )   τ 1    + 2  b 2   d s 2   e s 2   k r   β s 2    a θ +  b 2   c s    k s  +  b 2   d s   f s   β s    τ 2      4  b 1 4  − 3  b 2 2   b 1 2  −  b 2 4    k r 3   k s 3  + 2  b 1   k r   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2           +    b 1 3   k s 2   k r 3    4 a θ + 5  b 2   c s    k s  +  b 2   d s   β s   5  f s  + 2  e s   τ 1    + 8  b 1 5   d r 2    (  e s  ϕ )  2   k s 3   β r 2    c r   k r  +  d r   f r   β r    τ 2     4  b 1 4  − 3  b 2 2   b 1 2  −  b 2 4    k r 3   k s 3  + 2  b 1   k r   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2           +   2  b 1 3   k s   b 2   a  1 − θ   d s 2   e s 2   k r 3   β s 2  +  b 2    c r   k r  +  d r   f r   β r    − 4  d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  d s 2   e s 2   k r 2   β s 2     τ 2     4  b 1 4  − 3  b 2 2   b 1 2  −  b 2 4    k r 3   k s 3  + 2  b 1   k r   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2    ;      










       p  s   S *   =      a θ  b 2 3   k r 2   k s 3  + 4  b 1 5   d r 2    (  e s  ϕ )  2   k s 2   β r 2    c s   k s  +  d s   f s   β s    τ 2  + 2  b 1 4   k s 2    k r 2    c s   k s  +  d s   f s   β s   + 2 a  1 − θ   d r 2    (  e s  ϕ )  2   k s   β r 2   τ 2      4  b 1 4  − 3  b 2 2   b 1 2  −  b 2 4    k r 2   k s 3  + 2  b 1   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2          +    b 1 2   b 2 2   k s 2   −  k r 2   3  c s   k s  +  d s   β s   3  f s  +  e s   τ 1    − 2 a  1 − θ   d r 2    (  e s  ϕ )  2   k s   β r 2   τ 2      4  b 1 4  − 3  b 2 2   b 1 2  −  b 2 4    k r 2   k s 3  + 2  b 1   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2           +   2  b 1 3   k r   k s 3    a − a θ +  b 2   c r    k r  +  b 2   d r   β r    f r  +  (  e s  ϕ )   τ 1       4  b 1 4  − 3  b 2 2   b 1 2  −  b 2 4    k r 2   k s 3  + 2  b 1   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2           +   2  b 1 3   b 2    b 2   d s 2   e s 2   k r 2   β s 2    c s   k s  +  d s   f s   β s   +  d r 2    (  e s  ϕ )  2   k s 2   β r 2    2 a θ −  b 2   c s    k s  −  b 2   d s   f s   β s     τ 2     4  b 1 4  − 3  b 2 2   b 1 2  −  b 2 4    k r 2   k s 3  + 2  b 1   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2           −    b 1   b 2 3   k s 3    c r   k r 2  +  d r   β r    k r    f r  +  (  e s  ϕ )   τ 1   + 2 a θ  d r    (  e s  ϕ )  2   β r   τ 2       4  b 1 4  − 3  b 2 2   b 1 2  −  b 2 4    k r 2   k s 3  + 2  b 1   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2    ;      











(2) when   ϕ ≥  ϕ t   , then


       s  R *   = 0 ;      










       p  r   R *   =   2  b 1   a θ +  b 1    c r  +  F r    +  b 2   a  ( − θ )  + a +  b 1    c s  +  F s       b 2 2  − 4  b 1 2    ;      










       p  s   R *   =    b 1   k s    k r    b 2    c r  − s  − 2 a  ( θ − 1 )   +  b 2   d r   f r   β r   + a  b 2  θ  k r   k s  + 2  b 1 2   k r    c s   k s  +  d s   f s   β s      4  b 1 2  −  b 2 2    k r   k s    ;      








where the value of threshold   ϕ t   is the same as in Proposition 2.





Correspondingly, the CERE carrier’s and the liner shipping carrier’s optimal freight volume, optimal profits, and total social welfare are:


   D r  S *   = θ a −  b 1   (   p r  S *   −  s  S *   +  b 2   p s  S *   ;  










   D s  S *   =  ( 1 − θ )  a −  b 1   p s  S *   +  b 2   (  p r  S *   −  s  S *   )  ;  










   Π r  S *   =  (  p r  S *   −  c r  −  F r  )   D r  S *   ;  










   Π s  S *   =  (  p s  S *   −  c s  −  F s  )   D s  S *   ;  










     S  W  S *   =        (  D r  S *   )  2   2  b 1    +    (  D s  S *   )  2   2  b 1    +  (  p r  S *   −  c r  −  F r  )   D r  S *   +  (  p s  S *   −  c s  −  F s  )   D s  S *   −  s  S *    D r  S *            − (  E r   D r  S *   +  E s   D s  S *   ) .     












4.4. Comparative Analysis


In this section, we compare the equilibrium outcomes derived in three different scenarios to reveal the subsidy back-slope strategy in detail.



Proposition 4. 

The equilibrium outcomes (i.e.,   s *  ,   p r *  , and   p s *  ) in Model B, Model R, and Model S are related as follows:








	(1) 

	
when   ϕ <  ϕ t   , then    s  R *   =  s  S *   > 0  ; otherwise,    s  R *   =  s  S *   = 0  




	(2) 

	
when   ϕ <  ϕ t   , then    p  r   S *   >  p  r   B *   >  p  r   R *    , and    p  r   S *   −  p  r   R *   =  s  R *    ; otherwise,    p  r   S *   =  p  r   R *   =  p  r   B *   ;  




	(3) 

	
when   ϕ <  ϕ t   , then    p  s   B *   >  p  s   R *   =  p  s   S *    ; otherwise,    p  s   B *   =  p  s   R *   =  p  s   S *    











Proposition 4 (1) compares the equilibrium subsidy in Model R and Model S. It demonstrates that the optimal subsidy amount remains the same, regardless of the government’s subsidy strategy. Proposition 4 (2) shows that among three different subsidy strategies, when the environmental advantage of CERE is low (i.e.,   ϕ <  ϕ t   ), the CERE carrier’s freight charge is the highest in Model S and the lowest in Model R. At this point, the discrepancy between the CERE’s optimal freight in Model S and Model R is exactly   s  R *   . It indicates that the actual freight prices of CERE paid by the shipper in Model R and Model S are consistent. A possible explanation for the phenomenon above is the payment transfer effect of subsidies. To elaborate, when the government subsidizes a CERE carrier, the carrier passes the full subsidy on to the shipper in the form of price reductions in an effort to gain additional market share. This has the same effect as subsidizing the shipper. Therefore, for the government, the optimal subsidy will be the same for both subsidy strategies (i.e., Model R and Model S). Moreover, Proposition 4 (3) shows that when the environmental advantage of CERE is low (i.e.,   ϕ <  ϕ t   ), the liner shipping’s freight charge is the highest in Model B among three scenarios. And the liner shipping’s freight charges are the same in Model R and Model S. This is due to the fact that in the absence of subsidies, the liner shipping carrier faces the least competition from the CERE carrier. At last, when the environmental advantage of CERE is low (i.e.,   ϕ ≥  ϕ t   ), the subsidy amount in model R and model S is the same, and the value is equal to 0. Thus, the CERE carrier’s and the liner shipping’s optimal freight charge in Models B, R, and S is the same, respectively.



Proposition 5. 

The total social welfare in equilibrium of Model B, Model R, and Model S is related as follows:








	(1) 

	
   S  W  R *   = S  W  S *   ;   




	(2) 

	
if   ϕ >  ϕ t   ,   S  W  R *   = S  W  S *   = S  W  B *    ; otherwise,   S  W  R *   = S  W  S *   > S  W  B *    , where   ϕ t   are given by Proposition 2.











According to Proposition 5 (1), regardless of whether the government subsidizes the CERE carrier or the shipper, the optimal total social welfare remains the same. It implicates that the government can be flexible in choosing subsidy policies based on the type of subsidy object, the purpose of subsidies, as well as other factors in combination with the actual situation. Proposition 5 (2) demonstrates that the relationship between   S  W  R *     and   S  W  B *     is contingent on the value of  ϕ , which can be interpreted as the CERE’s environmental advantage. Specifically, there exists a threshold of  ϕ  denoted as   ϕ t  . When   ϕ >  ϕ t   , Model R always leads to a higher total social welfare than Model B. Moreover, it should be noted that when total social welfare becomes undifferentiated under government subsidies, the government should discontinue to provide subsidies. Specifically, government subsidies will be discontinued only when the total social welfare after discontinuation will not be less than it was before. It is equivalent to saying that the government should cease subsidies when the environmental advantage is low, which is demonstrated by Proposition 5 (2).





5. Numerical Analysis


In this section, to visualize the analytical results above, and to further identify the condition for the government to opt out of subsidies to CERE, we conduct numerical analysis. Specifically, we examine the effects of varying problem parameters on the equilibrium outcomes with numerical examples. We set parameter values according to the actual data of the Yiwu–Xinjiang–Europe line (i.e.,   d r  ,   d s  ,   f s  ,   f r  ), and other parameters by referring to the relevant literature [6,26]. In addition, many combinations of parameter assignments were carried out, and our qualitative results remain consistent. In light of the discussion above, we selected the following parameter values in Table 2 for numerical analysis.



5.1. Comparison of Model B, Model R, and Model S


We first compare the total social welfare of Models B, R, and S under the parameter setting above. Then, we vary the value of  ϕ  in the grid of   [ 0 , 0.1 , 0.2 , 0.3 , 0.4 , 0.5 ]   to examine its effects on the total social welfare and equilibrium profits. Note that an increase in  ϕ  implies a decrease in CERE’s environmental advantage.



First of all, Table 3 shows that as the CERE’s environmental advantage declines, the total social welfare under three different scenarios decreases as well. In addition, both the CERE carrier’s and the liner shipping carrier’s profits in Model B are unaffected by  ϕ . Moreover, as the CERE’s environmental advantage declines, its profits in Models R and S decrease, while the liner shipping’s profit increases in both Models R and S.



Second, Table 3 shows that the total social welfare in Model R is always the same as that in Model S. This means that for the government, there is no difference between the two subsidy strategies. For clarity, we use   S  W  R *     only for the rest of the analysis in this subsection. In addition, Table 3 indicates that the government’s choice of whether to withdraw subsidies is contingent on the value of  ϕ . Figure 2 further illustrates such impacts of  ϕ  on the relative magnitude of   S  W  R *     and   S  W  B *    . Specifically, there exists a threshold of relative emissions between CERE and liner shipping (  ϕ t  ). When the environmental advantage of CERE is significant enough (i.e.,   ϕ <  ϕ t   ), the government should provide subsidies for CERE. Otherwise, the government should cease subsidizing CERE. For example, as shown in Figure 2,    ϕ t  = 0.43   in the problem setting above, which indicates that the government should choose to subsidize CERE (Model R); and when   ϕ = 0.5 > 0.43  , the government should stop subsidizing CERE (Model B).



Finally, Table 3 shows that CERE’s profit in Model R is always the same as that in Model S, which is always higher than or equal to that in Model B. From Figure 3, we can tell that when the value of  ϕ  is less than the threshold   ϕ t  ; the CERE’s profit in Model R is always higher than that in Model B. Otherwise, the CERE’s profit in Model R is the same as that in Model B. In other words, the CERE carrier is able to make more profit with subsidies than without them. As a result, the CERE carrier is incentivized to enhance its environmental advantage to obtain government subsidies and increase its revenue.



Up to this point, the above discussion has answered two important research questions raised in this paper: (1) What is the government’s optimal subsidy strategy considering environmental impact and industry competition? (2) Under what conditions can the government phase out subsidy policies?



Note that the threshold value   ϕ t   will be affected by other problem characteristics. Figure 4 shows the impact of   k r   on the value of the threshold   ϕ t  . As the capacity of CERE trains (  k r  ) increases, the value of   ϕ t   increases. In addition, when the capacity of CERE trains is significantly high, it is unlikely that the government will discontinue subsidizing CERE unless the emissions of CERE substantially exceed those of liner shipping. This observation implies that in addition to reducing emissions, the CERE carrier can also choose to encourage the government to maintain subsidies by increasing load capacity, thus achieving higher profits.



Figure 5 shows the impacts of   c r   on the value of the threshold   ϕ t  . As the marginal operating cost for CERE increases, the value of the threshold   ϕ t   decreases. The government’s motivation for subsidizing CERE is its ability to generate both economic and environmental benefits. However, as the operating costs of CERE increase, their economic benefits decrease. As a result, the government will place greater emphasis on the environmental benefits of CERE, and will only offer subsidies if CERE’s environmental advantages are particularly significant.



The discussion of Figure 4 and Figure 5 further answers the important research question: Under what conditions can the government phase out subsidy policies?




5.2. Impact of CERE’S Environmental Advantage


In this subsection, we illustrate the impact of CERE’s environmental advantage on the equilibrium outcomes of scenarios B, R, and S.



First, as shown in Table 4, when the government does not subsidize, both CERE’s and liner shipping’s freight charges are unaffected by  ϕ . It is intuitive that when both carriers are profit-seeking and there are no extrinsic subsidies, they will only seek to maximize their own profits, without considering environmental concerns.



Second, we illustrate the impact of CERE’s environmental advantage on the equilibrium outcomes of scenario R. Table 4 shows that when CERE’s environmental advantage is high (i.e., below the threshold), as CERE’s environmental advantage decreases, the government’s subsidy decreases as well. Meanwhile, both the CERE carrier’s and the liner shipping carrier’s freight charges increase as CERE’s environmental advantage decreases. In addition, Figure 6 shows that when CERE’s environmental advantage is high, with the decrease in  ϕ , the increase rate of the CERE carrier’s freight is greater than that of the liner shipping carrier. And when CERE’s environmental advantage is low, both CERE’s and liner shipping’s freight charges are unaffected by  ϕ . The intuition is that decreased environmental advantage from CERE leads to more negative impact on the environment, thereby resulting in a reduction in government subsidies for CERE. As a result of reduced government subsidies, the CERE carrier chooses to raise its freight charge to maintain its own profitability. In response to the increase in CERE’s freight charge, the liner shipping carrier increases its freight charge as well. When the CERE’s environmental advantage is low, the government will stop subsidizing CERE. In this case, both carriers are profit-seeking and do not consider environmental concerns.



Next, we illustrate the impact of CERE’s environmental advantage on the equilibrium outcomes of scenario S. Table 4 shows that when the CERE’s environmental advantage is high (i.e., below the threshold), as CERE’s environmental advantage decreases, both the government’s subsidy and the CERE carrier’s freight charge decrease. Meanwhile, the liner shipping carrier’s freight charge increases. In addition, Figure 7 shows that when the CERE’s environmental advantage is high, the change in  ϕ  has a greater impact on the freight charge of CERE than on the freight charge of liner shipping. And when CERE’s environmental advantage is low, both CERE’s and liner shipping’s freight charges are unaffected by  ϕ . Intuitively, a decrease in environmental benefit from CERE would lead to a decrease in government subsidies. As a result, liner shipping gains a competitive advantage. Therefore, the liner shipping carrier increases its freight charge while the CERE carrier reduces its freight charge.



At last, Table 4 shows that both CERE’s and liner shipping’s freight charges in Model B are the lowest among the three scenarios. That is to say that Model B results in the highest surplus for shippers. In other words, shippers gain more surplus when the government provides subsidies.



Up to this point, the discussion of Table 4 has answered the important research questions raised in this paper: How do environmental-protection-oriented government subsidies affect CERE and liner shipping carriers’ optimal decisions?





6. Discussion and Managerial Insights


In this section, we summarize our main analysis results and gain some management insights.



For the government, indirect subsidies to CERE carriers and direct subsidies to shippers lead to the same total social welfare. Therefore, the regulator may choose either of the two subsidy policies based on the type of subsidy object, the purpose of the subsidy, and other factors.



In addition, when the environmental advantage of CERE is low, the regulator should opt out of subsidies. It is worth noting that for CERE, profits were consistently higher with subsidies than without them. This result can provide a management insight for CERE carriers, that is, CERE carriers can properly invest in the green supply chain, such as improving the supply chain structure, investing in emission reduction projects, etc., to improve their own environmental advantages. For example, CEVA Logistics, a CERE carrier, is compensating for the carbon dioxide produced during train operation by investing in the Gold Standard certification program. For the government, this result brings a management implication to promote the green development of the supply chain. The government can provide differentiated subsidies. Specifically, the government sets different environmental standards and grants different subsidies to CERE that meet different standards.



Subsidy strategies for CERE also depend on the capacity of the CERE train, since the threshold for the environmental advantage of CERE is affected by the capacity of the CERE train. The threshold for CERE trains’ environmental advantages increases as their capacity increases. It indicates that when the CERE capacity is large enough, and the CERE has a relatively low environmental advantage, the government should not be out of subsidies. This discussion brings a management revelation to CERE carriers, that is, when it is difficult for CERE carriers to improve their emission advantages, CERE carriers can increase their own carrying capacity to promote the government to continue subsidies. For example, the carrying capacity of CERE trains has increased from 50 to 100 containers at full capacity.



CERE’s environmental advantage threshold is further determined by its marginal operating cost. As the marginal operating cost of CERE increases, the threshold value decreases. This means that if CERE does not meet both cost and environmental criteria, the government should cease subsidies. CERE carriers must have at least one of these environmental or cost advantages.




7. Conclusions


This study examines the issues related to the choice of subsidy strategies by regulators taking into account the competition among CERE carriers and liner shipping carriers and the protection of the environment. Particularly, we try to identify the regulator’s subsidy strategy, which maximizes the total social welfare under the competition of CERE and liner shipping. To delineate the regulator’s choice of subsidy strategy, we modeled and derived its optimal decision making and associated social welfare under three different subsidy strategies. Our findings showed that for the regulator, indirect subsidies to CERE carriers and direct subsidies to shippers lead to the same total social welfare. Therefore, the regulator may choose either of two subsidy policies based on the type of subsidy object, the purpose of the subsidy, and other factors.



We further investigate the conditions for terminating government subsidies. Specifically, there exists a threshold for the environmental advantage of the CERE. When the environmental advantage of CERE is high (i.e., below the threshold), the regulator should choose to subsidize CERE by subsidizing either carrier or shipper. Otherwise, the regulator should should opt out of subsidies. In addition, our analysis shows that the value of the threshold is further determined by the capacity of the CERE train. As CERE trains’ capacities increase, the threshold for their environmental advantages increases as well. This observation implies that, if the CERE capacity is large enough, and the CERE has an environmental advantage which is relatively low, the regulator should not be out of subsidies. Moreover, our analysis showed that the value of the threshold is impacted by the marginal operating cost for the CERE. As the marginal operating cost for CERE increases, the value of the threshold decreases. This means that if CERE does not meet both cost and environmental criteria, the government will cease to provide subsidies.



Gong and Li [6] discussed the optimal amount of government subsidy for CERE under the consideration of environmental impacts and industry competition. Only one subsidy strategy was considered in their study. Our study extends their work by considering three different government subsidy strategies and examining the conditions under which governments terminate subsidies. In the future, there are some interesting directions worth exploring. First of all, in this study, we did not take into account the different timeliness between CERE and liner shipping. However, in practice, the shipper’s choice of means of transport is closely related to timeliness. Thus, it is necessary to incorporate timeliness of transportation in a future study. Second, it was assumed in this paper that the cargoes are homogeneous. In reality, different types of cargo have different values of time. Shippers can decide which mode of transport to use according to the time of value of cargoes. For example, cargoes with a high time value may prefer to use CERE since it is a shorter journey. Hence, it is promising to extend the model described in this paper to include cargo heterogeneity in a future study. In addition, in this study, we did not consider the emission reduction strategies of CERE carriers. In future studies, we can incorporate the emission reduction strategies of CERE carriers into the model. Finally, this paper only considered the competition between CERE and liner shipping. It can also be extended to consider the cooperation between CERE carriers and liner shipping carriers.
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Appendix A. Proof


Appendix A.1. Proof of Proposition 1


By setting     ∂  π r B    ∂  p r    = 0   and     ∂  π s B    ∂  p s    = 0   and solving them simultaneously, we obtain the optimal value of   p r  B *    and   p s  B *   , which are given in Proposition 1.




Appendix A.2. Proof of Lemma 1


To examine the concavity of the problem, we further calculate the second derivative of Equations (14) and (15) with respect to    p r  R *    ( s )    and    p s  R *    ( s )   , respectively.


        ∂ 2   π r R    ∂  p r  R *     ( s )  2    = − 2  b 1      










        ∂ 2   π s R    ∂  p s  R *     ( s )  2    = − 2  b 1      








where     ∂ 2   π r R    ∂  p r  R *     ( s )  2     and     ∂ 2   π s R    ∂  p s  R *     ( s )  2     are all negative. Hence,   π r R   is strictly concave in    p r  R *    ( s )   . And   π s R   is strictly concave in    p s  R *    ( s )   . Next, we solve the first-order optimality condition.



The necessary condition of optimization of the manufacturer’s profit yields


    ∂  π r R    ∂  p r  R *    ( s )    = −   2  b 1   a θ +  b 1    c r  +    d r   f r   β r    k r   − s   +  b 2   a  ( − θ )  + a +  b 1    c s  +    d s   f s   β s    k s        b 2 2  − 4  b 1 2    ;  










    ∂  π s R    ∂  p s  R *    ( s )    =    b 1   k s    k r    b 2    c r  − S  − 2 a  ( θ − 1 )   +  b 2   d r   f r   β r   + a  b 2  θ  k r   k s  + 2  b 1 2   k r    c s   k s  +  d s   f s   β s      4  b 1 2  −  b 2 2    k r   k s    .  











By setting     ∂  π r R    ∂  p r  R *    ( s )    = 0   and     ∂  π s R    ∂  p s  R *    ( s )    = 0   and solving them simultaneously, we obtain the optimal value of    p r  R *    ( s )    and    p s  R *    ( s )   , which are given in Lemma 1.




Appendix A.3. Proof of Proposition 2


After substituting    p r  R *    ( s )    and    p s  R *    ( s )    into Equation (13), the government’s optimization problem can be formulated as follows:


      max s  S  W R  =   D r 2   2  b 1    +   D s 2   2  b 1    +  (  p r  R *    ( s )  + s −  c r  −  F r  )   D r  +  (  p s  R *    ( s )  −  c s  −  F s  )   D s  − s  D r  −  (  E r   D r  +  E s   D s  )      










  s . t . s ≥ 0  








where    D r  = θ a −  b 1   p r  R *    ( s )  +  b 2   p s  R *    ( s )    and    D s  =  ( 1 − θ )  a −  b 1   p s  R *    ( s )  +  b 2   p r  R *    ( s )   .



We now consider two cases, namely Case 1:   s > 0  ; and Case 2:   s = 0  .



For Case 1, setting     ∂ S  W R    ∂ s   = 0   and solving it, we can obtain the optimal subsidy amount   s  R *   . Then, substituting   s  R *    into    p r  R *    ( s )    and    p s  R *    ( s )   . Thus, we can obtain the optimal solutions, which are given in Proposition 2 (1).



Next, solving    s  R *   > 0  , we can obtain the condition of  ϕ  as follows:


      ϕ t  =    8  b 1 4  − 6  b 2 2   b 1 2  +  b 2 4    d r   e s   k r 2   k s 3   β r   τ 1  −  λ    4  b 1   2  b 1 2  −  b 2 2    d r 2   e s 2   k s 2   β r 2    k s    2  c r   b 1 2  −  2 a θ +  b 2   c s    b 1  +  b 2   θ a − a −  b 2   c r     k r  −   b 2 2  − 2  b 1 2    d r   f r   β r   −  b 1   b 2   d s   f s   k r   β s    τ 2    ;     










     λ =  d r 2   e s 2   k r 2   k s 2   β r 2    8  b 1 4  − 6  b 2 2   b 1 2  +  b 2 4     2   k r 2   τ 1 2   k s 4  + 8  b 1   2  b 1 2  −  b 2 2    λ 1   τ 2   λ 2   ;     










      λ 1  =  k r    2 a θ +  b 2   c s    k s  +  b 2   d s   f s   β s    b 1  − 2  k s    c r   k r  +  d r   f r   β r    b 1 2  +  b 2   k s    − θ a + a +  b 2   c r    k r  +  b 2   d r   f r   β r   ;     










      λ 2  =     2  k s    b 2   d s 2   e s 2     b 2   c r  − 2 a  ( θ − 1 )    k r  +  b 2   d r   f r   β r    τ 2   β s 2  + 2  k r   k s    a θ + 2  b 2   c s    k s  +  b 2   d s   β s   2  f s  +  e s   τ 1      b 1 3            b 2     4 a  ( θ − 1 )  + 3  b 2   c r    k r  + 3  b 2   d r   f r   β r    k s 3  + 2  b 2   d s 2   e s 2   k r   β s 2    a θ +  b 2   c s    k s  +  b 2   d s   f s   β s    τ 2    b 1 2           −  b 2 2   k r   k s 2    7 a θ + 5  b 2   c s    k s  +  b 2   d s   β s   5  f s  +  e s   τ 1     b 1  + 2  b 2 3   k s 3    − θ a + a +  b 2   c r    k r  +  b 2   d r   f r   β r            + 4    c r   k r  +  d r   f r   β r    k s 3  +  b 2   d s 2   e s 2   k r   β s 2    c s   k s  +  d s   f s   β s    τ 2    b 1 4  .     











For case 2, substituting    s  R *   = 0   into    p r  R *    ( s )    and    p s  R *    ( s )   . Thus, we can obtain the optimal solutions, which are given in Proposition 2 (2).




Appendix A.4. Proof of Lemma 2


To examine the concavity of the problem, we further calculate the second derivative of Equations (21) and (22) with respect to    p r  S *    ( s )    and    p s  S *    ( s )   , respectively.


        ∂ 2   π r S    ∂  p r  S *     ( s )  2    = − 2  b 1      










        ∂ 2   π s S    ∂  p s  S *     ( s )  2    = − 2  b 1      








where     ∂ 2   π r S    ∂  p r  S *     ( s )  2     and     ∂ 2   π s S    ∂  p s  S *     ( s )  2     are all negative. Hence,   π r S   is strictly concave in    p r  S *    ( s )   . And   π s S   is strictly concave in    p s  S *    ( s )   . Next, we solve the first-order optimality condition.



The necessary condition of optimization of the manufacturer’s profit yields


    ∂  π r S    ∂  p r  S *    ( s )    = −   2  b 1   a θ +  b 1    c r  +    d r   f r   β r    k r   + s   +  b 2   a  ( − θ )  + a +  b 1    c s  +    d s   f s   β s    k s    −  b 2  S     b 2 2  − 4  b 1 2    ;  










    ∂  π s S    ∂  p s  S *    ( s )    =    b 1   k s    k r    b 2    c r  − s  − 2 a  ( θ − 1 )   +  b 2   d r   f r   β r   + a  b 2  θ  k r   k s  + 2  b 1 2   k r    c s   k s  +  d s   f s   β s      4  b 1 2  −  b 2 2    k r   k s    .  











By setting     ∂  π r S    ∂  p r  S *    ( s )    = 0   and     ∂  π s S    ∂  p s  S *    ( s )    = 0   and solving them simultaneously, we obtain the optimal value of    p r  S *    ( s )    and    p s  S *    ( s )   , which are given in Lemma 2.




Appendix A.5. Proof of Proposition 3


After substituting    p r  S *    ( s )    and    p s  S *    ( s )    into Equation (20), the government’s optimization problem can be formulated as follows:


      max s  S  W S  =   D r 2   2  b 1    +   D s 2   2  b 1    +  (  p r  S *    ( s )  + s −  c r  −  F r  )   D r  +  (  p s  S *    ( s )  −  c s  −  F s  )   D s  − s  D r  −  (  E r   D r  +  E s   D s  )      










  s . t . s ≥ 0  








where    D r  = θ a −  b 1   (  p r  S *    ( s )  − s )  +  b 2   p s  S *    ( s )    and    D s  =  ( 1 − θ )  a −  b 1   p s  S *    ( s )  +  b 2   (  p r  S *    ( s )  − s )   .



We now consider two cases, namely Case 1:   s > 0  ; and Case 2:   s = 0  .



For Case 1, setting     ∂ S  W S    ∂ s   = 0   and solving it, we can obtain the optimal subsidy amount   s  S *   . Then, substituting   s  S *    into    p r  S *    ( s )    and    p s  S *    ( s )   . Thus, we can obtain the optimal solutions, which are given in Proposition 3 (1).



Next, solving    s  S *   > 0  , we can obtain the condition of  ϕ  as follows:


      ϕ t  =    8  b 1 4  − 6  b 2 2   b 1 2  +  b 2 4    d r   e s   k r 2   k s 3   β r   τ 1  −  λ    4  b 1   2  b 1 2  −  b 2 2    d r 2   e s 2   k s 2   β r 2    k s    2  c r   b 1 2  −  2 a θ +  b 2   c s    b 1  +  b 2   θ a − a −  b 2   c r     k r  −   b 2 2  − 2  b 1 2    d r   f r   β r   −  b 1   b 2   d s   f s   k r   β s    τ 2    ;     










     λ =  d r 2   e s 2   k r 2   k s 2   β r 2    8  b 1 4  − 6  b 2 2   b 1 2  +  b 2 4     2   k r 2   τ 1 2   k s 4  + 8  b 1   2  b 1 2  −  b 2 2    λ 1   τ 2   λ 2   ;     










      λ 1  =  k r    2 a θ +  b 2   c s    k s  +  b 2   d s   f s   β s    b 1  − 2  k s    c r   k r  +  d r   f r   β r    b 1 2  +  b 2   k s    − θ a + a +  b 2   c r    k r  +  b 2   d r   f r   β r   ;     










      λ 2  =     2  k s    b 2   d s 2   e s 2     b 2   c r  − 2 a  ( θ − 1 )    k r  +  b 2   d r   f r   β r    τ 2   β s 2  + 2  k r   k s    a θ + 2  b 2   c s    k s  +  b 2   d s   β s   2  f s  +  e s   τ 1      b 1 3            b 2     4 a  ( θ − 1 )  + 3  b 2   c r    k r  + 3  b 2   d r   f r   β r    k s 3  + 2  b 2   d s 2   e s 2   k r   β s 2    a θ +  b 2   c s    k s  +  b 2   d s   f s   β s    τ 2    b 1 2           −  b 2 2   k r   k s 2    7 a θ + 5  b 2   c s    k s  +  b 2   d s   β s   5  f s  +  e s   τ 1     b 1  + 2  b 2 3   k s 3    − θ a + a +  b 2   c r    k r  +  b 2   d r   f r   β r            + 4    c r   k r  +  d r   f r   β r    k s 3  +  b 2   d s 2   e s 2   k r   β s 2    c s   k s  +  d s   f s   β s    τ 2    b 1 4  .     











For Case 2, substituting    s  S *   = 0   into    p r  S *    ( s )    and    p s  S *    ( s )   . Thus, we can obtain the optimal solutions, which is given in Proposition 3 (2).



Furthermore, we compare the value of threshold   ϕ t   in Propositions 2 and 3. By comparison, we find that the value of threshold   ϕ t   is the same as in Proposition 2.




Appendix A.6. Proof of Proposition 4 (1)


We compare   s  R *    with   s  S *   . Let us subtract   s  S *    from   s  R *   .


   s  R *   −  s  S *   = 0 ;  











According to the previous proof of Propositions 2 and 3, it can be found that when   ϕ <  ϕ t   , both   s  R *    and   s  S *    are greater than 0. On the contrary, both   s  R *    and   s  S *    are equal to 0. So far, we have proved Proposition 4 (1).




Appendix A.7. Proof of Proposition 4 (2)


We compare    p r  S *   ,  p r  R *    , and   p r  B *   .


      p r  S *   −  p r  R *   =   λ 3    4  b 1 4  − 3  b 1 2   b 2 2  −  b 2 4    k r 3   k s 3  + 2  b 1   k r   k s      b 2 2  − 2  b 1 2   2   d r 2    (  e s  ϕ )  2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2    τ 2    ;     










      λ 3  =     4  b 1 4   k r   −  k r   k s 3    c r   k r  +  d r   β r    f r  + 2  e s  ϕ  τ 1    −   b 2   d s 2   e s 2   k r 2   β s 2    c s   k s  +  d s   f s   β s   +  d r 2    (  e s  ϕ )  2   k s 2   β r 2    2 a θ +  b 2   c s    k s  +  b 2   d s   f s   β s     τ 2          + 2  b 1 3   k s   b 2   − 2  d r 2    (  e s  ϕ )  2   k s 2   β r 2    a − a θ + 2  b 2   c r    k r  + 2  b 2   d r   f r   β r   +  d s 2   e s 2   k r 2    2 a − 2 a θ +  b 2   c r    k r  +  b 2   d r   f r   β r    β s 2   )   τ 2          +  b 1   b 2 2   k s 2   −  k r 3    7 a θ + 5  b 2   c s    k s  +  b 2   d s   β s   5  f s  +  e s   τ 1    + 2  b 2   d r 2    (  e s  ϕ )  2   k s   β r 2    a − a θ +  b 2   c r    k r  +  b 2   d r   f r   β r    τ 2          + 8  b 1 5   d r 2    (  e s  ϕ )  2   k s 3   β r 2    c r   k r  +  d r   f r   β r    τ 2  −  b 2 3   k r 2   k s 3   2  a − a θ +  b 2   c r    k r  +  b 2   d r   β r   2  f r  +  (  e s  ϕ )   τ 1           + 2  b 1 2   b 2 2   k r    d s 2   e s 2   k r 2   β s 2    a θ +  b 2   c s    k s  +  b 2   d s   f s   β s   +  d r 2    (  e s  ϕ )  2   k s 2   β r 2    2 a θ +  b 2   c s    k s  +  b 2   d s   f s   β s     τ 2         + 4  b 1 3   k s 4   k r 3    a θ + 2  b 2   c s    k s  +  b 2   d s   β s   2  f s  +  e s   τ 1    +  b 1 2   b 2   k r 2   k s 3    4 a  − 1 + θ  + 3  b r   c r    k r  + 3  b 2   d r   β r    f r  +  (  e s  ϕ )   τ 1    ;     











We can see that   p r  S *    minus   p r  R *    is exactly equal to   s  R *   , since   ϕ <  ϕ t   ,    s  R *   > 0  . Thus,    p r  S *   >  p r  R *    , and    p r  S *   −  p r  R *   =  s  R *    .


      p r  S *   −  p r  B *   =    ( 2  b 1 2  −  b 2 2  )   λ 3    λ 4   ;     










      p r  B *   −  p r  R *   =   2  b 1 2   λ 3    λ 4   ;     










      λ 4  = 2  b 1   4  b 1 2  −  b 2 2    τ 2   k r   k s     b 2 2  − 2  b 1 2     2   d r 2   e r 2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2   +  16  b 1 6  − 16  b 2 2   b 1 4  −  b 2 4   b 1 2  +  b 2 6    k r 3   k s 3      








because    s  R *   > 0   and    b 1  >  b 2   ,    λ 3  > 0  . Since    b 1  >  b 2   , we can tell that    λ 4  > 0  . Given the above discussion, we can derive that    p r  S *   >  p r  B *     and    p r  B *   >  p r  R *    .



When   ϕ ≥  ϕ t   ,    p r  B *   −  p r  R *   = 0   and    p r  S *   −  p r  B *   = 0  . Thus,    p r  B *   =  p r  R *   =  p r  S *    . So far, we have proved Proposition 4 (2).




Appendix A.8. Proof of Proposition 4 (3)


We compare    p s  S *   ,  p s  R *    , and   p s  B *   . When   ϕ <  ϕ t   , then


   p s  B *   −  p s  R *   =    b 1   b 2   λ 3    λ 4   > 0 ;  










   p s  R *   −  p s  S *   = 0 .  











We can see that if   ϕ <  ϕ t   , then    p s  B *   >  p s  R *   =  p s  S *   .  



When   ϕ ≥  ϕ t   ,    p s  B *   −  p s  R *   = 0   and    p s  S *   −  p s  B *   = 0  . Thus, if   ϕ ≥  ϕ t   , then    p s  B *   =  p s  R *   =  p s  S *    . So far, we have proved Proposition 4 (3).




Appendix A.9. Proof of Proposition 5 (1)



   S  W  R *   − S  W  S *   = 0 .   









Thus,   S  W  R *   = S  W  S *    .




Appendix A.10. Proof of Proposition 5 (2)


When   ϕ ≥  ϕ t   ,   S  W  R *   − S  W  B *   = 0  . Thus,   S  W  R *   = S  W  B *    . Based on Proposition 5 (1), we have   S  W  R *   = S  W  S *    . Given the above discussion, we can derive that   S  W  R *   = S  W  S *   = S  W  B *    .



If   ϕ <  ϕ t   , then


  S  W  S *   − S  W  B *   =    b 1   λ 3 2    2   b 2 2  − 4  b 1 2     2   k r 4   k s 4   2  b 1   τ 2     b 2 2  − 2  b 1 2     2   d r 2   e r 2   k s 2   β r 2  +  b 1 2   b 2 2   d s 2   e s 2   k r 2   β s 2   +  4  b 1 4  − 3  b 2 2   b 1 2  −  b 2 4    k r 2   k s 2      











Since   ϕ <  ϕ t   , then    λ 3  > 0  . It is not difficult to find that the numerator and denominator are both positive numbers. Thus, if   ϕ <  ϕ t   , then   S  W  S *   > S  W  B *    . Based on Proposition 5 (1), we have   S  W  R *   = S  W  S *    . Given the above discussion, we can derive that   S  W  R *   = S  W  S *   > S  W  B *    . So far, we have proved Proposition 5 (2).
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Figure 1. Vertical structure of the China–Europe cargo transportation system. 
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Figure 2. The total social welfare under different environmental advantages of CERE  ϕ . 
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Figure 3. CERE’s optimal profit under different environmental advantages of CERE  ϕ . 
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Figure 4. Impact of parameter   k r   on the threshold value   ϕ t  . 
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Figure 5. Impact of parameter   c r   on the threshold value   ϕ t  . 
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Figure 6. Impact of parameter  ϕ  on CERE carrier’s and liner shipping carrier’s freight charges in Model R. 
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Figure 7. Impact of parameter  ϕ  on CERE carrier’s and liner shipping carrier’s freight charges in Model S. 
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Table 1. List of notations.






Table 1. List of notations.





	
Notation

	
Description






	
Acronyms




	
CERE

	
China–Europe Railway Express




	
FEU

	
A forty-foot equivalent container




	
Decision Variables




	
    p r  /  p s    

	
Freight charge of CERE and liner shipping (RMB/FEU)




	
s

	
Subsidy to the CERE train (RMB/FEU)




	
Cost Factors




	
    c r  /  c s    

	
Marginal operating cost for CERE and liner shipping (RMB/FEU)




	
    F r  /  F s    

	
Fuel cost per unit of container for CERE and liner shipping (RMB/FEU)




	
    E r  /  E s    

	
Marginal pollutant damage costs for CERE and liner shipping (RMB/FEU)




	
Other Parameters




	
    β r  /  β s    

	
Fuel consumption per kilometer for CERE and liner ship (ton/km)




	
    d r  /  d s    

	
Journey length for the CERE route and liner shipping route (km)




	
    f r  /  f s    

	
Fuel price for the CERE train and liner ship (RMB/ton)




	
   e s   

	
  S  O 2    emission per kilometer for the liner ship




	
  ϕ  

	
Environmental advantage of CERE




	
    τ 0  ,  τ 1  ,  τ 2    

	
Scale parameters in air pollution cost function




	
    D r  /  D s    

	
Demand for CERE and liner shipping (FEUs)




	
    b 1  /  b 2    

	
Self-price and cross-price elasticity




	
a

	
Total market size (FEUs)




	
  θ  

	
Market preference for CERE




	
   k r   

	
Capacity of the CERE train (FEUs/train)




	
   k s   

	
Vessel capacity of liner shipping (FEUs/ship)




	
    Π r  /  Π s    

	
Profits of CERE and liner shipping (RMB)




	
   C S   

	
Consumer surplus (RMB)




	
   S W   

	
Social welfare (RMB)




	
    ( )  *   

	
Optimal results




	
Superscript




	
B

	
Represents the benchmark scenario (without subsidy schemes)




	
R

	
Represents the scenario of providing subsidies to the CERE




	
S

	
Represents the scenario of providing subsidies to the shipper
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Table 2. Values of problem parameters.






Table 2. Values of problem parameters.















	Parameters
	Values
	Parameters
	Values
	Parameters
	Values
	Parameters
	Values





	a
	1,000,000
	   e s   
	0.2
	   β s   
	0.133
	   τ 0   
	0



	   b 1   
	10
	  ϕ  
	0.2
	   c s   
	3000
	   τ 1   
	2



	   b 2   
	4
	   f r   
	8800
	   c r   
	38,400
	   τ 2   
	6.5



	   d r   
	13,502
	   f s   
	6100
	   k r   
	50
	
	



	   d s   
	16,100
	   β r   
	0.002
	   k s   
	3500
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Table 3. The total social welfare under different  ϕ  (i.e., relative magnitudes of   e r   and   e s  ).






Table 3. The total social welfare under different  ϕ  (i.e., relative magnitudes of   e r   and   e s  ).





	

	
Model B (   ×  10 9   )    

	
Model R    ( ×  10 9  )   

	
Model S    ( ×  10 9  )   




	
  ϕ  

	
   SW  B *    

	
   Π r  B *    

	
   Π s  B *    

	
   SW  R *    

	
   Π r  R *    

	
   Π s  R *    

	
   SW  S *    

	
   Π r  S *    

	
   Π s  S *    






	
0

	
7.49772

	
1.28818

	
1.05643

	
7.53559

	
1.94482

	
1.02007

	
7.53559

	
1.94482

	
1.02007




	
0.1

	
7.48859

	
1.28818

	
1.05643

	
7.52198

	
1.89668

	
1.02248

	
7.52198

	
1.89668

	
1.02248




	
0.2

	
7.46120

	
1.28818

	
1.05643

	
7.48311

	
1.76254

	
1.02939

	
7.48311

	
1.76254

	
1.02939




	
0.3

	
7.41555

	
1.28818

	
1.05643

	
7.42419

	
1.56860

	
1.03990

	
7.42419

	
1.56860

	
1.03990




	
0.4

	
7.35165

	
1.28818

	
1.05643

	
7.35208

	
1.34665

	
1.05284

	
7.35208

	
1.34665

	
1.05284




	
0.5

	
7.26948

	
1.28818

	
1.05643

	
7.26948

	
1.28818

	
1.05643

	
7.26948

	
1.28818

	
1.05643
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Table 4. The total social welfare under different relative magnitudes of   e r   and   e s  .






Table 4. The total social welfare under different relative magnitudes of   e r   and   e s  .





	

	
Model B

	
Model R

	
Model S




	
  ϕ  

	
   p r  B *    

	
   p s  B *    

	
   s  R *    

	
   p r  R *    

	
   p s  R *    

	
   s  S *    

	
   p r  S *    

	
   p s  S *    






	
0

	
54,344.1

	
39,234.8

	
5417.44

	
51,522.5

	
38,670.5

	
5417.44

	
56,940.0

	
38,670.5




	
0.1

	
54,344.1

	
39,234.8

	
5055.01

	
51,711.3

	
38,708.2

	
5055.01

	
56,766.3

	
38,708.2




	
0.2

	
54,344.1

	
39,234.8

	
4020.00

	
52,250.4

	
38,816.1

	
4020.00

	
56,270.4

	
38,816.1




	
0.3

	
54,344.1

	
39,234.8

	
2451.28

	
53,067.4

	
38,979.5

	
2451.28

	
55,518.7

	
38,979.5




	
0.4

	
54,344.1

	
39,234.8

	
531.59

	
54,067.2

	
39,179.4

	
531.59

	
54,598.8

	
39,179.4




	
0.5

	
54,344.1

	
39,234.8

	
0

	
54,344.1

	
39,234.8

	
0

	
54,344.1

	
39,234.8
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