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Abstract

:

The choice of emission control technology in a port supply chain under a cap-and-trade scheme considering low-carbon preferences of customers, is explored in this study. In port areas, the port supply chain consisting of one port and one ship can adopt either shore power (SP) or low sulfur fuel oil (LSFO) to reduce emissions. The economic and social performance of the port supply chain when either SP or LSFO is implemented is compared under three different game models (port-leader Stackelberg game, ship-leader Stackelberg game and the Nash game). The obtained results show that the profits and emissions in the Nash game are higher than those in the other two games. When environmental concern is relatively small, social welfare in the Nash game is the highest, while social welfare in the one-party-dominant structure is superior to that in the Nash structure, under high environmental concern. When the customers’ low-carbon preferences and carbon prices are low, both the supply chain’s profits and carbon emissions when LSFO is used are higher than those from using SP. From the perspective of social welfare maximization, in general, LSFO is preferred when carbon price, customers’ low-carbon preference and environmental concern are all low or are all high. Otherwise, SP is the optimal decision. The findings can provide insights for governments in formulating emission control policies according to their own interests.
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1. Introduction


At the 2015 United Nations Climate Change Conference, a history-making agreement to reduce greenhouse gas emissions worldwide was reached by nearly two hundred countries and regions. In September 2020, China formally proposed the goal of reaching a carbon peak by 2030 and achieving carbon neutrality by 2060 at the 75th United Nations General Assembly. The global port and shipping network is an important driving force for world economic growth, and an important part of the global supply chain network. However, frequent shipping activities bring a large amount of pollutants such as NOx, SO2, CO, particulate matter, and CO2 [1]. Port industry as an important part of international shipping also produces a large number of the above pollutants, which seriously threaten the health of coastal residents. As a country with so many ports in the world, the Chinese government has been aware of the port pollution problem and has implemented strict measures. In December 2015, the MOT of the People’s Republic of China set up domestic emission control areas in waters of the Pearl River Delta, the Yangtze River Delta and Bohai Rim (Beijing, Tianjin, Hebei). At the end of 2018, the scope of China’s ECAs extended to the coastal areas and major inland waters of the country. In July 2019, The government of China required ships equipped with shore power (SP) facilities to use SP when docking in ports capable of providing shore power for more than three hours in ECAs, with no effective alternative emissions reduction measures used [2].



At the present time, using SP or LSFO is the popular trend for ships to reduce emission in port areas. Using shore power requires joint effort and investment of ports and ships. Ports builds shore-side facilities to transmit power, while ships install receiving facilities to receive power. The construction of SP facilities requires large initial investment from port and ship, but SP can effectively reduce emissions. Hall [3] proposed that when SP is used, ships in British berths can reduce carbon emissions by approximately 24.5% and reduce NOx by 91.6%. As a type of clean energy, LSFO contains less than 0.1% sulfur. LSFO can be used without upgrading and adding equipment, so there is no initial investment for port or ship. But LSFO is expensive, and produces more carbon emissions than SP.



Emission reduction behaviors of enterprises are usually affected by external factors of the supply chain and their own elements. The external factors of the supply chain mainly include the carbon policy and customers’ low-carbon preference. Carbon tax and cap-and-trade system are two common means for government to regulate enterprises to reduce carbon emissions. Under a cap-and-trade regulation, government firstly allocates a carbon emission quota to enterprises, and the extra quota can be traded on a carbon trading market at a certain carbon price by enterprises. A cap-and-trade scheme has been implemented widely because of the elasticity of the regulation. At present, the Chinese government has piloted cap-and-trade schemes in the shipping markets of Shenzhen and Shanghai.



On the other hand, consumers are increasingly aware of environmental protection, and are inclined to pay higher prices for low-carbon products [4].Wang and Zhao [5] studied the carbon emission reduction behavior of manufacturers and retailers under the circumstance that customers have low carbon preference for products, and found that customers’ low carbon preference plays an important role in supply chain decisions. In July 2016, Maersk Line and Huawei signed a carbon reduction agreement indicating that Maersk Line and Huawei planned to reduce carbon emissions per shipping container by 18% from 2016 to 2020. Prior to the signing of the agreement, Maersk Line and Huawei had cooperated on sustainable development. Huawei awarded Maersk Line the Sustainability Excellence Award in September 2015, recognizing Maersk Line’s sustainability efforts in its supply chain management. In 2020, Maersk Line announced its plan to achieve net Zero CO2 emission by 2050. Maersk Line deems that ship owners and operators increasingly need to be transparent in terms of climate goals and action, which is not only for regulators, but for the expectations of customers, investors, insurance, and the public.



In the port supply chain, as an upstream member, the port provides services to the ship, while the ship provides services to customers. Under a cap-and-trade system, regulators allocate a reasonable carbon emission quota to the port with the maximum supply chain profit and the minimum amount of carbon emissions. These two goals are inevitably conflicting, so, according to Krass et al. [6], the “environmental concern” parameter is introduced to measure society’s environmental concerns on the emissions of the supply chain.



With the above-mentioned goals, what is the impact of a cap-and-trade scheme and customers’ low carbon preference, on the decision of technologies? The game models are built under three scenarios. Firstly, the port possesses the dominant power, acting as a leader [7], namely port-leader Stackelberg (PS); secondly, the shipping company is able to integrate logistics services, and acts as a leader [8], namely ship-leader Stackelberg (SS). Thirdly, both the port and ship are equal, namely the Nash (NS) game.



There are at least three main contributions to this paper. Firstly, the choice of two emission reduction technologies are studied from a supply chain perspective, which is seldom investigated in the available literature. Secondly, two kinds of technologies (SP and LSFO) are compared under three power structures and considering customers’ low-carbon preference with respect to economic and social benefits. Last but not least, the customers’ low-carbon preference is considered, rarely studied in the existing literature. The obtained results help the port and shipping company to choose the appropriate reduction emission technologies, and provide the insights into government policies. The rest of this paper is as follows: the related literature is reviewed in Section 2. Section 3 gives the necessary notation and assumptions. The models are derived and solved in Section 4. Equilibrium results are compared and analyzed in Section 5. Numerical experiments are given in Section 6, followed by conclusions in Section 7.




2. Literature Review


The emissions emitted by the supply chain have aroused wide concern, hence, many governments have implemented a cap-and-trade system in practice to promote emissions reduction. In this context, the impact of a cap-and-trade system on the supply chain and the related operational decisions have become hot topics in academia. Xu et al. [9] illustrated firms in the supply chain could reduce carbon emissions by cooperation without decreasing their profits. Yang et al. [10] investigated a remanufacturing closed-loop supply chain under the cap-and-trade system. Qu et al. [11] studied the impact of a cap-and-trade system on product warranty policy and carbon emission reduction strategies. Ebrahimi et al. [12] proposed a double-level sustainability effort in a sustainable supply chain, consisting of one manufacturer and one retailer, under the cap-and-trade system. Wang et al. [13] investigated the effects of emissions trading on the manufacturer’s abatement investment, supply chain performance and social welfare. Zhou et al. [14] comprehensively analyzed port-related emissions and their environmental impacts. They proposed that the emission control policies to reduce the port-related emissions, especially for the cargo-delivery transport phase from port to city, are key for large coastal port cities such as Shanghai. Although the existing literature investigated the optimization of ship speed [15], the approach to the evaluation of technology and capacity choices for ships [16], and renewable energy sources, clean fuels and measures of efficient energy use in ports [17], there are few studies in the literature concerning the impact of a cap-and-trade system on port and navigation from the perspective of the supply chain. While there is now a rich literature on the cap-and-trade scheme from the perspective of the product supply chain, surprisingly little work of this kind has studied and analyzed it from the perspective of port and navigation supply chains. But the port and navigation supply chain is different from the product supply chain. The port and navigation supply chain is essentially the idea of providing services, which requires the port and shipping company to have good cooperation, to save more costs, and to provide customers with a better service experience. Therefore, this article investigates the emission control technology decision of the port supply chain, which will fill the gap to some extent.



Under the background of global low-carbon economy, customers’ low-carbon preference has also attracted the attention of scholars around the world. In the port supply chain, customers’ low-carbon preference also plays a positive role in port emission reduction, but there is little research on this aspect. In the studies related to the product supply chain, Yu and Hou [18] investigated the influence of consumers’ low-carbon preferences on the market demand. Su et al. [19] built a pricing decision model in a green supply chain in line with consumer green preference, considering different forms of subsidy and various power structures. Pan et al. [20] proposed a two-party game model in a supply chain consisting of one greener and one dirtier manufacturer, considering green consumption preferences under a cap-and-trade scheme. At present, there are abundant articles about the influence of consumers’ low-carbon preference on the operation and decisions of the product supply chain. However, the related work on the influence of customers’ low-carbon preferences on the operational decisions of the port and shipping supply chain are still in the initial stages. This article investigates the influence of customers’ low-carbon preferences on the port and shipping supply chain, which will enrich the related study field.



SP and LSFO are the primary technologies used to reduce emissions. Thalis and Zis [21] analyzed the prospect of shore power by testing the quantitative framework, and showed that when the regulators assisted, the emission reduction by using SP was feasible. Martínez and Romero [22] proposed a calculation method to evaluate a specific environmental charge in ports, which encouraged short-route ships to adopt shore power. Reusser and Pérez [23] evaluated emission impact by using the bi-directional power flow control strategies when ships used shore power in berths, and optimized the auxiliary engine operating profile. Martínez-López et al. [24] evaluated the effect of emission reduction of shore power and LNG in Switzerland respectively using a calculation method. Cao et al. [25] analyzed the environmental benefits of shore power using an economic cost method, and tested the feasibility of the shore power. With regard to LSFO, Panasiuk and Lebedevas [26] compared the advantages and disadvantages of using LSFO and scrubber in ECAs. A cost-benefit analysis of the limit provisions which required the sulfur to be no more than 0.1% in the Baltic Sea ECAs was performed in [27]. The results suggested that ship type and size and fuel consumption would affect the choice of LSFO and scrubber. Most articles analyzed the feasibility of the two technologies from the aspects of emission reduction and cost, and rarely compared the technologies in terms of technological technical differences, or economic and social benefits. The present study compares the service prices, profits, carbon emissions, and social welfare of the two technologies, considering customers’ low-carbon preferences, which will fill the gap to some extent.




3. Notation and Basic Assumptions


In the supply chain, the ship provides services for customers and obtains revenues, but pays the port for berthing services. therefore, the total service price for customers is included in the port’s charges and the fees of the ship. The demand correlation and competition among berthed ships is weak, and hence this paper proposes a supply chain composed of one port and one ship, for simple illustration. This setting describes the reality to some extent, and is widely used in the available literature [28,29]. Of course, it can also be extended to multiple ports and ships settings in future studies.



In a cap-and-trade scheme, the government firstly allocates a carbon emission quota to the port. SP and LSFO can be used by the supply chain to reduce carbon emissions. SP increases the cost of both port and ship for equipping SP facilities, whereas LSFO only increases the ship’s costs as shown in Figure 1.



3.1. Notation


Table 1 shows the relevant parameters and decision variables. SP and LSFO are represented by subscript i (i = E, L). Three types of game (PS, SS, and NS) are denoted by subscript j (j = P, S, N). The superscript n (n = p, s, sc) indicates the object of the port, ship, and the supply chain. p denotes the supply chain’s service price, and satisfies   p = m + w  .




3.2. Basic Assumptions


Two key assumptions are presented to facilitate the subsequent modelling and analysis.



Assumption 1.

    e E   <   e L  ,  c E  +  c s   >   c L    





Compared with SP, LSFO produces more carbon emissions [30], i.e.,   e E  <  e L   . In addition, the model would be trivial if the voluntary adoption of SP without policy intervention was in the supply chain’s interest. Therefore, the cost of SP is assumed to be higher, i.e.,    c E  +  c s  >  c L   .



Assumption 2.

Following Liu et al. [31] and Qian et al. [32], the demand function is


   q = a − b p + γ  (  e −  e i   )  = a − b  (  m + w  )  + γ  (  e −  e i   )  , a , b > 0 .   



(1)











4. Models and Solutions


4.1. Implementation of SP


When SP is adopted, the profits are as follows:


   U p  =  (  m −  c E   )  q −  (  q  e E  − K  )   p c   



(2)






   U s  =  (  w −  c t  −  c s   )   (  a − b  (  m + w  )  + γ  (  e −  e E   )   )   



(3)






   U  s c   =  U s  +  U p   



(4)







The total carbon emissions and social welfare are


  T = q  e E   



(5)






   s w   =  U s  +  U p  − β  T 2    



(6)







In Equation (5), According to Krass et al. [6],   β   denotes the environmental concern, and  β T2 indicates the negative disutility of the total emissions.



Solving the above models under three different power structures by standard backward induction as shown in Appendix A.1, the equilibrium results are given in Table 2.



Where A =   a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   .




4.2. Implementation of LSFO


When the supply chain adopts LSFO, the profit and total carbon emission function is derived as Formulas (6)–(8):


   U p  = m q −  (  q  e L  − K  )   p c   



(7)






   U s  =  (  w −  c t  −  c L   )   (  a − b  (  m + w  )  + γ  (  e −  e L   )   )   



(8)






  T = q  e L     



(9)







Similar to SP, solving the above models again as shown in Appendix A.2, Table 3 gives the results:



Where B =   a + γ e − γ  e L  − b  c L  − b  c t  − b  e L   p c   .





5. Analysis and Discussion


Based on the comparative analysis and the sensitivity analysis, the impacts of different parameters on optimal price, emissions, profits and social welfare are obtained, which can help the port and shipping company to choose the appropriate technologies and provide insights into government policies. The Appendix A.3 can be referenced for detailed proof of the lemmas and propositions.



5.1. Optimal Price Analysis


The influence of operational parameters on the supply chain’s optimal service prices is given in Lemma 1 and Proposition 1.



Lemma 1.

In the port supply chain, when SP is used,   m  E − j    is increasing in   c E   ,    p c    a n d   γ  , while it is decreasing in   c s  ,    c t  .    w  E − j    is increasing in   c s  ,    c t   and γ , while it is decreasing in     c E  ,    p c   . When LSFO is used,   m  L − j    is increasing in   p c    a n d   γ  , while it is decreasing in   c t   ,   c L   .    w  L − j    is increasing in   c t   ,   c L    and γ , while it is decreasing in   p c   .





Obviously,    the   service   prices    of port and ship increase their own operational costs, and the total service price of the supply chain is increasing in  γ  and    p c   . However, both members of the supply chain may decrease the prices when the costs of the other increase, to earn more profits.



Proposition 1.

   T h e   o p t i m a l   p r i c e s   s a t i s f y :     


     m  i − P   <  m  i − N   <  m  i − S     ,  w  i − P   >  w  i − N   >  w  i − S   ,  p  i − N   <  p  i − P   =  p  i − S   .    













Lemma 1 and Proposition 1 indicate that under all the three power structures, the impact of carbon price and low-carbon preference on the overall demand in its pricing is always considered by the leader. Therefore, the optimal price in the Nash game is lower than that in one-part-dominant game.




5.2. Profits Analysis


Comparing the optimal profits under the three power structures and different technologies in the supply chain, the impact of operational parameters on optimal profits are obtained as follows:



Lemma 2.

   U  i − j   s c    increases in K and is concave with respect to   c i  ,    c t   ,      p c  ,   γ   a n d    e i   . Moreover,   U  E − j   s c    is also a convex function of   c s   .





With the operational costs, carbon price and emissions increasing, the port supply chain’s total profits suffer firstly from higher costs. In particular, when the operational costs, carbon price and emissions are extremely high, the shipping company may reduce its service to decrease costs. To a certain extent, the port supply chain may not offer service.



Proposition 2.

Profits in the port supply chain satisfy


    U  i − P  p  ≥  U  i − N  p  ≥  U  i − S  p  ;    U  i − P  s  ≤  U  i − N  s  ≤  U  i − S  s  ;    U  i − N   s c   ≥  U  i − P   s c   =  U  i − S   s c     













Proposition 2 shows that leaders in the game always obtain more profits than followers, whether for port or ship. The supply chain’s profits in the Nash game are the highest. Therefore, the equal relationships between port and ship should be encouraged, with the regulators more involved in the supply chain’s overall profits.



Proposition 3.

The profits of port supply chain satisfy: if    p c  −  γ b  <    c s  +  c E  −  c L     e L  −  e E      , then


     U  E − j  p  <  U  L − j  p  ,    U  E − j  s  <  U  L − j  s      a n d    U  E − j   s c   <  U  L − j   s c      













Proposition 3 indicates that, in a situation where the customer’s low-carbon preference is certain, and when carbon price is low, from the respective of the supply chain’s profits, LSFO is preferred; otherwise, SP is the better choice. In a situation where the carbon price is certain, when customers’ low-carbon preference is high, from the perspective of the supply chain’s profits, LSFO is preferred; otherwise, SP is the better choice. However, with the carbon price and customers’ low-carbon preference increasing, the choice of technology is a complex problem, because it is affected by the relationship between costs and emissions of the technologies, which will be investigated in Section 6, with numerical examples. If the carbon price is extremely high, the price for customers would be very high, resulting in very low market demand. In this situation, no matter which technology is used, the profits of the two technologies are very similar.




5.3. Analysis of the Total Carbon Emissions


The changes of carbon emissions in the port supply chain with respect to the operational costs, carbon price, and low-carbon preference, are investigated in this section.



Lemma 3.

   T  E − j    decreases in   c E  ,  c t  ,  c s   and     p c   ,increases in γ .    T  L − j    decreases in   c t   ,    c L   and     p c  , i n c r e a s e s   i n   γ  .





With the operational costs and carbon price increasing, the supply chain service prices also increase, and market demands decline, so the total carbon emissions decrease. When the low-carbon preference of customers increase, the market demands increase, hence the total carbon emissions increase.



Proposition 4.

The supplychain’s carbon emissions satisfy


    T  i − P   =  T  i − S   ≤  T  i − N   .   













Proposition 4 shows that when port and shipping company are in a relatively equal relationship, they tend to price low to attract more customers and expand the market, and thus generate more emissions, while in the Stackelberg game, the leader always limits the motivation of the other to provide services, inducing emissions reduction. It is noted that Proposition 2 indicates that the total supply chain profits in the Nash game are the highest, but when carbon emissions is the concern of regulators, the Stackelberg game is preferred.



Proposition 5.

Under different technologies, the total carbon emissions satisfy.If   p c  −     γ  (  e −  e E  −  e L   )    b (  e E  +  e L  )   <    c L   e L  +  c t   e L  −  c e   e E  −  c s   e E  −  c t   e E    (  e E    2  −  e L    2  )   +  a  b (  e E  +  e L  )   ,     t h e n    T  E − j   <  T  L − j     otherwise,    T  E − j     ≥  T  L − j   .  





In a situation where the carbon price and low-carbon preference are both very low, the optimal prices and profits of the supply chain almost unaffected by carbon emissions and low-carbon preference, then using LSFO is preferred with respect to the overall cost. At this time, low service prices lead to high demand, and, combined with the higher unit emissions, using LSFO produces more total carbon emissions than using SP. With the increase of carbon price and low-carbon preference, the overall cost superiority of adopting SP gradually emerges. When the carbon price and low-carbon preference satisfy certain conditions, even if the unit emissions of SP are lower, the total emissions of adopting SP may exceed those of LSFO, because the supply chain may tend to offer more services. however, it is important to note that there is an upper limit to the value of the carbon price, to ensure positive demand. The threshold in Proposition 5 may exceed the upper limit, leading to    T  E − j   <  T  L − j     under all possible values of    p c     and      γ .   These findings are helpful for regulators to formulate reasonable carbon price policies and management measures to promote emission reductions of the port and ship.




5.4. Social Welfare Analysis


Social welfare is compared under three power structures and two technologies in this section.



Proposition 6.

Referring to channel power structure, the social welfare satisfies.   I f   β <  5  7 b  e i    2    ,   t h e n   s  w  i − P    = s  w  i − S    ≤ s  w  i − N    ,   o t h e r w i s e   s  w  i − P    = s  w  i − S    ≥ s  w  i − N      





.



Propositions 2 and 4 indicate that the Nash game has the most total profits and highest carbon emissions. When  β  is low, the negative effects of emissions on sw is small, therefore the sw in the Nash game is the highest. With  β  increasing, the negative effects of emissions on sw rise accordingly. Ultimately, when  β  increases to a certain level, the social welfare of the two Stackelberg games becomes higher than that of the Nash game. The results give some suggestion for regulators to encourage a certain power structure to maximize social welfare.



Proposition 7.

Referring to different technologies, social welfare satisfies




	
if   β σ <   2 φ  σ   , then   s  w  E − j    < s  w  L − j     ,



	
if     2 φ  σ  < β <   3 φ  σ   , then   s  w  E − j     <  s  w  L − j     (  j = S , P  )  , s  w  E − N    >  s  w  L − N    ,



	
If   β >   3 φ  σ   , then   s  w  E − j    > s  w  L − j     .








where,  φ = 2 ( b  c E  − b  c L  + b  c s  +  c t  +  e E  γ − γ  e L  + b  p c   e E  − b  p c   e L   )(  b  c E  − 2 a + b  c L  + b  c s  + 2 b  c t  − 2 e γ +  e E  γ + γ  e L  + b  p c   e E  + b  p c   e L  )  ,  σ = b ( b  c E   e E  + b  c s   e E  + a  e L  − a  e E  + b  c t   e E  − b  e L   c L  − b  c t   e L  − e  e E  γ + e γ  e L  − e  e E  γ +  e E    2  γ + e  e L  γ −  e L    2  γ + b  p c   e E    2  − b  p c   e L    2   )(  b  c E   e E  + b  c s   e E  + b  c t   e E  − a  e E  − a  e L  + b  e L   c L  + b  c t   e L  − e  e E  γ +  e E    2  γ − e  e L  γ +  e L    2  γ + b  p c   e E    2  + b  p c   e L    2   ).





Proposition 7 shows that when  β  is low, with respect to social welfare, SP is preferred to LSFO, but with a high  β , LSFO is the better choice. However, because the expression of the threshold  β  is so complex, numerical examples are needed to illustrate this situation.




5.5. Managerial Insights


According to the above propositions and lemmas, in the port supply chain, acting as leaders in the game chain always obtains more profits than being followers, whether for port or ship. The supply chain’s profits in the Nash game are the highest. In practice, ports always act as leaders in the port supply chain because of their own resources, and can obtain more benefits than when they are followers. If ships want to obtain more profits, they should take a leadership position. Therefore, ships strive to gain more discourse rights through alliances in practice, such as the world’s three major ship alliances, 2M, THE, and OCEAN. When the carbon price is low, from the perspective of profits, LSFO is preferred, with the advantage of low overall costs. While the carbon price is high, SP is preferred. Therefore, when the carbon price is low, for port and ship, using LSFO to reduce emissions is preferred. Otherwise, using SP is the better choice.



Proposition 4 shows that the carbon emissions of the port supply chain in the Nash game are higher than in the Stackelberg games, while Proposition 3 indicates the total supply chain profits in the Nash game are highest. Therefore, if the government is concerned to control emissions, encouraging the one-part-dominant structure is the better choice. however, if the government concern to maximize profits, supporting the Nash game would be preferred. If the objective of the government is social welfare maximization, when the carbon price, customers’ low-carbon preferences and environmental concern are low, or all of them are high, LSFO should be supported. Otherwise, SP may be better. The customers’ low carbon preferences can help the supply chain reduce emissions, because it can expand the market demand and increase the profits of the supply chain. Therefore, the government should actively propagandize environmental protection and cultivate enterprises’ low-carbon awareness.



At present, the Chinese government is actively promoting SP by subsidizing ports and shipping enterprises. Statistics released by the MOT of China show that from 2016 to 2018, the central government provided subsidies for ports and ships in coastal and inland port areas to construct SP. In the last three years, a total of CNY 740 million has been arranged to support the use of SP. With the support from the government, more than 40 percent of the major Chinese ports have installed SP infrastructure. However, the current penetration rate of SP refitted ships is less than 1% [33], and the willingness of ships to use SP is still low. According to the obtained results, the Chinese government can implement a cab-and-trade scheme with a higher carbon price, to promote the use of SP. In fact, the Chinese government has piloted a cap-and-trade system in the shipping markets of Shenzhen and Shanghai. It is noted that the influence of customers’ low-carbon preferences should be taken into account. Firstly, the overall emissions of the supply chain increase in the customers’ low-carbon preferences. Secondly when the customers’ low-carbon preferences are high, a high carbon price is needed to promote the SP. However, when the carbon price and customers’ low-carbon preferences increase and satisfy a certain condition, the total carbon emissions of the supply chain using SP may surpass those using LSFO. Therefore, the cab-and-trade scheme should be implemented cautiously, according to customers’ low-carbon preferences.





6. Numerical Examples Analysis


In order to expound more clearly the above lemmas and propositions, some numerical examples are given in this part. Unless otherwise specified, the relevant parameters in the model are as follows [34],   a = 200 , b = 3.5 ,  c E  = 2.8 ,    c t  = 3.6 ,    c s  = 0.6 ,    e E  = 4.2 ,    e L  = 4.9 , e = 5.4 ,  c L  = 1.6 , K = 100  .



6.1. Impact of    p c    and  γ  on Profits


A comparison of the port’s profits between the three power structures is showed in Figure 2, while Figure 3 shows the changes in the shipping enterprise’s profits. Consistent with Proposition 3, the leaders always achieve the highest profits, and the followers always obtained the lowest profits, whether for port or shipping enterprise. It is apparently shown that the Nash game possesses the highest profits compared with the other two power structures in Figure 4. The overall profits of the supply chain are a convex function of    p c    and  γ  as described in Lemma 2, and this is also shown in Figure 4.



The technologies comparison in respect to profits is complicated. When carbon prices and low-carbon preference are very low, the emission penalties and incentives for low emissions are negligible, and at this time LSFO with low cost is preferred. As the carbon price and low-carbon preference increase, SP will gradually surpass LSFO and become preferred. However, when the carbon price rise to the threshold, the supply chain’s profits will become zero, because the emissions penalties are so high that the port and ship would no longer offer services.




6.2. Impact of    p c    and  γ  on Carbon Emissions


Figure 5 shows that the carbon emissions under the Nash game are highest, as described in Proposition 5. When the carbon price and low-carbon preference of customers are both low, the carbon emissions from using LSFO are higher. With the increasing of    p c   , the carbon emissions of using SP surpass those of using LSFO. However, when    p c    rises to a very high level, the service offered by the port supply chain in all power structures drops to an extremely low level, and the emissions of three power structures approach each other. Therefore, if emissions reduction is the only goal of regulators, LSFO would be better in the case of a low carbon price, whereas SP would be preferred in the case of a high carbon price, as shown in Proposition 6.




6.3. Impact of   β   on Social Welfare


Some parameters of Figure 6 are redefined, to better illustrate the impacts of  β  on sw changes. The left-hand side of the figure represents the low carbon price situation in which    p c    = 0.2. The right-hand side represents    p c    = 8,  β ∈ [0, 0.02]. In Figure 6, Proposition 6 is clearly illustrated.



Given a certain technology, from a social welfare maximization perspective, if  β  is small, the Nash game with higher profits would be the first choice. Otherwise, the Stackelberg games would be better.



The comparison of the sw between SP and LSFO is complicated. Here, taking the Nash game as an example, there are two different carbon price cases, as shown in Figure 6.



The case of low carbon price is illustrated in the left figure. When the low-carbon preference of customers is low, according to Proposition 3, the profits of the supply chain from using LSFO are higher than those from adopting SP. In addition, the carbon emissions from adopting LSFO are also higher than those from adopting SP, in line with Proposition 5. Therefore, under a low carbon price, LSFO is preferred to SP as leading to higher social welfare under low environmental concern. As  β  increases, the penalty of carbon emissions increases, hence social welfare decreases. However, the social welfare of adopting LSFO drops more significantly than that using SP, because of higher emissions. Therefore, under high environmental concern, SP is preferred to LSFO with higher social welfare.



However, in the case of high carbon price, as indicated in Propositions 3 and 5, in the port supply chain, both profits and carbon emissions from adopting SP are higher than those from adopting LSFO. Therefore, the change of social welfare with respect to      p c    is opposite to that in the low-carbon-price case, as expressed on the right-hand side of Figure 5. Hence, in general, when      p c   ,  β  and  γ  are all low or are all high, LSFO is preferred; otherwise, SP is the better choice.





7. Conclusions and Future Research


The supply chain consisting of one port and one ship under a cap-and-trade scheme with low-carbon preference of customers is discussed in the paper. The supply chain can choose SP or LSFO, to reduce carbon emissions. The game models are built under three power structures. Economic and social benefits of the port supply chain are evaluated when either SP or LSFO is used. The influence of the power structures, the cab-and-trade scheme, customers’ low-carbon preferences, and the environmental concern on the technology choice concerning profits, carbon emissions, and social welfare are discussed.



The total profits and carbon emissions in the Nash game are higher than those in the Stackelberg games. When carbon price and low-carbon preference of customers are both low, the overall profits and carbon emissions from using LSFO are higher than those from using SP. Under a low environmental concern, the Nash game has the highest social welfare, while the social welfare in the Stackelberg games is higher than in the Nash game when the environmental concern is high. In general, when carbon price, low-carbon preference of customers and environmental concern are all low or are all high, the whole social welfare from adopting LSFO is higher than from adopting SP.



Based on the obtained results, if emission control is the only concern, the one-part- dominant supply chain would be preferred, with fewer carbon emissions; however, the balanced power structure is the better choice when profits are the only goal. For the choice of technologies, if profit is the only concern, LSFO would be preferred when the carbon price and customers’ low-carbon preferences are low. If the objective is social welfare maximization, in general, when the carbon price, customers’ low carbon preferences and environmental concern are all low, or all of them are high, LSFO would be preferred. Otherwise, SP would be the better choice. These results can provide meaningful insights for firms to choose the appropriate emission control technologies and for regulators to formulate appropriate emission control policies, according to their own interests.



In practice, the emission reduction decisions of port and navigation enterprises are affected by many factors, such as the resources of the ports, the features of the ships, the competitive relationship among the ports, the competitive relationship of the vessels, and the uncertainty of market demand. Therefore, the choice of emission control technologies of the port and shipping enterprises is more complex. Therefore, a more realistic supply chain with multiple ports, multiple shipping companies, and a random order of the shipping market is the research direction for the future. Furthermore, other carbon emission control policies, such as a carbon tax and subsidies, can also be incorporated into the current study in the future.
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Appendix A


Appendix A.1. Solutions When SP Is Implemented


(1) In ship-leader Stackelberg, the profits of the port are:    U p  =  (  m −  c E   )  q −  (  q  e E  − K  )   p c   .



Solving     ∂  U p    ∂ m   = 0  ,    m *  =   a + b  c s  − b w + γ  (  e −  e E   )  + b  e E   p c    2 b    , Substituting m* into    U s   , and solving     ∂  U s    ∂ w   = 0  ,      w  E − S   =   a + γ e − γ  e E  + b  c s  − b  c E  + b  c t  − b  e E   p c    2 b    , Thus,


   m  E − S   =   a + γ e + 3 b  c E  + 3 b  e E   p c  − γ  e E  − b  c s  − b  c t    4 b     ,    










   U  E − S  p  =   16 b K  p c  +    (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   2    16 b    










   U  E − S  s  =      [  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   ]   2    8 b    










   U  E − S   s c   =   16 b K  p c  + 3    [  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   ]   2    16 b   ,  










   T  E − S   =  1 4   e E   (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   










  s  w  E − S   =   16 b K  p c  +  (  3 − b  e E    2   p c   )     (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   2    16 b    











(2) In the Nash game, the profits of the shipping company are:    U s  =  (  w −  c t  −  c s   )  [ a − b  (  m + w  )  + γ  (  e −  e E   )   , Solving     ∂  U s    ∂ w   = 0  ,    w *  =   a + b  c E  + b  c t  − b m + γ e − γ  e E    2 b    , the port’s profits are:   U p  =  (  m −  c E   )  q −  (  q  e E  − K  )   p c   . Solving     ∂  U p    ∂ m   = 0  ,    m *  =   a + b  c s  − b w + γ  (  e −  e E   )  + b  e E   p c    2 b    . Now solving above two equations simultaneously,


   m  E − N   =   a + γ e + 2 b  c E  + 2 b  e E   p c  − γ  e E  − b  c s  − b  c t    3 b   ,  w  E − N   =   a + γ e + 2 b  c t  − γ  e E  − b  c E  + 2 b  c s  − b  e E   p c    3 b    








,



Thus:


   U  E − N  p  =   9 b K  p c  +    (  a + γ e − b  c s  − b  c t  − γ  e E  − b  c E  − b  e E   p c   )   2    9 b   ,  










   U  E − N  s  =      (  a + γ e − b  c s  − b  c t  − γ  e E  − b  c E  − b  e E   p c   )   2    9 b    










   U  E − N   s c   =   9 b K  p c  + 2    (  a + γ e − b  c s  − b  c t  − γ  e E  − b  c E  − b  e E   p c   )   2    9 b   ,  










   T  E − N   =  1 9   e E   (  a + γ e − b  c s  − b  c t  − γ  e E  − b  c E  − b  e E   p c   )  ,  










  s  w  E − N   =   9 b K  p c  +  (  2 − b  e E    2   p c   )     (  a + γ e − b  c s  − b  c t  − γ  e E  − b  c E  − b  e E   p c   )   2    9 b    











(3) In the port-leader game, the profits of the shipping company are:    U s  =  (  w −  c t  −  c s   )   [  a − b  (  m + w  )  + γ  (  e −  e E   )   ]   , Solving     ∂  U s    ∂ w   = 0  ,    w *  =   a + b  c E  + b  c t  − b m + γ e − γ  e E    2 b   ,   substituting    w *    into    U p   , and solving     ∂  U p    ∂ m   = 0  ,    m  E − P   =   a + γ e − γ  e E  + b  c E  − b  c s  − b  c t  + b  e E   p c    2 b    , thus,


   w  E − P   =   a + γ e − γ  e E  + 3 b  c s  − b  c E  + 3 b  c t  − b  e E   p c    4 b   ,  










   U  E − P  p  =   8 b K  p c  +    (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   2    8 b   ,  










   U  E − P  s  =      (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   2    16 b    










   U  E − P   s c   =   16 b K  p c  + 3    (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   2    16 b   ,  










   T  E − P   =  1 4   e E   (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   










  s  w  E − P   =   16 b K  p c  +  (  3 − b  e E    2   p c   )     (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   2    16 b   .  












Appendix A.2. Solutions When LSFO Is Implemented


Similarly to the case of adopting SP, the equilibrium results under LSFO can be obtained easily, so the solution process is omitted.




Appendix A.3. Proofs


Proof of Lemma 1.



    ∂  m  E − j     ∂  c s    > 0 ,   ∂  m  i − j     ∂ θ   > 0 ,   ∂  m  i − j     ∂ γ   > 0 ,   ∂  m  i − j     ∂  c i    < 0 ,   ∂  m  i − j     ∂  c t    < 0 ,    










    ∂  w  E − j     ∂  c s     <  0 ,   ∂  w  i − j     ∂ θ    <  0 ,   ∂  w  i − j     ∂ γ    >  0 ,   ∂  w  i − j     ∂  c i     >  0 ,   ∂  w  i − j     ∂  c t    > 0 .    








□





Proof of Proposition 1.

When the SP is used, comparing the optimal prices as follows,


   m  E − P   −  m  E − N   =   a + γ e − b  c s  − b  c t  − γ  e E  − b  c E  − b  e E   p c    6 b    










   m  E − S   −  m  E − N   = −   a + γ e − b  c s  − b  c t  − γ  e E  − b  c E  − b  e E   p c    12 b    










   m  E − P   −  m  E − S   =   a + γ e − b  c s  − b  c t  − γ  e E  − b  c E  − b  e E   p c    4 b    










   w  E − P   −  w  E − N   = −   a + γ e − b  c s  − b  c t  − γ  e E  − b  c E  − b  e E   p c    12 b    










   w  E − P   −  w  E − S   = −   a + γ e − b  c s  − b  c t  − γ  e E  − b  c E  − b  e E   p c    4 b    










   w  E − S   −  w  E − N   =   a + γ e − b  c s  − b  c t  − γ  e E  − b  c E  − b  e E   p c    6 b    








since   q > 0  ,    p c    must satisfy    p c  <   a + γ e − γ  e E  − b  c E  − b  c s  − b  c t    b  e E    ,   therefore,    m  E − P   >  m  E − N   >  m  E − S    ,    w  E − P   <  w  E − N   <  w  E − S    .



When the LSFO is used, comparing the optimal prices as follows,


   m  L − P   −  m  L − N   =   a + γ e − b  c t  − γ  e L  − b  e L   p c  − b  c L    6 b   ,  m  L − S   −  m  L − N   = −   a + γ e − b  c t  − γ  e L  − b  e L   p c  − b  c L    12 b    










   m  L − P   −  m  L − S   =   a + γ e − b  c t  − γ  e L  − b  e L   p c  − b  c L    4 b   ,  w  L − P   −  w  L − N   = −   a + γ e − b  c t  − γ  e L  − b  e L   p c  − b  c L    12 b    










   w  L − P   −  w  L − S   = −   a + γ e − b  c t  − γ  e L  − b  e L   p c  − b  c L    4 b   ,  w  L − S   −  w  L − N   =   a + γ e − b  c t  − γ  e L  − b  e L   p c  − b  c L    6 b    








since   q > 0  ,    p c    must satisfies    p c  <   a + γ e − γ  e L  − b  c L  − b  c t    b  e L     , therefore,   m  L − P   >  m  L − N   >  m  L − S   ,  w  L − P   <  w  L − N   <  w  L − S    . □





Proof of Lemma 2.






	(1)

	
   when    j = P :    ∂ 2   U  i − P   s c      ∂ 2   c i    =   3 b  8  > 0 ,    ∂ 2   U  i − P   s c      ∂ 2   c t    =    ∂ 2   U  E − P   s c      ∂ 2   c E    =   3 b  8  > 0 ,    ∂ 2   U  i − P   s c      ∂ 2  γ   =   3   (  e i  − e )  2    8 b   > 0 , a n d      ∂ 2   U  i − P   s c      ∂ 2   e i    =   3    (  b +  p c   )   2   8  > 0  .




	(2)

	
   when    j = S :    ∂ 2   U  i − S   s c      ∂ 2   c i    =   3 b  8  > 0 ,    ∂ 2   U  i − S   s c      ∂ 2   c t    =    ∂ 2   U  E − S   s c      ∂ 2   c E    =   3 b  8  > 0 ,    ∂ 2   U  i − S   s c      ∂ 2  γ   =   3   (  e i  − e )  2    8 b   > 0 , a n d      ∂ 2   U  i − S   s c      ∂ 2   e i    =   3    (  b +  p c   )   2   8  > 0  .




	(3)

	
   when    j = N :    ∂ 2   U  i − N   s c      ∂ 2   c i    =   4 b  9  > 0 ,    ∂ 2   U  i − N   s c      ∂ 2   c t    =    ∂ 2   U  E − N   s c      ∂ 2   c s    =   4 b  9  > 0 ,    ∂ 2   U  i − N   s c      ∂ 2  γ   =   4   (  e i  − e )  2   9  > 0 , a n d      ∂ 2   U  i − N   s c      ∂ 2   e i    =   4    (  b +  p c   )   2   9  > 0  . □











Proof of Proposition 2.

comparing the optimal profits between two technologies as follows, for the port,


   U  E − P  p  −  U  E − S  p  =      (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   2    16 b   ≥ 0 ,  










     U  E − P  p  −  U  E − N  p  =      (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   2    72 b   ≥ 0 ,  










     U  E − S  p  −  U  E − N  p  = −   7    (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   2    144 b   ≤ 0  










   U  L − P  p  −  U  L − S  p  =      (  a + γ e − γ  e L  − b  c L  − b  c t  − b  e L   p c   )   2    16 b   ≥ 0 ,  










     U  L − P  p  −  U  L − N  p  =      (  a + γ e − γ  e L  − b  c L  − b  c t  − b  e L   p c   )   2    72 b   ≥ 0 ,  










     U  L − S  p  −  U  L − N  p  = −   7    (  a + γ e − γ  e L  − b  c L  − b  c t  − b  e L   p c   )   2    144 b   ≤ 0  








therefore,    U  i − P  p  ≥  U  i − N  p  ≥  U  i − S  p  .  



For the ship company,


   U  E − P  s  −  U  E − S  s  = −      (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   2    16 b   ≤ 0 ,  










     U  E − P  s  −  U  E − N  s  = −   7    (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   2    9 b   ≤ 0 ,    










   U  E − S  s  −  U  E − N  s  =      (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   2    72 b   ≥ 0  










   U  L − P  s  −  U  L − S  s  = −      (  a + γ e − γ  e L  − b  c L  − b  c t  − b  e L   p c   )   2    16 b   ≤ 0 ,  










   U  L − P  s  −  U  L − N  s  = −   7    (  a + γ e − γ  e L  − b  c L  − b  c t  − b  e L   p c   )   2    9 b   ≤ 0 ,  










   U  L − S  s  −  U  L − N  s  =      (  a + γ e − γ  e L  − b  c L  − b  c t  − b  e L   p c   )   2    72 b   ≥ 0 .  








therefore,    U  i − P  s  ≤  U  i − N  s  ≤  U  i − S  s  .  



For the supply chain as a whole


   U  E − P   s c   −  U  E − S   s c   = 0 ,  U  E − P   s c   −  U  E − N   s c   =   5    (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   2    144 b   ≥ 0  










   U  L − P   s c   −  U  L − S   s c   = 0 ,  U  L − P   s c   −  U  L − N   s c   =   5    (  a + γ e − γ  e L  − b  c t  − b  e L   p c  − b  c L   )   2    144 b   ≥ 0  








therefore,    U  i − N   s c   ≥  U  i − P   s c   =  U  i − S   s c    . □





Proof of Proposition 3.

The profits under two different technologies are compared as follows,


   U  E − j  s  −  U  L − j  s  = τ  (  − 2 a − 2 γ e + γ  (   e E  +  e L   )  + b  (   c E  +  c L  +  c s  + 2  c t  +  e L   p c  +  e E   p c   )   )  ( γ  (   e E  −  e L   )  + b  (   c E  −  c L  +  c s  −  p c   e L  +  p c   e E   )   










     U  E − j  p  −  U  L − j  p  = μ  (  − 2 a − 2 γ e + γ  (   e E  +  e L   )  + b  (   c E  +  c L  +  c s  + 2  c t  +  e L   p c  +  e E   p c   )   )  ( γ  (   e E  −  e L   )  + b  (   c E  −  c L  +  c s  −  p c   e L  +  p c   e E   )   










   U  E − j   s c   −  U  L − j   s c   = ω  (  − 2 a − 2 γ e + γ  (   e E  +  e L   )  + b  (   c E  +  c L  +  c s  + 2  c t  +  e L   p c  +  e E   p c   )   )  ( γ  (   e E  −  e L   )  + b  (   c E  −  c L  +  c s  −  p c   e L  +  p c   e E   )   








where  τ ,     μ  ,     ω   are constants.



Since   q > 0  ,    p c    must satisfies    p c  <   a + γ e − γ  e E  − b  c E  − b  c s  − b  c t    b  e E     ,    p c  <   a + γ e − γ  e L  − b  c L  − b  c t    b  e L     , therefore, if   0 <  p c  <    c s  +  c E  −  c L     e L  −  e E    −  γ b   , then


    U  E − j  p  <  U  L − j  p  ,    U  E − j  s  <  U  L − j  s      a n d    U  E − j   s c   <  U  L − j   s c     








□





Proof of Lemma 3.






	(1)

	
When   j = P , S :   ∂  T  i − j     ∂  c i    = −  b 4   e i  < 0 ,   ∂  T  i − j     ∂  c t    =   ∂  T  E − j     ∂  c s    = −   b  e E   4  < 0 ,   ∂  T  i − j     ∂ θ   = −  b 4   e i 2   <  0 ,   ∂  T  i − j     ∂ γ   =    (  e −  e i   )   e i   4   >  0   a n d      ∂ 2   T  i − j      ∂ 2   e i    = −   γ + b  p c   2  < 0  .




	(2)

	
When   j = N :   ∂  T  i − N     ∂  c i    = −   b  e i   3  < 0 ,   ∂  T  i − N     ∂  c t    =   ∂  T  E − N     ∂  c s    = −   b  e E   3  < 0 ,   ∂  T  i − N     ∂ θ   = −   b  e i 2   3   <  0 ,   ∂  T  i − N     ∂ γ   =    (  e −  e i   )   e i   3   >  0   a n d      ∂ 2   T  i − N      ∂ 2   e i    = −   2 ( γ + b  p c  )  3  < 0  . □











Proof of Proposition 4.

the carbon emissions in three power structures are compared as follows,


   T  i − P   −  T  i − S   = 0 ,  T  L − P   −  T  L − N   = −    e L    12    (  a + γ e − γ  e L  − b  c t  − b  e L   p c  − b  c L   )  .  










   T  E − P   −  T  E − N   = −    e E    12    (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   








Since   q > 0  ,    p c    must satisfy    p c  <   a + γ e − γ  e E  − b  c E  − b  c s  − b  c t    b  e E     ,    p c  <   a + γ e − γ  e L  − b  c L  − b  c t    b  e L     , Therefore,    T  i − P   =  T  i − S   <  T  L − N    . □





Proof of Proposition 5.

The carbon emissions under different technologies are compared as follows,


   T  E − j   −  T  L − j   =   a  e E  + γ e  e E  − γ  e E 2  − b  e E   c E  − b  e E   c s  − b  e E   c t  − b  e E 2   p c  −  e L  a − γ  e L  e + γ  e L 2  + b  e L   c t  + b  e L 2   p c  + b  e L   c L   4   








if   0 <  p c  <    c L   e L  +  c t   e L  −  c e   e E  −  c s   e E  −  c t   e E     (   e E 2  −  e L 2   )    +   a + γ e   b (  e E  +  e L  )   −     γ  b  ,    p c  <    c s  +  c E  −  c L     e L  −  e E    −  γ b   , then    T  E − j   <  T  L − j       otherwise,    T  E − j     ≥  T  L − j    . □





Proof of Proposition 6.

Comparing sw under three power structures


  s  w  i − P   − s  w  i − S   = 0  










    s  w  E − P   − s  w  E − N   =    (  b  e E 2  β −  5 7   )     (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   2    144 b    










  s  w  L − P   − s  w  L − N   =    (  b  e L 2  β −  5 7   )     (  a + γ e − γ  e L  − b  c t  − b  e L   p c  − b  c L   )   2    144 b    








Therefore, if   β <  5  7 b  e i    2    ,  then    s  w  i − P    = s  w  i − S    ≤ s  w  i − N    ,  otherwise    s  w  i − N    ≤ s  w  i − P    = s  w  i − S     . □





Proof of Proposition 7.

Comparing sw under two technologies


  s  w  E − j   − s  w  L − j   =       3  (  2 a + 2 γ e − 2 b  c t  −  (  γ + b  p c   )   (   e E  +  e L   )  + b  (   c L  +  c E   )  − b  c s   )   (   (   e L  −  e E   )   (  γ + b  p c   )  + b  (   c L  −  c E   )   )        − b β    (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   2   e E 2  + b β    (  a + γ e − γ  e L  − b  c L  − b  c t  − b  e L   p c   )   2   e L 2        16 b    (  j = S , P  )   










  s  w  E − N   − s  w  L − N   =       2  (  2 a + 2 γ e − 2 b  c t  −  (  γ + b  p c   )   (   e E  +  e L   )  + b  (   c L  +  c E   )  − b  c s   )   (   (   e L  −  e E   )   (  γ + b  p c   )  + b  (   c L  −  c E   )   )        − b β    (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   2   e E 2  + b β    (  a + γ e − γ  e L  − b  c L  − b  c t  − b  e L   p c   )   2   e L 2        9 b    








Since   β > 0  , therefore,




	
If   β <   2 φ  σ   , then   s  w  E − j    < s  w  L − j     ,



	
If     2 φ  σ  < β <   3 φ  σ   , then   s  w  E − j     <  s  w  L − j     (  j = S , P  )  , s  w  E − N    >  s  w  L − N    ,



	
If   β >   3 φ  σ   , then   s  w  E − j    > s  w  L − j     .








where


   φ = ( b  c E  − b  c L  + b  c s  +  c t  +  e E  γ − γ  e L  + b  p c   e E  − b  p c   e L    ) ( b  c E  − 2 a + b  c L  + b  c s  + 2 b  c t  − 2 e γ +  e E  γ + γ  e L  + b  p c   e E  + b  p c   e L  )   










   σ = b ( b  c E   e E  + b  c s   e E  + a  e L  − a  e E  + b  c t   e E  − b  e L   c L  − b  c t   e L  − e  e E  γ + e γ  e L  − e  e E  γ +  e E    2  γ + e  e L  γ −  e L    2  γ + b  p c   e E    2  − b  p c   e L    2    ) ( b  c E   e E  + b  c s   e E  + b  c t   e E  − a  e E  − a  e L  + b  e L   c L  + b  c t   e L  − e  e E  γ +  e E    2  γ − e  e L  γ +  e L    2  γ + b  p c   e E    2  + b  p c   e L    2  ) .   








□
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Figure 1. The decision of emission control technology in the port supply chain. 
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Figure 2. The profits of the port. 
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Figure 3. The profits of the ship. 
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Figure 4. The profits of the supply chain. 
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Figure 5. Total carbon emissions of supply chain. 
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Figure 6. Change of social welfare under environmental concern and low-carbon preference. 
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Table 1. Parameters and decision variables.






Table 1. Parameters and decision variables.





	
Notation

	
Description






	
Parameters

	




	
  a  

	
    Market   size  , a > 0   




	
  b  

	
    The   sensitivity   factor   of   the   market   demand   to   the   price    ( b > 0 )   




	
  q  

	
    Demand   for   services    




	
    c t    

	
Ship’s unit ocean transportation cost




	
    c s    

	
Ship’s unit service cost with the adoption of SP




	
    c L    

	
Ship’s unit service cost with the application of LSFO




	
    c E    

	
Port’s unit service cost with the application of SP




	
  β  

	
    Environmental   concern    




	
pc

	
Carbon price




	
K

	
Carbon emission quota for the port




	
  γ  

	
Low-carbon preference of customers




	
      e i    

	
    Unit   carbon   emissions   of   technology    i   




	
    U  i − j  n      

	
    The   profit   of    n    with   the   application   of    i    in    j    game    




	
    T  i − j       

	
    The   total   carbon   emissions   of   the   supply   chain   with   the   adoption   of    i    in   j   game    




	
   s  w  i − j     

	
    The   social   welfare   with   the   adoption   of    i    in    j    game    




	
Decision variables:




	
    m  i − j       

	
Port’s service price with the adoption of i in j game




	
    w  i − j     

	
Ship’s service price with theadoption of i in j game
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Table 2. Equilibrium results when SP is adopted.






Table 2. Equilibrium results when SP is adopted.





	
Cases

	
     m  E − j      

	
     w  E − j      

	
     T  E − j      






	
j = S

	
     a + γ e − γ  e E  + 3 b  c E  − b  c s  − b  c t  + 3 b  e E   p c    4 b     

	
     a + γ e + b  c s  + b  c t  − b  c E  − γ  e E  − b  e E   p c    2 b     

	
      e E  A  4    




	
j = N

	
     a + γ e − γ  e E  + 2 b  c E  − b  c s  − b  c t  + 2 b  e E   p c    3 b     

	
     a + γ e + 2 b  c t  + 2 b  c s  − γ  e E  − b  c E  − b  e E   p c    3 b     

	
      e E  A  3    




	
j = P

	
     a + γ e − γ  e E  + b  c E  − b  c s  − b  c t  + b  e E   p c    2 b     

	
     a + γ e + 3 b  c s  + 3 b  c t  − γ  e E  − b  c E  − b  e E   p c    4 b     

	
      e E  A  4    




	
Cases

	
    U  E − j  p    

	
    U  E − j  s    

	
    U  E − j   s c     




	
j = S

	
     16 b K  p c  +    (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   2    16 b     

	
        (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   2    8 b     

	
     16 b K  p c  + 3  A 2    16 b     




	
j = N

	
     9 b K  p c  +    (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   2    9 b     

	
        (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   2    9 b     

	
     9 b K  p c  + 2  A 2    9 b     




	
j = P

	
     8 b K  p c  +    (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   2    8 b     

	
        (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   2    16 b     

	
     16 b K  p c  + 3  A 2    16 b     




	
Cases

	
   s  w  E − j     




	
j = S

	
     16 b K  p c  +  (  3 − b  e E 2  β  )     (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   2    16 b     




	
j = N

	
     9 b K  p c  +  (  3 − b  e E 2  β  )     (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   2    9 b     




	
j = P

	
     16 b K  p c  +  (  3 − b  e E 2  β  )     (  a + γ e − γ  e E  − b  c E  − b  c s  − b  c t  − b  e E   p c   )   2    16 b     
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Table 3. Results when LSFO is adopted.
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Cases

	
     m  L − j      

	
     w  L − j      

	
     T  L − j      






	
j = S

	
     a + γ e − γ  e L  + 3 b  e L   p c  − b  c L  − b  c t    4 b     

	
     a + γ e + b  c L  + b  c t  − γ  e L  − b  e L   p c    2 b     

	
      e L  A  4    




	
j = N

	
     a + γ e − γ  e L  + 2 b  e L   p c  − b  c L  − b  c t    3 b     

	
     a + γ e + 2 b  c L  + 2 b  c t  − γ  e L  − b  e L   p c    3 b     

	
      e L  A  3    




	
j = P

	
     a + γ e − γ  e L  + 3 b  e L   p c  − b  c L  − b  c t    2 b     

	
     a + γ e + 3 b  c L  + 3 b  c t  − γ  e L  − b  e L   p c    4 b     

	
      e L  A  4    




	
Cases

	
    U  L − j  p    

	
    U  L − j  s    

	
    U  L − j   s c     




	
j = S

	
     16 b K  p c  +    (  a + γ e − γ  e L  − b  c L  − b  c t  − b  e L   p c   )   2    16 b     

	
        (  a + γ e − γ  e L  − b  c L  − b  c t  − b  e L   p c   )   2    8 b     

	
     16 b K  p c  + 3  B 2    16 b     




	
j = N

	
     9 b K  p c  +    (  a + γ e − γ  e L  − b  c L  − b  c t  − b  e L   p c   )   2    9 b     

	
        (  a + γ e − γ  e L  − b  c L  − b  c t  − b  e L   p c   )   2    9 b     

	
     9 b K  p c  + 2  B 2    9 b     




	
j = P

	
     8 b K  p c  +    (  a + γ e − γ  e L  − b  c L  − b  c t  − b  e L   p c   )   2    8 b     

	
        (  a + γ e − γ  e L  − b  c L  − b  c t  − b  e L   p c   )   2    16 b     

	
     16 b K  p c  + 3  B 2    16 b     




	
Cases

	
   s  w  L − j     




	
j = S

	
     16 b K  p c  +  (  3 − b  e L 2  β  )     (  a + γ e − γ  e L  − b  c L  − b  c t  − b  e L   p c   )   2    16 b     




	
j = N

	
     9 b K  p c  +  (  2 − b  e L 2  β  )     (  a + γ e − γ  e L  − b  c L  − b  c t  − b  e L   p c   )   2    9 b     




	
j = P

	
     16 b K  p c  +  (  3 − b  e L 2  β  )     (  a + γ e − γ  e L  − b  c L  − b  c t  − b  e L   p c   )   2    16 b     
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