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Abstract

:

To meet the demands of society’s transition to a low-carbon economy, this study analyzes and designs a coordination contract that is suitable for a low-carbon supply chain, under the circumstances of a carbon tax policy and government subsidies; this is to achieve a reduction in emissions and a growth in the total profits of the supply chain, while simultaneously improving the sustainable competitiveness and coordination of the supply chain. Manufacturers and retailers make up the two levels of the supply chain that are the focus of this study. Both centralized and decentralized decision-making models are created using the Stackelberg game method. By analyzing the supply chain decision-making and emission-reduction strategies in both cases, the revenue-sharing contract is designed to achieve the sustainable coordination of the y chain. The results of the numerical analysis show the following: first, that more orders are placed and emissions are reduced under centralized decision-making than under decentralized decision-making; second, that the total supply chain’s profits are higher when all parties comply with the revenue-sharing contract than when there are no contracts; third, that the revenue-sharing contract allows for the free allocation of supply chain gross margins in the enterprise for supply chain coordination.
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1. Introduction


Climate change is an urgent global issue, which requires all parties to make efforts to reduce CO2 emissions and explore more sustainable ways of development. This study mainly analyzes and solves the problem of enterprise emission reduction and coordination in the specific context that sees the government collecting carbon tax and subsidizing enterprises. The goal of this study is to design a revenue-sharing contract that can be applied in the low-carbon supply chain, so as to help enterprises reduce emissions, obtain more revenue, and achieve supply chain coordination.



Recently, as the international community has become more aware of environmental protection, governments of various countries have gradually advocated for a low-carbon economy and for reduced carbon emissions [1]. The protection of the environment has become an issue of great concern for the international community [2,3], and more than 100 countries and government agencies (such as the European Union, China, Japan and South Africa) have formulated, or are considering, a net zero emission target [4]. In this context, a reduction in carbon emissions has become a necessary measure for global sustainable development, and countries are actively adopting a series of policies [5,6,7]. For example, the 2005-instituted European Emissions Trading System (EU-ETS) has made a huge contribution to global carbon reduction; through the mandatory regulation of corporate carbon emissions, combined with market regulation [8,9], the EU-ETS reduced its carbon emissions by approximately 21% in 2020 (compared with the level in 2005), and the EU has set a challenging goal to cut its emissions by 40% by 2030 (compared with the level in 1990). However, EU government agencies are working hard to increase their goal to 55%, and fully achieve carbon neutrality by 2050 [10]. In September 2010, the federal government of Germany suggested lowering CO2 emissions from their 1990 levels by 40% by 2020, 55% by 2030, and 80–95% by 2050. However, by the end of 2011, emissions had only fallen approximately 27 percent from their 1990 levels [11]. According to the data of the German Federal Environment Agency (UBA), Germany’s carbon emissions in 2021 were 762 million tons, an increase of 4.5%. This indicates that one year later, the actual goal of cutting greenhouse gas emissions by 40%, compared to 1990, has not been met. In the long-term comparison, the emissions decreased by only 38.7%. At the 2015 Paris Climate Change Conference, Chinese authorities clearly established a goal of reducing carbon dioxide emissions, per unit of GDP, by 40%, compared with 2005 [12]. Additionally, the Chinese government explicitly states in the Outline of the 14th Five-Year Plan for National Economic and Social Development of the People’s Republic of China that, during the plan’s duration, energy consumption, per unit of GDP, and carbon dioxide emissions, per unit of GDP, will be reduced by 13.5 percent and 18 percent, respectively. These two targets have been listed as legally binding targets [13]. The Paris Agreement’s primary objective is to keep the rise in the average global temperature this century to under 2 °C. To meet the objectives of the Paris Agreement, all participating countries should significantly improve the emission-reduction target, increase the emission-reduction efforts, and achieve the global emission peak as soon as possible [14].



In order to reduce carbon emissions in the supply chain, research on low-carbon supply chain management (LCSCM) has been stimulated by increasing public awareness of climate change [15]. For instance, to help managers make the most effective inventory decisions while taking into account logistical costs and carbon emissions, Astanti et al. suggested a supply chain inventory model [16]. Manufacturers are under pressure to achieve a competitive edge through low-carbon production, due to intense market competition and customers’ awareness of environmental protection. Research shows that low-carbon production cannot mitigate the detrimental effects of growing competition intensity on company earnings in chain-to-chain competition, and fierce competition weakens manufacturers’ efforts to reduce emissions [17]. Reduced carbon emissions in the supply chain, without compromising long-term economic interests, is the ultimate objective of low-carbon supply chain management (LCSCM). Therefore, there is a trade-off between economic objectives and environmental objectives in the low-carbon supply chain. Environmental sustainability is significantly affected by supply chain practices [18], and sustainable innovation and enterprise competitiveness have a strong and positive association; in addition, enterprise competitiveness has a significant relationship with financial, environmental, and operational performance [19]. To be able to improve the competitiveness of the supply chain and improve the level of emission reduction without damaging the interests of the supply chain, to develop new forms of collaboration, enterprises need to engage in sustainable innovation.



Based on the above background, to enhance sustainable competitiveness of the supply chain, and reduce carbon emissions so that enterprises can achieve sustainable operation coordination, this study considers the coordination problem of the secondary supply chain; this is composed of manufacturers and retailers, whose decisions include order quantity and emission reduction. Under the influence of carbon tax and government subsidy, what order quantity should enterprises maintain? Viewed through the lens of the supply chain, what is the order quantity, profit gap and emission-reduction gap between centralized and decentralized decisions? Is there a contract that can increase the willingness of supply chain participants to minimize carbon emissions, while producing the same amount of orders and profits as the centralized decision-making? All of these issues appeal to us.



The remainder of this essay is structured as follows: Section 2 summarizes the literature relevant to this field; Section 3 describes the assumptions of the model and the related symbol meaning, and the focus is on building models and relevant inferences; Section 4 offers a numerical validation analysis of the government subsidy and tax policy on emission reduction, and the impact of the supply chain profit; and Section 5 summarizes the relevant conclusions, the study’s shortcomings and the next directions for research.




2. Literature Review


As environmental issues are becoming increasingly serious, carbon emission reduction has been paid increasing attention. Many researchers have conducted studies on low-carbon development. For example, Wangsa et al. proposed a mixed-integer linear programming system for the fresh food supply chain; this was used to optimize carbon emission costs by improving product inventory and delivery [20]. Zhang et al. propounded a new production profit model based on risk constraints, in order to explore the decision-making methods of carbon emissions and the production of factories [21]. Climate change and global warming are exacerbated by continued anthropogenic greenhouse gas emissions. An expansion in industrialization, population growth, and supply networks are responsible for a large portion of these human greenhouse gas emissions. Controlling carbon emissions in the supply chain can, therefore, both address the issue of climate change and comply with legal requirements. Therefore, any organization must reduce carbon emissions from the supply chain [22]. Academics and businesses are interested in low-carbon supply chain management (LCSCM). At present, the study of the low-carbon supply chain focuses on three primary areas: low-carbon operation, low-carbon supply chain design and carbon management [23]. Low-carbon supply chain operation includes inventory management and transportation issues, low-carbon supply chain design includes network design and supply-chain coordination design, and carbon management includes various carbon policies.



Influenced by carbon tax and government carbon subsidy, to improve the sustainable competitiveness and reduce carbon emissions, this study analyzes and designs a contractual cooperation to enable supply chain enterprises to achieve sustainable coordination. Therefore, this study focuses primarily on three aspects of the literature: carbon tax, government carbon subsidies and supply chain coordination.



2.1. Carbon Tax Policy


An important issue in the realm of environmental protection is carbon emission. At present, there are three main policies implemented to reduce a company’s carbon emissions in the supply chain, namely, carbon restriction [24], carbon trade [25] and carbon tax [26]. Carbon tax policy, also known as environmental tax, is a way for the government to control the carbon emissions of enterprises through taxation. Meng et al. simulated the impact of the carbon tax proposed by the government on the environment and the economy, including and excluding compensation policies. As a result, carbon tax can effectively reduce emissions, but it will lead to moderate economic contraction [27]. Meng et al. studied how manufacturers should choose their own manufacturing or outsourcing to a third party according to the carbon tax policy. The production inventory, wholesale price and carbon tax rate were taken as decision variables, and the cost and profit under different tax rates were analyzed and studied. The results show that the government’s tax rate should not be fixed, but should adjust the carbon tax strategy in stages, according to the actual situation [28]. Zhou et al. focused on the effect of carbon tax on the decision-making of the whole supply chain and the effect of carbon emission reduction; they considered two situations with and without retailer competition, and presented the research results [29]. Manufacturers, retailers, and governments, with or without a government carbon tax, were analyzed using a Stackelberg game model, developed by Wang et al. They discovered that the retail prices and government carbon taxes were higher in the decentralized choice model than in the centralized decision model [30].




2.2. Government Carbon Subsidies


Government carbon subsidy is implemented to subsidize the cost of emission reduction by enterprises, aiming to increase business enthusiasm for reductions in emissions. In the low-carbon supply chain, to analyze the effect of government subsidies on supply chain business, Li et al. modeled and analyzed the effect of government subsidies on supply chain business. According to the study, government incentives, depending on the degree of carbon emission reduction, can effectively encourage businesses to cut carbon emissions even more [31]. Sheu et al. also studied the profitability of enterprises through government subsidy policies. The research results show that the profitability of enterprises, with or without government subsidy, is different, and the profitability of enterprises with government subsidy is significantly higher than those without government subsidy [32]. Li et al. examined the effects of emission-reduction subsidies and green technology investment subsidies on the overall amount of supply chain carbon emission reduction [33]. The above research focuses on the effect of different carbon policies on the decision-making of supply chain members, but ignores the willingness of business to actively reduce carbon emissions and difficulties they face; consequently, there is a dearth of research on the supply chain’s internal incentive system.



Some academics have developed a model based on the composite aim of emission reduction and economic gains, in order to properly apply carbon tax limits and subsidies [34]. After weighing the benefits and drawbacks of carbon emissions, it is possible to conclude that collaborative emission reduction not only enhances business initiatives to cut emissions, but also contributes to environmental protection [35]. The supply chain’s collaboration and rivalry between upstream and downstream businesses will have a favorable effect on the carbon emissions of the entire supply chain, hence lowering the system’s overall carbon emissions [36]. By constructing a two-level supply chain, composed of manufacturers and retailers, Gao et al. examined the cooperative emission-reduction decision and cost-sharing decision among supply chain members [37].




2.3. Supply Chain Coordination


Supply chain coordination is an interdependent mechanism for enterprises to make decisions. The goal of low-carbon supply chain coordination is to maximize the total profits of the supply chain, retailers and manufacturers, within strict carbon emission constraints [38]. The implementation of carbon emission reduction by manufacturing businesses is conducive to enhancing their performance as a whole, but the high cost of low-carbon production, “free riding” and other problems, reduce their enthusiasm for emission reduction. At present, in order to enlist the support of businesses to decrease emissions and achieve supply chain coordination, academia mainly studies and designs various contracts to achieve the above goals. For example, there are two-part pricing contracts [39], quantity discount contracts [40], revenue-sharing contracts [20] and cost-sharing contracts [41], among which revenue-sharing contracts are directly related to this study. Over the past 20 years, revenue-sharing contracts have become increasingly prevalent, notably among well-known platform distributors such as the Apple App Store, Google Games, and Amazon. As a result, supply chain management research has focused heavily on these contracts [42]. The performance of channel members, with and without revenue-sharing contracts, is examined by Cai et al., who find that revenue-sharing can result in a Pareto improvement in channel members [43]. Considering the reliability of the members, Feng et al. studied the revenue-sharing with reliability (RSR) contract in the N-stage supply chain, which can coordinate the supply chain and arbitrarily distribute the total profit [44]. The above study only considered the static case, and Krishnan et al. combined the dynamic case by allowing inventory carryover in discrete time to lay the foundation for adjusting the revenue-sharing contract in the incentive mechanism [45].



The above studies mainly focus on coordination in conventional supply chains, and few studies attempt to study revenue-sharing contracts in low-carbon supply chains. With the improvement of carbon emission-reduction requirements, customers are increasingly favoring low-carbon products, and consumers’ environmental awareness has an impact on the ecological performance of manufacturers and retailers [46]. The demand and profit functions of the customer, provider, and the global supply chain have been reformed with new carbon emission limitations in the case of low-carbon supply chain coordination [47]. Under the restrictions of carbon emissions, the aim of low-carbon supply chain coordination is to optimize the combined earnings of the supply chain, retailers, and producers [48]. Different solutions, such as total limit, carbon subsidy, and carbon tax, have been included in the supply chain coordination strategy [49,50]. In their supply chain design choice model, Tseng et al. added the social costs associated with carbon emissions [51]. Based on the above discussion, we find that, with the increasing consumer preference for low-carbon products, the traditional supply chain coordination strategy needs to be redesigned, and the decision variables, such as production quantity and order quantity, also need to be redefined.



The literature assessment reveals that research either concentrates on government subsidies or carbon price policy, but fails to consider the two issues that supply chain enterprises must face together. Meanwhile, under the comprehensive influence of carbon tax policy and government subsidies, how to realize supply chain coordination, while reducing carbon emission, has not been discussed; a supply chain coordination contract, adapted to the low-carbon background, needs more research. According to the literature, the Stackelberg method has been widely used in this research field, and its effectiveness has been proven. Therefore, this research utilizes the Stackelberg game method to build a centralized and decentralized decision-making model, based on the government’s carbon tax and carbon tax subsidies, in order to enhance the sustainable coordination ability of the supply chain and reduce carbon emissions. By designing a coordination contract, the ordering decisions and optimal emission-reduction strategies of each enterprise in the supply chain are analyzed to realize the coordination.





3. Model Establishment and Analysis


3.1. Model Description and Assumptions


This study mainly analyzes and solves the problem of enterprise emission reduction and coordination in the specific context that sees the government collecting carbon tax and subsidizing enterprises. Combined with the current situation, regarding the development of a low-carbon supply chain coordination mechanism, aimed at solving the problem of supply chain coordination under carbon tax and carbon subsidy, this paper established a decision-making model. This model used a supply chain, based on manufacturers and retailers, and the Stackelberg game method; this was in order to solve the model, further coordinate the contract design and finally achieve the overall coordination. The method and process of this research are shown in Figure 1 below:



The following assumptions are propounded for this purpose, and the following symbols are defined:



Assumption 1.

There is no backorder cost for the manufacturer.





Assumption 2.

The government-mandated carbon tax rate is an exogenous variable.





Assumption 3.

Production costs per unit of product are not affected by abatement input costs.





Assumption 4.

The interests of manufacturers and retailers are both prioritized when making decisions.





Assumption 5.

In the case of a single sales cycle, the manufacturer only provides one ordering opportunity to the retailer in one cycle.





Assumption 6.

The penalty costs of exceeding or failing to implement low-carbon policies are infinite, that is, manufacturers and retailers are strictly adhering to low-carbon policies.





Assumption 7.

Production and operation costs include the production cost of unit product, fixed cost of starting production (including order processing, production preparation and other costs), carbon emission-reduction cost and transportation cost.





Assumption 8.

The manufacturer’s production ( Q ) is equal to the retailer’s order ( q ) and there is no inventory cost.





Assumption 9.

Consumers have a preference for low carbon, and the market demand for products is affected by both price and carbon emissions. The market demand for the product falls if the price rises and rises if the amount of emissions is reduced.





Assumption 10.

Suppose the inverse demand function is


   p = N − α q + β ( Δ  e m  + Δ  e r  )   



(1)




where,   α > 0 , β > 0 , p > 0 .       N  represents the market capacity,  α  represents the sensitive coefficient of price on demand, and  β  represents the sensitive coefficient of price on carbon emission reduction. When   Δ  e i  = 0 , i = m , r   , it means that there is no carbon tax constraint, and it is assumed that the customer demand can be fully met, that is,  q  is the quantity ordered by the retailer.





Assumption 11.

Assume that the total emission-reduction cost of enterprise  i  is


   C ( Δ  e i  ) =  1 2   ξ i  Δ   e i  2    



(2)




where,   i = m , r   ,    ξ i    represents the degree of emission-reduction effort, also known as the difficulty coefficient of carbon emission reduction. The larger the    ξ i    is, the more carbon emission-reduction investment funds are required under the same emission reduction, and vice versa. In addition,   C ( Δ  e i  )   satisfies   C ( 0 ) = 0 , C ( 1 ) = + ∞ ,  C ′  ( Δ  e i  ) > 0    C ″  ( Δ  e i  ) > 0 .   





The parameters and variables used in our model are as follows ( i  represents the enterprise, where  m  is used by the manufacturer and  r  is used by the retailer):



 c : Manufacturer’s production cost per unit of product (related only to the quantity produced);



   C  0 m    : The manufacturer’s fixed cost of producing a product (related only to the number of times it is produced);



   C  0 r    : Fixed subscription fee for products ordered by retailers (related to number of production only);



   C t   : The transportation cost per unit of product in the process of product transportation shall be borne by the manufacturer;



 w : Wholesale price per unit of product;



 p : Retail price per unit of product;



 q : Market demand for the product;



   e i   : Initial carbon emissions per unit of product produced or sold by enterprise  i  (before emission reduction);



  Δ  e i   : Carbon emission reduction per unit product of enterprise   i ( 0 < Δ  e i  <  e i  )  ;



   λ i   : The rate at which the government subsidizes the emission reduction cost of enterprise  i ;



 t : A government-set tax rate per unit of carbon emissions;



   ξ i   : Emission-reduction effort coefficient of enterprise  i ;



  C ( Δ  e i  )  : Carbon emission-reduction cost of enterprise  i ;




3.2. Model Construction and Analysis


The supply chain decision models—the centralized decision model and the decentralized decision model—are established in this section, based on the carbon tax policy.



3.2.1. Centralized Decision Model


In the centralized decision-making model, the manufacturer and the retailer can be regarded as a whole and reduce emissions as a whole. Maximizing the supply chain’s overall profit is the primary objective when choosing the most effective strategy. Firstly, the government determines the carbon tax rate after understanding the market environment and enterprises’ estimated carbon emissions. Secondly, enterprises determine the emission-reduction rate and the best selling price of products, according to the government subsidy coefficient. Let    ∏ c N    represent the total profit of the centralized decision-making supply chain, under the constraint of carbon tax policy. Therefore, the total profit function can be expressed as follows:


     ∏ c N  =   ( p − c ) q − [ ( 1 −  λ m  ) C ( Δ  e m  ) + ( 1 −  λ r  ) C ( Δ  e r  ) ]         − [ t (  e m  − Δ  e m  ) + t (  e r  − Δ  e r  ) ] q −  C  0 m   −  C  0 r      



(3)







In the above equation,   t (  e m  − Δ  e m  )   and   t (  e r  − Δ  e r  )  , respectively, represent the effect of carbon tax paid by manufacturers and retailers on the carbon emissions of unit products. In addition,



  ( 1 −  λ m  ) C ( Δ  e m  )   and   ( 1 −  λ r  ) C ( Δ  e r  )  , respectively, represent the emission-reduction costs consumed by them. In Equation (3), the inverse demand function and emission reduction-cost function are substituted to obtain:


     ∏ c N  =   [ N − α q + β ( Δ  e m  + Δ  e r  ) − c − t (  e m  − Δ  e m  +  e r  − Δ  e r  ) ] q         −  1 2  [ ( 1 −  λ m  )  ξ m    ( Δ  e m  )  2  + ( 1 −  λ r  )  ξ r    ( Δ  e r  )  2  ] −  C  0 m   −  C  0 r      



(4)







In the above equation, market demand  q  and emission reduction   Δ  e m  , Δ  e r    are the decision variables of the model, and the optimal decision variable   (  q c   N ∗    , Δ  e  m c    N ∗    , Δ  e  r c    N ∗    )   is obtained by solving the model to make    ∏ c N    reach the maximum value. First, the derivative of Equation (4), with respect to  q , can be obtained as follows:


    ∂  ∏ c N    ∂ q   = N − 2 α q + β ( Δ  e m  + Δ  e r  ) − c − t (  e m  − Δ  e m  +  e r  − Δ  e r  )  



(5)







It can be verified that    ∏ c   N ″    ( q ) = − 2 α < 0   through Equation (5), that is,    ∏ c N    is a convex function with respect to  q . After the first-order linear condition    ∏ c   N ′    ( q ) = 0  , as can be observed, in order to increase the supply chain’s overall profit, the unique optimal production volume (ordered quantity) is determined as    q c   N ∗     :


   q c   N ∗    =   N + β ( Δ  e m  + Δ  e r  ) − c − t (  e m  − Δ  e m  +  e r  − Δ  e r  )   2 α    



(6)







Once Equation (6) has been entered into Equation (4), the following can be obtained:


     ∏ c N  =       [ N + β ( Δ  e m  + Δ  e r  ) − c − t (  e m  − Δ  e m  +  e r  − Δ  e r  ) ]  2    4 α           −  1 2  [ ( 1 −  λ m  )  ξ m    ( Δ  e m  )  2  + ( 1 −  λ r  )  ξ r    ( Δ  e r  )  2  ] −  C  0 m   −  C  0 r      



(7)







The Hessian matrix  H  of Equation (7), with respect to emission reduction   Δ  e m    and   Δ  e r   , can be calculated as follows:


    H   =          ∂ 2   ∏ c N    ∂ Δ  e m 2           ∂ 2   ∏ c N    ∂ Δ  e m  ⋅ ∂ Δ  e r             ∂ 2   ∏ c N    ∂ Δ  e m  ⋅ ∂ Δ  e r           ∂ 2   ∏ c N    ∂ Δ  e r 2                  =           ( β + t )  2    2 α   − ( 1 −  λ m  )  ξ m          ( β + t )  2    2 α             ( β + t )  2    2 α           ( β + t )  2    2 α   − ( 1 −  λ r  )  ξ r           











When the Hessian matrix is negative, there is an optimal solution to Equation (4), then the following two equations can be obtained:


     H 1    =     ( β + t )  2    2 α   − ( 1 −  λ m  )  ξ m  < 0  










      H 2    = ( 1 −  λ m  )  ξ m  ( 1 −  λ r  )  ξ r  − [ ( 1 −  λ m  )  ξ m  + ( 1 −  λ r  )  ξ r  ]     ( β + t )  2    2 α   > 0   











There is an optimal solution when   2 α ( 1 −  λ m  )  ξ m  >   ( β + t )  2    and   2 α ( 1 −  λ m  )  ξ m  ( 1 −  λ r  )  ξ r  > [ ( 1 −  λ m  )  ξ m  + ( 1 −  λ r  )  ξ r  ]   ( β + t )  2   , and there is an optimal value for variables   Δ  e m    and   Δ  e r   . By taking the first partial derivatives of emission reduction   Δ  e m    and   Δ  e r   , and setting them equal to 0, the optimal emission reduction   Δ  e  m c    N ∗      and   Δ  e  r c    N ∗      can be solved. The equations are as follows:


        Δ  e  m c    N ∗    =   ( 1 −  λ r  )  ξ r  ( β + t ) [ N − c − t (  e r  +  e m  ) ]   2 α ( 1 −  λ r  )  ξ r  ( 1 −  λ m  )  ξ m  −   ( β + t )  2  ( 1 −  λ m  )  ξ m  −   ( β + t )  2  ( 1 −  λ r  )  ξ r          Δ  e  r c    N ∗    =   ( 1 −  λ m  )  ξ m  ( β + t ) [ N − c − t (  e r  +  e m  ) ]   2 α ( 1 −  λ r  )  ξ r  ( 1 −  λ m  )  ξ m  −   ( β + t )  2  ( 1 −  λ r  )  ξ r  −   ( β + t )  2  ( 1 −  λ m  )  ξ m           



(8)







By substituting (8) into Equation (6), the optimal order quantity of the retailer, using the centralized decision mode, can be obtained as follows:


   q c   N ∗    =   ( 1 −  λ r  )  ξ r  ( 1 −  λ m  )  ξ m  ( β + t ) [ N − c − t (  e r  +  e m  ) ]   2 α ( 1 −  λ r  )  ξ r  ( 1 −  λ m  )  ξ m  −   ( β + t )  2  ( 1 −  λ r  )  ξ r  −   ( β + t )  2  ( 1 −  λ m  )  ξ m     



(9)




after summarizing Equations (8) and (9), we can obtain:


         q c   N ∗    =   ( 1 −  λ r  )  ξ r  ( 1 −  λ m  )  ξ m  ( β + t ) [ N − c − t (  e r  +  e m  ) ]   2 α ( 1 −  λ r  )  ξ r  ( 1 −  λ m  )  ξ m  −   ( β + t )  2  ( 1 −  λ r  )  ξ r  −   ( β + t )  2  ( 1 −  λ m  )  ξ m          Δ  e  m c    N ∗    =   ( 1 −  λ r  )  ξ r  ( β + t ) [ N − c − t (  e r  +  e m  ) ]   2 α ( 1 −  λ r  )  ξ r  ( 1 −  λ m  )  ξ m  −   ( β + t )  2  ( 1 −  λ m  )  ξ m  −   ( β + t )  2  ( 1 −  λ r  )  ξ r          Δ  e  r c    N ∗    =   ( 1 −  λ m  )  ξ m  ( β + t ) [ N − c − t (  e r  +  e m  ) ]   2 α ( 1 −  λ r  )  ξ r  ( 1 −  λ m  )  ξ m  −   ( β + t )  2  ( 1 −  λ r  )  ξ r  −   ( β + t )  2  ( 1 −  λ m  )  ξ m           



(10)








3.2.2. Decentralized Decision Model


Under the decentralized decision-making mode, the maximization of self-interest is the starting point of enterprise decision-making. This section considers the case that the government provides emission-reduction subsidies and assumes that the manufacturer is the dominant player in the supply chain. The profit functions of the manufacturer and retailer, under the decentralized decision-making mode, are given as follows:



Under the car-bon tax policy, manufacturers’ decentralized decision-making is based on the following business model:


   ∏ m N  = ( w − c ) q − ( 1 −  λ m  ) C ( Δ  e m  ) − t (  e m  − Δ  e m  ) q −  C  0 m    



(11)







The profit model of the decentralized decision-making of retailers, under the carbon tax policy, is as follows:


   ∏ r N  = ( p − w ) q − ( 1 −  λ r  ) C ( Δ  e r  ) − t (  e r  − Δ  e r  ) q −  C  0 r    



(12)







After substituting the inverse demand function and emission-reduction cost function into Equations (11) and (12), we can obtain:


   ∏ m N  = [ w − c − t (  e m  − Δ  e m  ) ] q −  1 2  ( 1 −  λ m  )  ξ m    ( Δ  e m  )  2  −  C  0 m    



(13)






   ∏ r N  = [ N − α q + β ( Δ  e m  + Δ  e r  ) − w − t (  e r  − Δ  e r  ) ] q −  1 2  ( 1 −  λ r  )  ξ r    ( Δ  e r  )  2  −  C  0 r    



(14)







To solve the model, partial derivatives of Equation (14), with respect to q and e, are calculated respectively, and the following equations can be obtained:


          ∂  ∏ r N    ∂ q   = N + β ( Δ  e m  + Δ  e m  ) − 2 α p − w − t (  e r  − Δ  e r  ) = 0         ∂  ∏ r N    ∂ Δ  e r    = ( β + t ) q − ( 1 −  λ r  )  ξ r  Δ  e r  = 0        



(15)







Solving the above equation leads to:


        q =   ( 1 −  λ r  )  ξ r  ( N + β Δ  e m  − w − t  e r  )   2 α ( 1 −  λ r  )  ξ r  −   ( β + t )  2          Δ  e r  =   ( β + t ) [ N − w − t  e r  + β Δ  e m  ]   2 α ( 1 −  λ r  )  ξ r  −   ( β + t )  2           



(16)







Then, the Hessian matrix  H  of Equation (13), regarding the ordered quantity  q  and emission reduction   Δ  e r   , is obtained:


    H   =          ∂ 2   ∏ c N    ∂ Δ  q 2           ∂ 2   ∏ c N    ∂ q ⋅ ∂ Δ  e r             ∂ 2   ∏ c N    ∂ q ⋅ ∂ Δ  e r           ∂ 2   ∏ c N    ∂ Δ   e 2  r                  =       − 2 α     β + t       β + t     − ( 1 −  λ r  )  ξ r           











We know, from the Hessian matrix, that


  − 2 α < 0 ,  H  = 2 α ( 1 −  λ r  )  ξ r  −   ( β + t )  2   











The negative definite condition of Hessian matrix is


  2 α ( 1 −  λ m  )  ξ m  >   ( β + t )  2   











Therefore,  q ,   Δ  e r   , satisfying Equation (15), is the optimal emission reduction and ordering decision   (  q   N ∗    , Δ  e r   N ∗    )   of the retailer’s decentralized decision under the constraint of the carbon tax policy. Next, the obtained    q   N ∗      and   Δ  e r   N ∗      are substituted into Equation (12), and after sorting, the following equation can be obtained:


     ∏ m N  =   [ w − c − t (  e m  − Δ  e m  ) ]   ( 1 −  λ r  )  ξ r  ( N + β Δ  e m  − w − t  e r  )   2 α ( 1 −  λ r  )  ξ r  −   ( β + t )  2            −  1 2  ( 1 −  λ m  )  ξ m    ( Δ  e m  )  2  −  C  0 m      



(17)







It can be easily verified by Equation (17) that


   ∏ m   N ″    ( Δ  e m  ) = − ( 1 −  λ m  )  ξ m  < 0  











Then,    ∏ m N    is a convex function with respect to   Δ  e m   . The derivative of Equation (17), with respect to   Δ  e m   , can be obtained as follows.


      ∂  ∏ m N    ∂ Δ  e m    =   t   ( 1 −  λ r  )  ξ r  ( N + β Δ  e m  − w − t  e r  )   2 α ( 1 −  λ r  )  ξ r  −   ( β + t )  2    − ( 1 −  λ m  )  ξ m  Δ  e m          +   ( 1 −  λ r  )  ξ r  β   2 α ( 1 −  λ r  )  ξ r  −   ( β + t )  2    [ w − c − t (  e m  − Δ  e m  ) ]    



(18)







When the derivative is equal to 0, the manufacturer’s optimal emission reduction   Δ  e m   N ∗     , under decentralized decision mode, can be found:


  Δ  e m   N ∗    =   ( 1 −  λ r  )  ξ r  [ t ( N − w − t  e r  ) + β ( w − c − t  e m  ) ]   2 α ( 1 −  λ r  )  ξ r  ( 1 −  λ m  )  ξ m  −   ( β + t )  2  ( 1 −  λ m  )  ξ m  − 2 β t ( 1 −  λ r  )  ξ r     



(19)







Next, substituting   Δ  e m   N ∗      into Equation (16) can find the optimal emission reduction and ordering decision   (  q   N ∗    , Δ  e r   N ∗    )   of the retailer, under the decentralized decision mode:


         q   N ∗    =   ( 1 −  λ r  )  ξ r  ( 1 −  λ m  )  ξ m  [ N − w − t (  e r  +  e m  ) ]   2 α ( 1 −  λ r  )  ξ r  ( 1 −  λ m  )  ξ m  −   ( β + t )  2  ( 1 −  λ r  )  ξ r  − 2 β t ( 1 −  λ m  )  ξ m          Δ  e r   N ∗    =   ( 1 −  λ m  )  ξ m  [ t ( N − w − t  e m  ) + β ( w − c − t  e r  ) ]   2 α ( 1 −  λ r  )  ξ r  ( 1 −  λ m  )  ξ m  −   ( β + t )  2  ( 1 −  λ r  )  ξ r  − 2 β t ( 1 −  λ m  )  ξ m           



(20)







After summarizing Equations (19) and (20), we can obtain:


         q   N ∗    =   ( 1 −  λ r  )  ξ r  ( 1 −  λ m  )  ξ m  [ N − w − t (  e r  +  e m  ) ]   2 α ( 1 −  λ r  )  ξ r  ( 1 −  λ m  )  ξ m  −   ( β + t )  2  ( 1 −  λ r  )  ξ r  − 2 β t ( 1 −  λ m  )  ξ m          Δ  e m   N ∗    =   ( 1 −  λ r  )  ξ r  [ t ( N − w − t  e r  ) + β ( w − c − t  e m  ) ]   2 α ( 1 −  λ r  )  ξ r  ( 1 −  λ m  )  ξ m  −   ( β + t )  2  ( 1 −  λ m  )  ξ m  − 2 β t ( 1 −  λ r  )  ξ r          Δ  e r   N ∗    =   ( 1 −  λ m  )  ξ m  [ t ( N − w − t  e m  ) + β ( w − c − t  e r  ) ]   2 α ( 1 −  λ r  )  ξ r  ( 1 −  λ m  )  ξ m  −   ( β + t )  2  ( 1 −  λ r  )  ξ r  − 2 β t ( 1 −  λ m  )  ξ m           



(21)








3.2.3. Model Comparison and Analysis


By comparing these two decision models, we can draw two inferences, as follows:



Inference 1.

    q   N ∗    <  q c   N ∗      (The order quantity under decentralized decision is less than that of the centralized decision). The derivation is as follows:



To compare    q c   N ∗      and    q   N ∗      in Equations (10) and (21), the denominators in fractions    q c   N ∗      and    q   N ∗      are first compared; this follows on from the property of the inequality that     ( β + t )  2  ≥ 2 β t   . Then, the following equation can be obtained:


     2 α ( 1 −  λ r  )  ξ r  ( 1 −  λ m  )  ξ m  −   ( β + t )  2  ( 1 −  λ r  )  ξ r  −   ( β + t )  2  ( 1 −  λ m  )  ξ m      < 2 α ( 1 −  λ r  )  ξ r  ( 1 −  λ m  )  ξ m  −   ( β + t )  2  ( 1 −  λ r  )  ξ r  − 2 β t ( 1 −  λ m  )  ξ m  .     











Second, the molecules in fractions    q c   N ∗      and    q   N ∗      are compared, because   w > c   ; therefore, we can obtain


   N − c − t (  e r  +  e m  ) > N − w − t (  e r  +  e m  ) .   











Finally, according to the properties of the fraction, we know that   q   N ∗    <  q c   N ∗     .





Inference 2.

   Δ  e  m c    N ∗    > Δ  e m   N ∗      (The manufacturer’s emission reduction in centralized decision-making mode is greater than that in the decentralized decision-making mode). The derivation is as follows:



By comparing   Δ  e  m c    N ∗      and   Δ  e m   N ∗      in Equations (10) and (21), firstly, through numerator comparison, we can obtain:


     ( β + t ) [ N − c − t (  e r  +  e m  ) ] − [ t ( N − w − t  e r  ) + β ( w − c − t  e m  ) ]     = β ( N − w − t  e r  ) + t ( w − c − t  e m  )     











From the assumptions, we know that   N − w − t  e r  > 0 , w − c − t  e m  > 0   , and     ( β + t )  2  ≥ 2 β t   , so the above conclusion can be drawn after a comprehensive comparison.



Below, according to Equation (21), the derivatives of    q   N ∗      ,   Δ  e m   N ∗      and   Δ  e r   N ∗      , with respect to  α  , can be obtained easily:


     ∂  q   N ∗      ∂ α   < 0 ,   ∂ Δ  e m   N ∗      ∂ α   < 0 ,   ∂ Δ  e r   N ∗      ∂ α   < 0   











  α  is the sensitive coefficient of price to market demand. From the above equation, it can be known that    q   N ∗      ,   Δ  e m   N ∗      and   Δ  e r   N ∗      are the subtraction functions of  α  , which are negatively correlated with  α  , and decrease with the rise of  α  under the constraint of the carbon tax policy.



Then, according to Equation (21), the derivatives of    q   N ∗      ,   Δ  e m   N ∗      and   Δ  e r   N ∗      , with respect to  β  , can be obtained easily:


     ∂  q   N ∗      ∂ β   < 0 ,   ∂ Δ  e m   N ∗      ∂ β   < 0 ,   ∂ Δ  e r   N ∗      ∂ β   < 0   











  β  is the sensitive coefficient of price to carbon emission reduction. From the above equation, it can be known that    q   N ∗      ,   Δ  e m   N ∗      and   Δ  e r   N ∗      are the subtraction functions of  β  , which are negatively correlated with  β  , and decrease with the rise of  α  under the constraint of the carbon tax policy.





From the results of the previous section, it can be inferred that, to realize supply chain coordination, only the optimal decisions in centralized and decentralized modes need to be equalized. Since orders will be reduced under decentralized decision-making, the manufacturer can give the retailer a certain wholesale discount, which means that the manufacturer will lose some profits. In this situation, the retailer can share the earnings with the manufacturer to achieve a win–win situation. This win–win situation needs to be realized by a revenue-sharing contract   ( w , φ )  . The details are as follows: the manufacturer sells the product to the retailer at a wholesale price  w  below its production cost   ( w < c )  . While the retailer wants to compensate the supplier by means of profit sharing, namely the retailer’s income minus the carbon tax and emission-reduction cost, including the proportion of retailers for  φ  and the manufacturer’s share ratio of   1 − φ ( 0 ≤ φ ≤ 1 )  , the innovation of the design contract is that the manufacturer shares the retailer’s profits and also that some of the costs are shared.




3.2.4. Retailer’s Optimal Decision under Contract


The model in this section is solved by backward induction. Firstly, the total profit function of the retailer under the contract is calculated as follows:


   ∏  r 1  N  = φ [ p q − ( 1 −  λ r  ) C ( Δ  e r  ) − t (  e r  − Δ  e r  ) q ] − w q  



(22)







After substituting the inverse demand function and emission-reduction cost function into the arrangement, the results shown here can be attained:


   ∏  r 1  N  = φ [ N − α q + β ( Δ  e m  + Δ  e r  ) − t (  e r  − Δ  e r  ) ] q −  1 2  φ ( 1 −  λ r  )  ξ r    ( Δ  e r  )  2  − w q  



(23)







To find the solution of the model, we first need to find the partial derivatives of Equation (21), with respect to q and a, and find the solution of the following system of equations at the same time:


          ∂  ∏  r 1  N    ∂ q   = φ [ N + β ( Δ  e m  + Δ  e r  ) − t (  e r  − Δ  e r  ) ] − 2 α φ p − w = 0         ∂  ∏  r 1  N    ∂ Δ  e r    = φ ( β + t ) q − φ ( 1 −  λ r  )  ξ r  Δ  e r  = 0        











By solving the above equations, the following can be obtained:


         q 1 N  =   φ ( 1 −  λ r  )  ξ r  ( N + β Δ  e m  − t  e r  ) − ( 1 −  λ r  )  ξ r  w   φ [ 2 α ( 1 −  λ r  )  ξ r  −   ( β + t )  2  ]         Δ  e  r 1  N  =   φ ( β + t ) ( N + β Δ  e m  − t  e r  ) − ( β + t ) w   φ [ 2 α ( 1 −  λ r  )  ξ r  −   ( β + t )  2  ]          



(24)







Then it can be found that the   q , Δ  e r    Hessian matrix of Equation (23) is:


    H   =          ∂ 2   ∏ c N    ∂ Δ  q 2           ∂ 2   ∏ c N    ∂ q ⋅ ∂ Δ  e r             ∂ 2   ∏ c N    ∂ q ⋅ ∂ Δ  e r           ∂ 2   ∏ c N    ∂ Δ   e r  2                  =       − 2 α φ     ( β + t ) φ       ( β + t ) φ     − ( 1 −  λ r  )  ξ r  φ          











According to the Hessian matrix, the following can be obtained:


  − 2 α φ < 0 ,  H  = [ 2 α ( 1 −  λ r  )  ξ r  −   ( β + t )  2  ]  φ 2   











When   2 α ( 1 −  λ r  )  ξ r  >   ( β + t )  2   , the Hessian matrix is negative definite; therefore,  q  and   Δ  e r   , satisfying Equation (24), are the optimal emission reduction and ordering decision   (  q 1   N ∗    , Δ  e  r 1    N ∗    )   of the retailer in the revenue-sharing contract.




3.2.5. Manufacturer’s Optimal Decision under Revenue-Sharing Contract


For the manufacturer, the total expected profit function of the manufacturer, under the revenue-sharing contract   ( w , φ )  , is:


     ∏  m 1  N  =   ( w − c ) q − ( 1 −  λ m  ) C ( Δ  e m  ) − t (  e m  − Δ  e m  ) q         + ( 1 − φ ) [ p q − ( 1 −  λ r  ) C ( Δ  e r  ) − t (  e r  − Δ  e r  ) q ]    



(25)




after substituting the inverse demand function and emission-reduction cost function into the arrangement, the following results can be obtained:


     ∏  m 1  N  =   [ w − c − t (  e m  − Δ  e m  ) ] q −  1 2  ( 1 −  λ m  )  ξ m    ( Δ  e m  )  2          + ( 1 − φ ) [ N − α q + β ( Δ  e m  + Δ  e r  ) ]         − t (  e r  − Δ  e r  ) q − ( 1 − φ )  1 2  ( 1 −  λ r  )  ξ r    ( Δ  e r  )  2     



(26)







Substituting    q 1   N ∗      and   Δ  e  r 1    N ∗      into Equation (26) to find their derivatives, with respect to   Δ  e m   , and setting the derivative equal to 0, we can obtain:


  Δ  e m   N ∗    =   φ ( 1 −  λ r  )  ξ r  ( β + t ) [ N − t (  e r  +  e m  ) ] − ( 1 −  λ r  )  ξ r  ( β + t ) w   φ [ 2 α ( 1 −  λ r  )  ξ r  ( 1 −  λ m  )  ξ m  −   ( β + t )  2  ( 1 −  λ m  )  ξ m  −   ( β + t )  2  ( 1 −  λ r  )  ξ r  ]    



(27)







From the above equation, it can be obtained that    ∏  m 1    N ″    ( Δ  e m  ) < 0  , and then that    ∏  m 1  N    is a convex function with respect to   Δ  e m   . Substituting Equation (27) into Equation (24),   (  q 1   N ∗    , Δ  e  r 1    N ∗    )  .



Can be obtained as follows:


         q 1   N ∗    =   φ ( 1 −  λ r  )  ξ r  ( 1 −  λ m  )  ξ m  [ N − t (  e r  +  e m  ) ] − ( 1 −  λ r  )  ξ r  ( 1 −  λ m  )  ξ m  w   φ [ 2 α ( 1 −  λ r  )  ξ r  ( 1 −  λ m  )  ξ m  −   ( β + t )  2  ( 1 −  λ r  )  ξ r  −   ( β + t )  2  ( 1 −  λ m  )  ξ m  ]         Δ  e  r 1    N ∗    =   φ ( 1 −  λ m  )  ξ m  ( β + t ) [ N − t (  e r  +  e m  ) ] − ( 1 −  λ m  )  ξ m  ( β + t ) w   φ [ 2 α ( 1 −  λ r  )  ξ r  ( 1 −  λ m  )  ξ m  −   ( β + t )  2  ( 1 −  λ r  )  ξ r  −   ( β + t )  2  ( 1 −  λ m  )  ξ m  ]          



(28)







For supply chain coordination to be realized, it is necessary to set


   q 1   N ∗    =  q c   N ∗    , Δ  e  m 1    N ∗    = Δ  e  m c    N ∗    , Δ  e  r 1    N ∗    = Δ  e  r c    N ∗     











So that the parameters of the revenue-sharing contract   (  w   N ∗    ,  φ   N ∗    )   should meet the following conditions:


   w   N ∗    =  φ   N ∗    c  



(29)




Then it can be concluded that, when the parameters of the revenue-sharing contract   (  w   N ∗    ,  φ   N ∗    )   meet the condition of    w   N ∗    =  φ   N ∗    c  , the decentralized decision model is consistent with the enterprise decision under the centralized decision.



After comparing Equations (4) and (23) and (26), we can obtain:


   ∏ c N  =  ∏ m N  (  w   N ∗    ,  φ   N ∗    ) +  ∏ r N  (  w   N ∗    ,  φ   N ∗    )  



(30)






   ∏ m N  (  w   N ∗    ,  φ   N ∗    ) = ( 1 −  φ   N ∗    )  ∏ c N   



(31)






   ∏ r N  (  w   N ∗    ,  φ   N ∗    ) =  φ   N ∗     ∏ c N   



(32)







It can be seen from Equations (30)–(32) that the revenue-sharing contract   (  w   N ∗    ,  φ   N ∗    )   can realize the perfect coordination of the supply chain. At this time,   1 −  φ   N ∗      of the total profit of the supply chain is the manufacturer’s optimal profit, and    φ   N ∗      of the retailer’s optimal profit is the total profit of the supply chain. The size of    φ   N ∗      is determined by the specific circumstances of their bargaining, and the total profit of the supply chain is shared by both parties in proportion. When    φ   N ∗    → 0  , all profit winners of the supply chain are retailers, which is similar to the situation before the contract is signed. When    φ   N ∗    → 1  , the manufacturer obtains all the profits of the supply chain, that is, the manufacturer is the absolute leader of the supply chain. However, in this case, the retailer’s profit is not positive, so this is an extreme situation that cannot happen in real life.



However, to make both parties willing to abide by the revenue-sharing contract, their respective profits under decentralized decision-making must be greater than their profits without the contract, that is,   (  φ   N ∗    = 1 )  . Therefore, this value should have a lower limit    φ a N    and an upper limit    φ b N   , satisfying    ∏  r 1    N ∗    (  w   N ∗    ,  φ a N  ) =  ∏ r   N ∗    (  w   N ∗    , φ = 1 )   and    ∏  m 1    N ∗    (  w   N ∗    ,  φ b N  ) =  ∏ m   N ∗    (  w   N ∗    , φ = 1 )  . Therefore, it can be concluded that the optimal revenue-sharing contract   (  w   N ∗    ,  φ   N ∗    )   satisfies    w   N ∗    =  φ   N ∗    c  , and    φ a N  <  φ N  <  φ b N   ; this makes both parties willing to make the same ordering and production decisions in decentralized decision-making mode as in centralized decision-making mode. To maximize the total profit of the supply chain, it can be known that:


   φ a N  =    ∏  r 1    N ∗    ( w , φ = 1 )    ∏ c N    ,  φ b N  =    ∏  m 1    N ∗    ( w , φ = 1 )    ∏ c N     



(33)







The following inferences can be drawn from this:



Inference 3.

If the contract parameters meet the range   φ a N  <  φ N  <  φ b N   , both parties can freely distribute the total profit of the supply chain.





Inference 4.

Under the optimal revenue-sharing contract parameters  (  w   N ∗    ,  φ   N ∗    )  (satisfies Equation (29)), the manufacturer’s wholesale price is directly proportional to   φ   N ∗     . Therefore, if the manufacturer wants to realize the independent control of revenue-sharing proportion, it can achieve this purpose by mediating the wholesale price.





Inference 5.

The manufacturer’s optimal wholesale price is lower than the cost, indicating that the manufacturer realizes its own revenue increase by sharing the retailer’s profit.





It can be seen that the revenue-sharing contract can not only realize the perfect coordination of the supply chain, but also has the advantages of flexibility, practicality and high feasibility, compared with other contracts.






4. Numerical Analysis


Numerical analysis is carried out in this section to explore the effects of starting carbon emission levels, subsidies, and tax policies on carbon emission levels, and the profitability of manufacturers and retailers; it also clarifies and validates the findings of this article.



To make the calculation simpler, the fixed production and ordering costs are not considered. Through the model constructed in the previous section, the value range of    φ   N ∗      can be obtained as [0.78, 0.93]. Therefore, if    φ   N ∗    = 0.85  , the manufacturer’s optimal wholesale price    w   N ∗    = 17   can be obtained from Equation (29). Then, to simplify the calculation without a loss of generality, we suppose that   N = 50 , c = 20 , α = 0.5 , β = 0.3 , w = 50 ,  λ m  =  λ r  = 0.2 ,  ξ m  = 100 ,  ξ r  = 90 ,  e m  =  e r  = 20   and    C  0 m   =  C  0 r   = 0  . Knowing that all of the model’s constraint requirements have been met is simple.



According to the given parameter values, the following Table and Figures can be obtained via a calculation.



According to Table 1, Figure 2 can be concluded as follows:



Figure 2 demonstrates that, when all supply chain related enterprises comply with the revenue-sharing contract, no matter what the carbon tax rate is, the retailer’s optimal order quantity is greater than that without the contract. Therefore, the production and sales problems of enterprises can be effectively improved through the revenue-sharing contract, so as to improve the enterprise’s own revenue. Regardless of whether there is a revenue-sharing contract, when the carbon tax rate rises, the retailer’s optimal order quantity will decrease. From the actual situation, this is mainly due to the continuous increase in the tax rate per unit of product. The more products enterprises produce and sell, the higher the carbon tax will be. As a result, the revenue of enterprises will decrease continuously, and then the enterprises will be forced to cut output to reduce excessive carbon dioxide emissions.



Meanwhile, the influence of tax rate on the optimal emission reduction in supply chain enterprises can be obtained under the two conditions of whether there is contract coordination or not, as shown in Figure 3 below:



Figure 3 demonstrates that, when all supply chain related enterprises comply with the revenue-sharing contract, the results with the coordinated contract are better than those without the coordinated contract, regardless of the value of the carbon tax rate; the reduction in carbon emissions by manufacturers is positively correlated with the carbon tax rate. Combined with real life analysis, the reason is that, after the carbon tax rate increases, manufacturers need to pay more expensive costs for each unit of carbon emissions. Therefore, manufacturers must reduce their own output and increase their emission reduction to reduce the cost burden of carbon tax. When all the relevant enterprises in the supply chain comply with the revenue-sharing contract, the results with the coordinated contract are better than those without the coordinated contract, regardless of the value of the carbon tax rate; the optimal emission reduction by the retailer is positively correlated with the carbon tax rate. The reason is that, after the carbon tax rate increases, retailers need to pay more expensive costs for each unit of carbon emissions. Retailers must lower their order volume and sales volume to guarantee that they pay less carbon tax, in order to lessen the financial strain brought on by the carbon tax.



Then, the effect of carbon tax rate on the earnings of supply chain enterprises is shown in Figure 4:



Figure 4 shows that, when the supply chain-related businesses comply with the revenue-sharing contract, regardless of the value of the carbon tax rate, retailers profit more than without a contract; this suggests that retailers’ profits can be effectively increased through revenue-sharing contract implementation, and, under the coordination of the contract, that the retailer can accomplish the task and improve their income. When the relevant enterprises in the supply chain comply with the revenue-sharing contract, the manufacturer’s profit is greater than that without the contract, regardless of the value of the carbon tax rate; this indicates that the manufacturer’s profit can also be effectively increased through the revenue-sharing contract. At the same time, the influence of the supply chain’s total profit is shown in Figure 5 below:



Figure 5 shows that, when all supply chain-related firms comply with the revenue-sharing contract, the results of the coordinated contract are better than those of the uncoordinated contract, regardless of the carbon tax rate; this indicates that the contract has a practical effect on improving the total earnings of the supply chain. However, when the carbon tax rate increases, the total earnings of the supply chain will continue to decline, which further illustrates the importance of the government to formulate a scientific and reasonable carbon tax rate in the process of economic development.




5. Conclusions


In order to address the major environmental issues that are becoming more prevalent, for the coordination of and reduction in carbon emissions in the supply chain business, there must be an increase in the supply chain’s sustainable competitiveness and a reduction in the emissions. This study considers the coordination problem of the secondary supply chain, composed of manufacturers and retailers; it constructs and solves the centralized decision-making and decentralized decision-making models, respectively, according to the Stackelberg game method, and further designs the coordination contract. The supply chain decision-making and emission-reduction strategies, under the constraints of a carbon policy, are analyzed, and the overall coordination of the supply chain is finally achieved. The numerical analysis verifies the design of this study.



The findings indicate the following: first, that under the constraint of a low-carbon policy, manufacturers and retailers are more suited to adopting a centralized decision-making mode to maximize the profits of the supply chain and maximize a reduction in carbon emission. Second, with the increase in the carbon tax rate, the manufacturers and retailers’ reduction in emissions will increase, but the order quantity of retailers, the total profit of the supply chain and the respective profits of enterprises will decrease. Third, the supply chain coordination contract is designed reasonably in this paper; this can increase the reduction in the supply chain’s carbon emissions and mobilize the enterprise’s enthusiasm for emission reduction. Meanwhile, the total profits can be distributed, according to the adjustment of the coordination contract, so as to achieve the overall coordination. Fourth, the government needs to implement reasonable low-carbon subsidy policies and tax rates, in order to effectively stimulate the enthusiasm of enterprises to reduce emissions and promote the healthy and coordinated development of supply chain enterprises.



The main contributions of this study are as follows: First, we comprehensively consider the effect of carbon tax, government subsidies and supply chain coordination, and supplemented relevant theories. Second, we prove that the total supply chain profit and emission reduction, under centralized decision-making, are higher than those under decentralized decision-making. Thirdly, we analyze a revenue-sharing contract to coordinate the order quantity, so that the total profit and emission reduction are higher than without a coordination contract; this can be used by supply chain enterprises for reference. Fourth, we find that, when both parties abide by the revenue-sharing contract, they can achieve coordination and can freely distribute the gross profits of the supply chain.



There are two main limitations to this paper. First, this study only considers the constant government subsidy rate, and does not discuss the impact of dynamic changes in tax rates and subsidy rates on supply chain enterprises. Second, the established model only considers manufacturers and retailers, and does not include more participating enterprises in the supply chain into the model. In future research, other contracts can be further improved to adapt to the low-carbon development of the supply chain, such as cost-sharing contracts. At the same time, we can study the changing carbon tax rate and government subsidy rate, in order to find the optimal combination; this would stimulate enterprises to reduce emissions. Finally, more supply chain enterprises should take this into consideration, establish an overall analysis model, and systematically analyze the differences in profits and the emission-reduction decisions of different enterprises in the supply chain.
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Figure 1. Research Methods and Process. 






Figure 1. Research Methods and Process.



[image: Sustainability 15 01135 g001]







[image: Sustainability 15 01135 g002 550] 





Figure 2. The effect of carbon tax rate on the optimal order quantity of retailers, under the two conditions of revenue-sharing contract coordination. 
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Figure 3. Effect of carbon tax rate on optimal emission reduction in supply chain enterprises, under the two conditions of revenue-sharing contract coordination. 
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Figure 4. Effect of carbon tax rate on profit of supply chain enterprises, under the two conditions of revenue-sharing contract coordination. 
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Figure 5. Effect of carbon tax rate on total profit of supply chain, under the two conditions of revenue-sharing contract coordination. 
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Table 1. Impact of carbon tax rate on supply chain enterprises.
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	Carbon Tax Rate
	Retailer’s Optimal Order Quantity
	Manufacturer’s Optimal Emission Reduction
	Retailer Optimal Emission Reduction
	Retailer’s Profit (104)
	Manufacturer ‘s Profit (104)





	0
	482
	1.8
	2.0
	10.73
	1.45



	0.1
	480
	2.3
	2.6
	10.61
	1.36



	0.2
	478
	2.8
	3.2
	10.48
	1.27



	0.3
	476
	3.3
	3.8
	10.35
	1.18



	0.4
	474
	3.8
	4.4
	10.22
	1.09



	0.5
	472
	4.3
	5.0
	10.09
	1.00



	0.6
	470
	4.8
	5.6
	9.95
	0.91



	0.7
	468
	5.3
	6.2
	9.82
	0.82



	0.8
	466
	5.8
	6.8
	9.70
	0.73



	0.9
	464
	6.3
	7.4
	9.57
	0.64



	1
	462
	6.8
	8
	9.43
	0.55
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