

  sustainability-11-05911




sustainability-11-05911







Sustainability 2019, 11(21), 5911; doi:10.3390/su11215911




Article



A Multi-Objective Optimization Model for Green Supply Chain Considering Environmental Benefits



Jie Jian 1, Yu Guo 1, Lin Jiang 1, Yanyan An 1 and Jiafu Su 2,3,*[image: Orcid]





1



School of Economic and Management, Chongqing University of Posts and Telecommunications, Chongqing 400065, China






2



Chongqing Key Laboratory of Electronic Commerce & Supply Chain System, National Research Base of Intelligent Manufacturing Service, Chongqing Technology and Business University, Chongqing 400067, China






3



School of Management and Economics, University of Electronic Science and Technology of China, Chengdu 611731, China









*



Correspondence: jeff.su@cqu.edu.cn; Tel.: +86-153-2032-3481







Received: 25 September 2019 / Accepted: 22 October 2019 / Published: 24 October 2019



Abstract

:

Whether the upstream and downstream members in a supply chain (considering environmental objectives) simultaneously stabilize economic benefits has become an important problem in the process of green development. However, few quantitative studies on green supply chains have considered environmental and economic benefits to realize multi-objective optimization. To study operation and cooperation strategies with a consideration of the different objective on the level of supply chain, we first establish a green supply chain game model with profit and environment objectives simultaneously considered by the manufacturer. Then, we analyze the multi-objective decisions of the supply chain members under centralized control using a manufacturer-led Stackelberg game and revenue-sharing contract. Using the manufacturer’s environmental preference as a variable, the effects of environmental benefits on the supply chain are also investigated. Finally, this study determines that the manufacturer’s profit will be reduced after considering the objective of environmental benefits, while the retailer’s profit, product greenness, and environmental benefits will be improved. Meanwhile, the total profit of the green supply chain will first increase and then decrease. In particular, a revenue-sharing contract can facilitate the coordination of multiple objectives; in this way, both the manufacturer and the retailer achieve higher profits and environmental benefits compared to a decentralized control condition, which is of great significance in achieving a win–win situation for the economy and the environment.
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1. Introduction


With the continuous deterioration of the natural environment and the increasing tension of global resources, the green supply chain has attracted more and more attention. There is an increasing recognition that organizations must address the issue of sustainability in their operations [1], and the financial and economic impact in the green supply chain management (GSCM) has become an important issue of universal concern [2]. On the one hand, the government’s regulations and standards, as well as the company’s environmental concerns, have urged the product supply chain to integrate environmental benefits into their decision-making objectives [3,4]. On the other hand, customer related concerns and the market’s fierce competition has helped environmental objectives become an important driving factor of enterprises’ development [5,6]. Indeed, companies are looking to evolve from reactive strategies to proactive positioning, developing, and implementing new management approaches, thereby incorporating sustainable development practices into their strategies [7].



Many firms presently incorporate environmental and economic responsibility considerations into their operations and supply chain management strategies [8]. For example, Sony, one of the world’s most widely known electronics companies, is working to reduce its environmental footprint to zero by 2050. Sony reduced its total amount of CO2 emissions by approximately 238,000 tons in 2018 by using renewable energy (https://www.sony.net/SonyInfo/csr_report/environment/). BYD, one of the largest Chinese car brands and the world’s top selling plug-in electric car manufacturer, deployed over 50,000 battery-electric buses across the globe in 2019, which will eliminate 84.5 million tons of CO2, 500 million tons of NOx, and 8750 tons of DPM (https://twitter.com/bydcompany/status/1128108923288936448). In addition, the China Green Supply Chain Alliance was officially established in October 2018. More than 140 member organizations actively carried out green supply chain management and technological innovation to explore enterprises’ future green development (http://www.cietc.org/article.asp?id=7611). The environmental concern of members of the supply chain is becoming a developmental trend [9].



However, the upstream manufacturers and downstream retailers in the supply chain generally focus on maximizing their own interests [10], which have different degrees of objectives, eventually leading to the loss of the enterprise’s benefits. In 2018, BYD sold 247,811 new energy vehicles, a rise of over 90 percent from 2017, but its net profits attributable to its shareholders totaled 2.78 billion Yuan, a drop of 31.63 percent year-to-year (http://www.chinadaily.com.cn/kindle/2019-03/29/content_37453218.htm). Whether the upstream and downstream members’ game behaviors in the supply chain (while considering environmental benefits) simultaneously stabilize economic benefits has become an important problem in the process of green development. Only cooperation in a supply chain enables its participators to create and capture mutual benefits, including profit or environmental protection enhancements, cost reductions, and operational flexibility to cope with the high demand uncertainty of green products [11]. The cooperation between manufacturers and retailers will be a decisive component in enabling better performance [12].



Therefore, it is very necessary to study game operation and cooperation strategies with the consideration of environmental benefits at the level of the supply chain. Recently, the multi-objective optimization of the supply chain has been considered by different researchers in the literature [13]. Due to the interaction and contradiction between economic and environmental objectives, the decision-making process is quite complex, which makes it difficult for decision-makers to make decisions easily [14]. Multi-objective optimization is also used to research the problem of GSCM operation, such as green supply chain network design [15], green supplier evaluation [16], sustainable distribution system [17], and so on. Therefore, this paper establishes a multi-objective optimization model and analyzes the game behavior and coordination contract between upstream manufacturers and downstream retailers to research whether this behavior can facilitate a win–win scenario for the profit and the ecological environment after pursuing the double objectives of economy and environment benefits. This will be of great practical significance in promoting the green transformation of traditional enterprises and achieving mutually beneficial cooperation between members in the green supply chain.



The remainder of the article is organized as follows. The following section introduces the literature and emphasizes the contributions of the study. The third section describes the hypotheses and prerequisites of the multi-objective optimization model for the green supply chain, considering environmental benefits. Subsequently, Section 4, Section 5 and Section 6 illustrate the optimal decision under the models of centralized decisions, decentralized decisions, and revenue-sharing contracts. Then, the paper compares and analyzes the above three models in Section 7 and offers simulations using numerical examples via the Maple2019 software in Section 8. Finally, the paper provides a discussion of the results and concludes with an outlook on the implications for future research in Section 9.




2. Literature Review


The green supply chain is not only an important topic in everyday society but also receives significant attention in academia. Srivastav [18] defined GSCM as integrating environmental thinking into supply-chain management, including: product design, material sourcing and selection, manufacturing processes, delivery of the final product to the consumers, as well as the end-of life management of the product after its useful life, which is the most widely used. Oliveira et al. [2] studied the research surroundings and content focus over the last decade, contextualizing the research problem of GSCM into three broad categories: the importance of the GSCM, green operations, and others; 45% of the total articles addressed green operations (at the top of the list). Enterprises are more willing to adopt GSCM practices because of increasing environmental pressures [19]. The most widely cited GSCM operation in the literature refers to operation performance [20,21], operational processes [22,23], the reduction of waste and environmental impact [24,25], and the development or selection of suppliers [26,27]. At present, a number of studies are investigating the influence of environmental concerns in supply chain management, such as those by Beske-Jannsen et al. [28] and Sancha et al. [29]. However, current green supply chain research has mainly focused on case studies, questionnaires, and other types of qualitative research but has been less involved in quantitative research [30].



In recent years, the scientific community has advanced more quantitative research on the GSCM green operation strategy via game theory to promote optimization and cooperation. Ghosh and Shah [31] set up a game model of a green supply chain consisting of manufacturers and retailers that only considered profit maximization, which the market demand determined by price and greenness. They also studied the optimal product decision under three kinds of power structures: a manufacturer-led Stackelberg game, a retailer-led Stackelberg game, and a Nash game. Zhang and Liu [32] established a three-level green supply chain consisting of manufacturers, retailers, and consumers. They compared and analyzed four decision models: centralized, decentralized, a cooperative game between the manufacturer and consumer, and a cooperative game between the retailer and the consumer. Some scholars (Tian and Zhu; Guan et al.; Shi et al.) then expanded the research field to real-world problems, such as government subsidies and consumer behaviors. Tian and Zhu [33] constructed a three-stage evolutionary game model of green supply chain management under a government subsidy and analyzed the impact of government subsidies on social welfare, product sales, and enterprises’ implementation of green supply chain management. Guan et al. [34] studied the influence of consumer perception behavior on a green operation strategy and members’ income and established a green supply chain model with a consumer perception bias. Shi et al. [35] studied the effects of fair concern behavior and a product’s green efficiency on supply chain pricing decisions. They also analyzed and compared the optimal supply chain decisions under fair concern behaviors.



There is no doubt that the trend is moving towards green development, and if the green supply chain members establish a suitable contract, this contract is expected to further enhance the initiative of enterprises implementing green transformation. Jiang and Li [36] optimized the profits between the manufacturer and retailer through a revenue-sharing contract based on the four game models of supply chain considering the product’s green degree. Zhang et al. [37] coordinated a game model for a green supply chain under the consideration of fairness and government subsidies through a cost-sharing contract. Lin and Chen [38] constructed a green manufacturing supply chain model considering corporate social responsibility and achieved supply chain coordination through a two-part pricing-cost sharing contract. Wang et al. [39] analyzed the effect of product recovery and donations on a closed-loop supply chain’s operation management and presented a two-part tariff contract with bargaining and a retailer-led revenue sharing contract to coordinate.



To summarize previous game operations and the coordination of the green supply chain literature, most of the existing studies only consider the single objective of economic benefit, while less involve the double objectives of economic benefits and environmental benefits. However, it is not uncommon for enterprises to incorporate both the economy and the environment into their decision-making goals. Current research on the economic and environmental benefits optimization of a green supply chain focus more on the supply chain’s network design. Wang et al. [40] studied the impact of environmental investment factors on supply chain network design and established a multi-objective optimization model considering the total cost and environmental influence. On this basis, Gao et al. [41] comprehensively considered the total cost and carbon emissions, aiming at the multi-level and multi-product closed-loop supply chain of household appliances and analyzed the influence of different subsidy intensities on the proportion of green consumers and the design of a supply chain network. Li and Zhu [42] aimed to minimize the total cost of the supply chain network and total carbon emissions. They established an opportunity-constrained multi-objective planning model and achieved an effective balance between economic and environmental objectives. In addition, Chen et al. [43] considered a game-theoretic decision-making model in which the government focuses on corporate revenue, consumer welfare, and environmental benefits, as well as rewards and punishments to convince manufacturers to produce energy-efficient products.



The above research on the multi-objective optimization of economic and environmental benefits focuses on the design of a supply chain network, as few studies use the method of multi-objective optimization and game theory, taking profit and environmental benefits as two objectives to make decisions on product pricing and product greening level. By taking all the above factors into consideration, this paper establishes two supply chain game models with a centralized control game model and a manufacturer-led Stackelberg game model based on the theory of multi-objective optimization, in which the manufacturer considers both profit and an environmental benefits objective. We also analyzed the impact of a manufacturer’s environmental preference for a supply chain’s optimal pricing, a product’s greening level, and overall performance. On this basis, this research further establishes a revenue-sharing contract coordination model to coordinate the behavior of manufacturers and retailers. Then, we compare the results of the above three models to determine how a revenue-sharing contract affects the decision variables of the green supply chain members. Finally, we hope to provide a decision-making reference for related enterprises to implement green supply chain management.




3. Model Hypotheses


Referring to Song and Gao [30], we studied a secondary green supply chain model consisting of a manufacturer who considers both environmental and profit-based objectives and a retailer who only considers profits. To improve the greening level, manufacturers invest in green raw materials for technological innovation to produce green products and sell them to retailers at a price of  w . Then, retailers sell green products to consumers at a price of  p . This study makes the following assumptions, and the parameters and meanings are listed in Table 1:




	(1)

	
According to game theory, this paper established a decentralized decision game model (a manufacturer-led Stackelberg game model) in which the manufacturer first determines the product’s greening level and the wholesale price, and then the retailer reacts to determine the product’s retail price. We assumed that the manufacturer, as a downstream member of the supply chain, would be the leader of the decision-making. All members (the manufacturer and the retailer) were rational and pursue benefit maximization.




	(2)

	
The market demand   d  (  p , e  )    is a linear function of the product’s price and greening level. Consumers tend to buy products with high greenness and low prices [44]:


  d  (  p , e  )  = a − b p + θ e ,  



(1)




where  a  denotes the market’s total potential demand for green products,  p  denotes the retail price of the product,   b  (  b > 0  )    denotes the parameter that influences a consumer’s sensitivity to retail price, and   θ  (  θ > 0  )    denotes the consumer’s green sensitivity. The greening level of the unit product is  e , which reflects energy efficiency labels, carbon labels, and harmful substance content. Equation (1) shows that the higher the greening level, the greater the market demand. However, this value can only reflect the profit target, rather than the impact of products on the ecological environment.




	(3)

	
The manufacturer’s cost for producing products is    c m   , while the wholesale price to the retailer is    w   . To improve the greening level, manufacturers need to invest additional green product research and development (R&D) costs  I . This assumes that the R&D investment has a quadratic relationship with the greening level and that the cost is entirely borne by the manufacturers [45]. In other words, green product R&D costs   I =   η  e 2   / 2   , where  η  is the green investment parameter. The retailer’s cost to sell products is    c r   , which denotes the consumption based on the retailers’ marketing and promotion of products [46].




	(4)

	
The environmental benefit is a measure of the environmental consequences of human social activities [47]. This paper referred to the environmental impact of enterprises in the process of the production and circulation of products [48]. Similar to the research on measuring environmental benefits through total carbon emissions [49,50,51,52], this study assumed that the utility function of an environmental benefits objective is the product of the greening level and market demand, which is:


  E = d × e =  (  a − b p + θ e  )  e ,  



(2)




where the environmental benefits characterize the environmental influence of all products in the total production process. With an improved environmental benefits objective, the degree of environmental protection will be higher, and the total pollution will be lower. The decision-making objective of the supply chain was used to maximize the target of environmental benefits. Equations (1) and (2) show that the greening level affects both the profit targets, and the environment also benefits the targets.




	(5)

	
According to the theory of multi-objective optimization, this study adopted a linearity weighted method to solve the problems based on the characteristics of the model [11,53]. The multi-objective linearity weighted function is   U = π + λ f  . The weight coefficient of the manufacturer’s environmental benefits in the multi-objective function is  λ , which represents the environmental preference of the manufacturer. The higher the  λ , the more important the environmental benefits in the multi-objective function, which means that manufacturers pay more attention to environmental benefits. In particular, when   λ = 0  , the manufacturer’s multi-objective optimization function degenerates to a single profit objective.









Based on the above assumption, the profit function for the manufacturer is    π m  =  (  w −  c m   )   (  a − b p + θ e  )  −   η  e 2   / 2   , and its multi-objective linearity weighted function (considering the environmental objective) is    U m  =  (  w −  c m  + λ e  )   (  a − b p + θ e  )  −   η  e 2   / 2   . The profit function for the retailer is    π r  =  (  p − w −  c r   )   (  a − b p + θ e  )   . The total profit function for the supply chain is    π  s c   =  (  p −  c m  −  c r   )   (  a − b p + θ e  )  −   η  e 2   / 2   , and its multi-objective linearity weighted function is    U  s c   =  (  p −  c m  −  c r  + λ e  )   (  a − b p + θ e  )  −   η  e 2   / 2   .



Proposition 1.

When   2 b η −    (  λ b + θ  )   2  > 0   , the manufacturer’s multi-objective optimization function    U m    is a strictly concave function of the greening level  e  , and the wholesale price  w  . The retailer’s profit function    π r    is a strictly concave function of the retail price  p .





Proof. 

According to the retailer’s profit function    π r   ,      ∂ 2   π r    ∂  p 2    = − 2 b < 0  , which denotes that    π r    is a strictly concave function of the retail price  p . In addition, this assumes that   p = w + x  ,  x  is the incremental price for retailers, to get:    U m  =  (  w −  c m  + λ e  )   (  a − b w − b x + θ e  )  −   η  e 2   / 2   . The Hessian matrix of equation    U m    is    [      − 2 b     − λ b + θ       − λ b + θ     2 λ θ − η      ]   .   2 b η −    (  λ b + θ  )   2  > 0   is established by the equivalence relation between the negative definite Hessian Matrix and the quadratic function being strictly conjoined to the concave function. □






4. Centralized Decision Model in a Multi-Objective Situation


The core idea of a centralized control model is that manufacturers and retailers make collective decisions to maximize the overall profitability of the supply chain. This game model treats the supply chain as a whole and is a vertical integration game model [54]. Here, manufacturers and retailers no longer make individual decisions based on their own interests but instead make collective decisions to maximize the overall profitability of the supply chain [55]. At this point in the multi-objective situation, the supply chain aims to maximize the overall profit and environmental benefits and produce a multi-objective optimization function of:


  M a x  U  s c   = M a x  (   π  s c   , E  )  .  



(3)







According to the theory of multi-objective optimization, we adopted the linearity weighted method to solve the problem based on the characteristics of our model. We assumed that the weight coefficient of the supply chain’s environmental benefits in the multi-objective function was  λ . Then, the supply chain’s multi-objective linearity weighted function    U  s c     was:


   U  s c   =  (  p −  c m  −  c r  + λ e  )   (  a − b p + θ e  )  −   η  e 2   / 2  .  



(4)







 λ  reflects the degree of the environmental preference within the whole supply chain under centralized decision-making, which is used to measure how much attention the whole supply chain attaches to the environmental benefits objective when the manufacturer considers both profit and the environmental benefits objectives. In order to facilitate the subsequent comparative analysis, we assumed that the environmental preference of the whole supply chain under centralized decision-making is the same as the manufacturer’s environmental preference.



Next, we set the    U  s c     first derivatives of   w   and   e   to zero, and got the optimal wholesale price and greening level under the multi-objective centralized decision model:


   p *  =    [  a + b  (   c m  +  c r   )   ]  η −  (   c m  +  c r   )   θ 2  − λ  [  λ a b + a θ + b  (   c m  + c  )  θ  ]    2 b η −    (  λ b + θ  )   2    .  



(5)






   e *  =    (  λ b + θ  )   [  a − b  (   c m  +  c r   )   ]    2 b η −    (  λ b + θ  )   2    .  



(6)







Finally, we put Equations (5) and (6) into Equations (2) and (3), and got the optimal environmental benefit and maximum profit of the whole supply chain under a multi-objective centralized decision model:


   E *  =    (  λ b + θ  )     [  a − b  (   c m  +  c r   )   ]   2  b η      [  2 b η −    (  λ b + θ  )   2   ]   2    .  



(7)






   π  s c  *  =    [   λ 2   b 2  + 2 b η −    (  2 λ b + θ  )   2   ]     [  a − b  (   c m  +  c r   )   ]   2  η   2    [  2 b η −    (  λ b + θ  )   2   ]   2    .  



(8)







Proposition 2.

When    λ 2   b 2  + 2 b η −    (  2 λ b + θ  )   2  > 0   , the optimal solution for the supply chain’s profit exists.





Proof. 

   π  s c  *  =    [   λ 2   b 2  + 2 b η −    (  2 λ b + θ  )   2   ]     [  a − b  (   c m  +  c r   )   ]   2  η   2    [  2 b η −    (  λ b + θ  )   2   ]   2     ,    λ 2   b 2  + 2 b η −    (  2 λ b + θ  )   2  > 0   is established by the existence condition of the supply chain profit’s optimal solution,    π  s c  *  > 0  . □






5. Decentralized Decision Model in a Multi-Objective Situation


In this section, we introduced the decentralized decision game model, in which manufacturers consider both profit and environmental benefits and retailers still only consider profit. The core idea of a decentralized decision game is opposite to that of a centralized decision game. Manufacturers and retailers make their own decisions based on their own profits to maximize their own benefits, and the decision-making results are mutually influential. We examined the manufacturer-led Stackelberg game model and the dynamic game order, as follows:



Firstly, the manufacturer determines the product’s greening level and the wholesale price using the response function of the retailer; then, the retailer reacts to determine the product’s retail price. Finally, the retailer sells their products to consumers to meet market demand. At this point, the manufacturer uses the maximization of profit and environmental benefits as its decision-making objectives, and its multi-objective optimization function is:


  M a x   U ˜  m  = M a x  (    π ˜  m  ,  E ˜   )  ,  



(9)




where     π ˜  m  =  (  w −  c m   )   (  a − b p + θ e  )  −   η  e 2   / 2    is the profit target of the manufacturer and    E ˜  =  (  a − b p + θ e  )  e   is the goal of its environmental benefits. Similar to Section 3, the weight coefficient  λ  is introduced to further construct the manufacturer’s multi-objective linear weighting function     U ˜  m    under decentralized decision-making:


    U ˜  m  =  (  w −  c m  + λ e  )   (  a − b p + θ e  )  −   η  e 2   / 2  ,  



(10)




where  λ  reflects the manufacturer’s environmental preference under the decentralized decision-making, and is used to measure the manufacturer’s attention to the environmental benefits after considering both the profit and the environmental benefits objectives. In addition, the retailer is seeking their own profit maximization, the optimization function is:


    π ˜  r  =  (  p − w −  c r   )   (  a − b p + θ e  )  .  



(11)







The inverse induction method is used to solve this problem [56,57]. If we obtain the first and second derivatives of  p  and set the first derivative equal to zero from Equation (15), we get:


   p ˜   (  w , e  )  =   a + θ e + b  (  w +  c r   )    2 b   .  



(12)







Next, we put Equation (12) into Equation (10), set the     U ˜  m    first derivatives of  w  and  e  to zero, and got the optimal wholesale price and greening level of the manufacturer:


    w ˜  *  =   2  [  a + b  (   c m  −  c r   )   ]  η −  c m   θ 2  − λ  [  λ  (  a b −  b 2   c r   )  + b  (   c m  −  c r   )  θ + a θ  ]    4 b η −    (  λ b + θ  )   2    .  



(13)






    e ˜  *  =    (  λ b + θ  )   [  a − b  (   c m  +  c r   )   ]    4 b η −    (  λ b + θ  )   2    .  



(14)







We then put Equations (13) and (14) into Equation (12) and obtained the optimal retail price:


    p ˜  *  =    [  3 a + b  (   c m  +  c r   )   ]  η −  (   c m  +  c r   )   θ 2  − λ  [  λ a b + a θ + b  (   c m  +  c r   )  θ  ]    4 b η −    (  λ b + θ  )   2    .  



(15)







Then, we put Equations (13)–(15) into Equations (9) and (11) and got the actual demand of the market, as well as the maximum profits for the manufacturer and retailer:


    π ˜  m *  =    [   λ 2   b 2  + 4 b η −    (  2 λ b + θ  )   2   ]     [  a − b  (   c m  +  c r   )   ]   2  η   2    [  4 b η −    (  λ b + θ  )   2   ]   2    .  



(16)






    π ˜  r *  =      [  a − b  (   c m  +  c r   )   ]   2  b  η 2       [  4 b η −    (  λ b + θ  )   2   ]   2    .  



(17)







Finally, we obtained the maximum environmental benefits and profits of the supply chain:


    E ˜  *  =    (  λ b + θ  )     [  a − b  (   c m  +  c r   )   ]   2  b η      [  4 b η −    (  λ b + θ  )   2   ]   2    .  



(18)






    π ˜   s c  *  =    [   λ 2   b 2  + 6 b η −    (  2 λ b + θ  )   2   ]     [  a − b  (   c m  +  c r   )   ]   2  η   2    [  4 b η −    (  λ b + θ  )   2   ]   2    .  



(19)







Theorem 1.

     ∂   e ˜  *    ∂ λ   > 0   , and     ∂   E ˜  *    ∂ λ   > 0  .





Proof. 

According to Equations (14) and (19):


    ∂   e ˜  *    ∂ λ   =    [     (  λ b + θ  )   2  + 4 b η  ]   [  a − b  (   c m  +  c r   )   ]  b      [  4 b η −    (  λ b + θ  )   2   ]   2    > 0 .  










    ∂   E ˜  *    ∂ λ   =    [  3    (  λ b + θ  )   2  + 4 b η  ]     [  a − b  (   c m  +  c r   )   ]   2   b 2  η      [  4 b η −    (  λ b + θ  )   2   ]   3    > 0 .  











Theorem 1 shows that when the manufacturer considers environmental benefits and leads the game, the product’s greening level and enterprise environmental benefits increase with the manufacturer’s environmental preferences. After the manufacturer considers the environmental benefits in their decision-making goals, the manufacturer will further increase their R&D investment, thereby enhancing the environmental benefits objective and satisfying the consumer market preference for green goods. □





Theorem 2.

     ∂   π ˜  m *    ∂ λ   < 0   , and     ∂   π ˜  r *    ∂ λ   > 0  .





Proof. 

According to Equations (17) and (18):


    ∂   π ˜  m *    ∂ λ   = −   λ  [  3    (  λ b + θ  )   2  + 4 b η  ]     [  a − b  (   c m  +  c r   )   ]   2   b 2  η      [  4 b η −    (  λ b + θ  )   2   ]   3    < 0 ;  










    ∂   π ˜  r *    ∂ λ   =   4  (  λ b + θ  )     [  a − b  (   c m  +  c r   )   ]   2   b 2   η 2       [  4 b η −    (  λ b + θ  )   2   ]   3    > 0 .  











Theorem 2 shows that when a manufacturer considers environmental benefits and leads the game, the retailer’s profit will increase, and the manufacturer’s profit will decrease with an increase of the manufacturer’s environmental preference. This study found that considering the environmental benefits objective had negative effects on the manufacturer’s own profits but was more beneficial to retailers’ profits. At this point, we needed a revenue-sharing coordination mechanism to adjust the profit distribution between the two sides, to encourage manufacturers to bring environmental benefits into their decision-making goals and achieve a win–win situation for both sides.  □






6. Revenue-Sharing Contract Model


As the first decision-maker of the game, the manufacturer bears the green product R&D costs and faces enormous economic risks. To achieve integrated management, promote the cooperation of upstream and downstream enterprises, and ultimately obtain high overall performance, this study established a retailer-led revenue-sharing contract game model. The core idea was that the retailer would share part of their sales with the manufacturer to coordinate the distribution of profits, thereby encouraging manufacturers to consider the environmental benefits of a green supply chain. The order and rules of the game are as follows. Firstly, the manufacturer determines the wholesale price and the product’s greening level. Then, the retailer determines the retail price of the green products and provides the revenue-sharing ratio   μ ( 0 < μ < 1 )  , indicating the percentage that the retailer will gain from final sales    ( μ )   , and the remaining   1 − μ   is shared with manufacturer [58,59,60].



The multi-objective benefits function of the manufacturer is:


   U m  ( μ ) = ( w −  c m  + λ e ) ( a − b p + θ e ) −  1 2  η  e 2  + ( 1 − μ ) ( p − w −  c r  ) ( a − b p + θ e ) ,  



(20)




and the profit of the retailer is:


   π r  ( μ ) = μ ( p − w −  c r  ) ( a − b p + θ e ) ,  



(21)




where    π m  ( μ ) = ( w −  c m  ) ( a − b p + θ e ) −  1 2  η  e 2  + ( 1 − μ ) ( p − w −  c r  ) ( a − b p + θ e )   is the profit target of the manufacturer, and   f ( μ ) = ( a − b p + θ e ) e   is the goal of its environmental benefits. The dynamic game order is the same as that in Section 3. We could obtain the first and second derivatives of  p  and set the first derivative equal to zero from Equation (21) to get:


  p ( w , e , μ ) =   a + θ e + b ( w +  c r  )   2 b   .  



(22)







Next, we put Equation (22) into Equation (20), set the    U m  ( μ )   first derivatives of  w  and  e  to zero, and got the optimal wholesale price and greening level of the manufacturer:


  w ( μ ) =   2  [  μ a + b (  c m  − μ  c r  )  ]  η −  c m   θ 2  − λ  [  λ ( a b −  b 2   c r  ) + b (  c m  −  c r  ) θ + a θ  ]    2 ( 1 + μ ) b η −   ( λ b + θ )  2    .  



(23)






  e ( μ ) =   ( λ b + θ )  [  a − b (  c m  + c  c r  )  ]    2 ( 1 + μ ) b η −   ( λ b + θ )  2    .  



(24)







We then put Equations (23) and (24) into Equation (22) and got the optimal retail price:


  p ( μ ) =    [  ( 1 + 2 μ ) a + b (  c m  +  c r  )  ]  η − (  c m  +  c r  )  θ 2  − λ  [  λ a b + a θ + b (  c m  +  c r  ) θ  ]    2 ( 1 + μ ) b η −   ( λ b + θ )  2     



(25)







Proposition 3.

When   ( 2 − μ ) b η −   ( λ b + θ )  2  > 0   , the supply chain multi-objective optimization function    π r  ( μ )   will be a strictly concave function of the revenue-sharing ratio  μ .





Proof. 

We put Equations (31)–(33) into Equation (22) to get      ∂ 2   π r  ( μ )   ∂  μ 2    = −   8  [  ( 2 − μ ) b η −   ( λ b + θ )  2   ]     [  a − b (  c m  +  c r  )  ]   2   b 2   η 3       [  2 ( 1 + μ ) b η −   ( λ b + θ )  2   ]   4     ,   ( 2 − μ ) b η −   ( λ b + θ )  2  > 0   is established by the existence condition of a strict concave function,      ∂ 2   π r  ( μ )   ∂  μ 2    < 0  .



Next, we put the   p ( μ )   into Equation (21) and set the    π r  ( μ )   first derivatives of  μ  to zero to get the optimal revenue-sharing ratio:


   μ *  = 1 −     ( λ b + θ )  2    2 b η    



(26)







We substituted the value of    μ *    in the above expressions, got   e   ( μ )  *   ,   w   ( μ )  *   , and   p   ( μ )  *   :


  e   ( μ )  *  =   ( λ b + θ )  [  a − b (  c m  +  c r  )  ]    2  [  2 b η −   ( λ b + θ )  2   ]    .  



(27)






  w   ( μ )  *  =    {  2  [  a + b (  c m  −  c r  )  ]  η − (  c m  −  c r  )  θ 2  − λ  [  2 λ ( a b −  b 2   c r  ) + b (  c m  − 3  c r  ) θ + 3 a θ  ]   }  b − a  θ 2    2  [  2 b η −   ( λ b + θ )  2   ]  b    



(28)






  p   ( μ )  *  =    {   [  3 a + b (  c m  +  c r  )  ]  η − (  c m  +  c r  )  θ 2  − λ ( 2 λ a b + 3 a θ + b (  c m  +  c r  ) θ )  }  b − a  θ 2    2  [  2 b η −   ( λ b + θ )  2   ]  b    



(29)







Then, we put Equations (27)–(29) into Equations (20) and (21) and determined the actual demand of the market, as well as the maximum profits for the manufacturer and retailer under a revenue-sharing contract:


   π m    ( μ )  *  =    (  2 b η − 2  λ 2   b 2  − 3 λ b θ −  θ 2   )     [  a − b (  c m  +  c r  )  ]   2  η   4    [  2 b η −   ( λ b + θ )  2   ]   2     



(30)






   π r    ( μ )  *  =      [  a − b (  c m  +  c r  )  ]   2  η   8  [  2 b η −   ( λ b + θ )  2   ]     



(31)







Finally, we obtained the maximum environmental benefits and profits of the supply chain:


  E   ( μ )  *  =   ( λ b + θ )    [  a − b (  c m  +  c r  )  ]   2  b η   4    [  2 b η −   ( λ b + θ )  2   ]   2     



(32)






   π  s c     ( μ )  *  =    (  6 b η − 5  λ 2   b 2  − 8 λ b θ − 3  θ 2   )     [  a − b (  c m  +  c r  )  ]   2  η   8    [  2 b η −   ( λ b + θ )  2   ]   2     



(33)




 □






7. Model Comparison and Analysis


A summary of the variables corresponding to optimal decision-making under the three models is shown in Table 2.



On the basis of the above three models, the optimal decision variables under the situation of a manufacturer that considers both profits and environmental benefits were compared and analyzed, and the following three properties were proposed.



Proposition 4.

    w ˜  *  > w   ( μ )  *   ,    p ˜  *  > p   ( μ )  *  >  p *   .





Proof. 

  ∵ ( 2 − μ ) b η −   ( λ b + θ )  2  > 0  ,   0 < μ < 1  ,   ∴ b η −  θ 2  − λ b θ > b η −   ( λ b + θ )  2  > 0  ;


    w ˜  *  − w   ( μ )  *  =      (  λ b + θ  )   2   [  a − b (  c m  +  c r  )  ]   (  2 b η −  θ 2  − λ b θ  )    2  [  2 b η −    (  λ b + θ  )   2   ]   [  4 b η −    (  λ b + θ  )   2   ]  b   > 0 ;  










    p ˜  *  − p   ( μ )  *  =      (  λ b + θ  )   2   [  a − b (  c m  +  c r  )  ]   (  b η −  θ 2  − λ b θ  )    2  [  2 b η −    (  λ b + θ  )   2   ]   [  4 b η −    (  λ b + θ  )   2   ]  b   > 0 ;  










  p   ( μ )  *  −  p *  =    [  a − b (  c m  +  c r  )  ]   (  b η −  θ 2  − λ b θ  )  η   2  [  2 b η −    (  λ b + θ  )   2   ]  b   > 0 .  











In summary,     w ˜  *  > w   ( μ )  *   ,     p ˜  *  > p   ( μ )  *  >  p *   . □





Proposition 4 shows that the wholesale price and the retail price under the revenue-sharing contract are smaller than those under the decentralized decision, and the retail price under the revenue-sharing contract is larger than that under the centralized decision. This illustrates that the retailer receives the latter advantage and raises the retail price of the product when the manufacturer makes the first decision, so the consumer market demand is negatively affected. Under the revenue-sharing contract, the retailer reduces the retail price by losing profits, thereby meeting the consumer’s expectations and increasing the market demand.



Proposition 5.

    e *  > e   ( μ )  *  >   e ˜  *    ,    E *  > E   ( μ )  *  >   E ˜  *   .





Proof. 

  ∵  e *  − e   ( μ )  *  =    [  a − b (  c m  +  c r  )  ]  ( λ b + θ )   2  [  2 b η −   ( λ b + θ )  2   ]    > 0  ;


  e   ( μ )  *  −  e *  =     ( λ b + θ )  3   [  a − b (  c m  +  c r  )  ]    2  [  2 b η −   ( λ b + θ )  2   ]   [  4 b η −   ( λ b + θ )  2   ]    > 0 ;  










   E *  − E   ( μ )  *  =   3 ( λ b + θ )    [  a − b (  c m  +  c r  )  ]   2  b η   4    [  2 b η −   ( λ b + θ )  2   ]   2    > 0 ;  










  E   ( μ )  *  −   E ˜  *  =     ( λ b + θ )  3   [  8 b η − 3   ( λ b + θ )  2   ]     [  a − b (  c m  +  c r  )  ]   2  b η   4    [  2 b η −   ( λ b + θ )  2   ]   2     [  4 b η −   ( λ b + θ )  2   ]   2    > 0 .  











In summary,    e *  > e   ( μ )  *  >   e ˜  *   ,    E *  > E   ( μ )  *  >   E ˜  *   . □





Proposition 5 shows that the greening level and environmental benefits under centralized decision-making are higher than those under a revenue-sharing contract and higher than those under manufacturer-dominated Stackelberg game decision-making. This demonstrates that the contract is more advantageous for an enterprise to accomplish its environmental benefits goal. Thus, an enterprise can provide the product with a higher greening level in the production process and achieve higher environmental benefits, thereby supporting centralized decision-making.



Proposition 6.

    π m    ( μ )  *  >   π ˜  m *    ,    π r    ( μ )  *  >   π ˜  r *   .





Proof. 

  ∵  λ 2   b 2  + 2 b η −   ( 2 λ b + θ )  2  > 0  ,   b η −   ( λ b + θ )  2  > 0  .


  ∴ 4  b 2   η 2  − 3 θ   ( λ b + θ )  3  + ( 2 θ − 6 λ b ) ( λ b + θ ) b η > 4 θ ( λ b + θ ) b η − 3 θ   ( λ b + θ )  3  > 0 ;  










  ∴  π m    ( μ )  *  −   π ˜  m *  =     ( λ b + θ )  2   {  4  b 2   η 2  + 4    [  b η −   ( λ b + θ )  2   ]   2  − 3 θ   ( λ b + θ )  3  + ( 2 θ − 6 λ b ) ( λ b + θ )   b η  }     [  a − b (  c m  +  c r  )  ]   2  η     4    [  2 b η −   ( λ b + θ )  2   ]   2     [  4 b η −   ( λ b + θ )  2   ]   2    > 0 ;  










   π r    ( μ )  *  −   π ˜  r *  =     ( λ b + θ )  4     [  a − b (  c m  +  c r  )  ]   2  η   8  [  2 b η −   ( λ b + θ )  2   ]     [  4 b η −   ( λ b + θ )  2   ]   2    > 0 .  








 □





Proposition 6 shows that the both manufacturer’s and retailer’s profits under the revenue-sharing contract are higher than those under manufacturer-dominated Stackelberg game decision-making. This demonstrates that a manufacturer and retailer are always willing to accept a revenue-sharing contract. Combined with Proposition 5, this contract can achieve the double optimization of profits and environmental benefits, and the supply chain can achieve perfect coordination.




8. Numerical Analysis


In the above part, the influence of a manufacturer (considering environmental benefits) on the supply chain was studied, the equilibrium solution under three different conditions was analyzed, and some management experience and inspiration were obtained. In this section, these conclusions were simulated by numerical examples using the Maple 2019 software and analyzed further. We assumed that the demand function of green products was   d = 200 − 2 p + g  , the cost of R&D investment was   I = 3  g 2   , the manufacturer’s production cost was    c m  = 10  , and the retailer’s selling cost was    c r  = 6  . From the existence conditions of Proposition 1, Proposition 2, and Proposition 3, we could get   0 ≤ λ ≤ 1.09  . By substituting the above values into the three cases, the decision variables under different models were obtained, and we obtained the following conclusion.



First, we analyzed the influence of the manufacturer’s environmental preference on the product’s greening level under three models: centralized decision making, decentralized decision making, and a revenue-sharing contract. As seen in Figure 1, the product greening level increased with the manufacturer’s environmental preference:    e *  > e   ( μ )  *  >   e ˜  *   . It could be concluded that the product’s greening level was the highest in centralized decision-making and the lowest in decentralized decision-making.



Second, we analyzed the influence of the manufacturer’s environmental preference on environmental benefits under the three models: centralized decision making, decentralized decision making, and a revenue-sharing contract. Figure 2 shows that the environmental benefits increased with the manufacturer’s environmental preference:    E *  > E   ( μ )  *  >   E ˜  *   . It also could be concluded that the environmental benefits were the highest in centralized decision-making and the lowest in decentralized decision-making. In addition, we also found that the revenue-sharing contract could coordinate the environmental benefits objective better, which was consistent with the above conclusion.



Third, we analyzed the influence of the manufacturer’s environmental preference on the wholesale price under a decentralized decision model and revenue-sharing contract model. Figure 3 shows that the wholesale price decreased with an increase of the manufacturer’s environmental preference, and the wholesale price under decentralized decision-making was higher than that under the revenue-sharing contract. Therefore, the manufacturer could make a profit by reducing the wholesale price under the revenue-sharing contract. Thus, the retailer could experience a higher profit return and coordinate the profit of the entire supply chain.



Fourth, we analyzed the influence of the manufacturer’s environmental preference on the retail price under three models: centralized decision making, decentralized decision making, and a revenue-sharing contract. Figure 4 shows that the retail price first increased and then decreased with an increase in the manufacturer’s environmental preference; the increase range was relatively small. Further, comparing the relationship between the three models obtains     p ˜  *  > p   ( μ )  *  >  p *   . Therefore, it could be concluded that the retailer could attract consumers by reducing the retail price when the manufacturer’s environmental preference was high, thereby making a small profit, selling it quickly, and achieving a higher total profit.



Fifth, we analyzed the influence of the manufacturer’s environmental preference on the manufacturer’s profit under a decentralized decision model and revenue-sharing contract model. Figure 5 shows that when the revenue-sharing contract was coordinated, the manufacturer’s profit first increased and then decreased with an increase of the manufacturer’s environmental preference, while its profit decreased with an increase of the manufacturer’s environmental preference when a decentralized decision was made. In addition, the manufacturer’s profit after coordination was higher. Thus, it could be concluded that the maximum profit existed under the revenue-sharing contract. The manufacturer would be more willing to consider environmental benefits as part of their decision-making goals when this condition was satisfied.



Sixth, we analyzed the influence of the manufacturer’s environmental preference on the retailer’s profit under decentralized decision model and revenue-sharing contract model. As seen in Figure 6, the retailer’s profit increased with an increase in the manufacturer’s environmental preference, and the retailer’s profit after coordination was larger. This result was consistent with the above conclusions. The manufacturer considers the environmental benefits objective to improve a retailer’s profit and achieves optimal coordination of the two sides’ decision-making goals through a revenue-sharing contract.



Last, we analyzed the influence of the manufacturer’s environmental preference on the supply chain’s profit under three models: centralized decision making, decentralized decision making, and a revenue-sharing contract. As seen in Figure 7, the supply profit first increased and then decreased with an increase of the manufacturer’s environmental preference when decentralized decision-making was coordinated through a revenue-sharing contract. The supply profit first increased and then decreased with an increase of the manufacturer’s environmental preference in centralized decision-making. In addition,    π  s c  *  ≥  π  s c     ( μ )  *  ≥   π ˜   s c  *    when the manufacturer’s environmental preference was low, and    π  s c     ( μ )  *  ≥   π ˜   s c  *  ≥  π  s c  *    when the manufacturer’s environmental preference was high. Therefore, the manufacturer’s environmental preference could not increase unlimitedly under centralized decision-making, and it could not produce growth of the overall optimal profit, as the high cost of R&D would restrain the enterprises’ green development. For decentralized decision-making and a revenue-sharing contract, the manufacturer that considers environmental benefits appropriately will not only improve the product’s green degree and the enterprise’s environmental benefits but also promote profit growth of the supply chain and facilitate a win–win situation for supply chain profits and social welfare.




9. Conclusions


In order to solve the problem of environmental protection in the current society, this paper discussed the impact of the manufacturer’s consideration of environmental benefits on a green supply chain. Based on multi-objective optimization theory, this study constructed a game model for a supply chain under different structures, under which the manufacturer uses profit and environmental benefits as its decision-making objectives. Furthermore, this study also established a revenue-sharing contract model to achieve double coordination of profit and environmental benefits. Then, the study compared and analyzed the changes of the supply chain members’ optimal decision-making under three different models and provided theoretical reference for enterprises to implement green supply chain management.



The results show that a manufacturer’s consideration of environmental benefits could always enhance the greening level and environmental benefits, which increased with the degree of environmental preference. To improve these environmental benefits, enterprises need to first change their traditional concepts, enhancing the managers’ understanding of environmental protection. In decentralized decision-making, a manufacturer’s consideration of environmental benefits would increase the retailer’s profit and decrease the manufacturer’s profit; the entire supply chain’s profit would increase first and then decrease. After considering environmental benefit, the double marginal benefit was more obvious. Retailers should not only focus on improving their own profits but also on promoting the overall performance of the green supply chain and maintaining the environmental benefits of a stable supply chain. In these circumstances, implementing a green supply chain and establishing cooperation among upstream manufacturers and downstream retailers are needed for supply chain enterprises to further develop.



Under a revenue-sharing contract, the greening level, environmental benefits, as well as the manufacturer’s and retailer’s profits would all increase. Moreover, the manufacturer’s profit had its maximum value in the range. This means that manufacturers and retailers were always willing to accept this contract, and the supply chain achieved double coordination of profit and environmental benefits. Under the premise of consumers’ green preference, the profit of the supply chain and the natural environment were not contradictory; they could develop in coordination. An appropriate coordination strategy could not only improve the degree of environmental protection but also promote an increase of the profit and facilitate the double optimization of the supply chain. The above conclusion provides a theoretical basis for enterprises to implement green sustainable development, thereby driving upstream and downstream members of the supply chain to cooperate in implementing green supply chain management.



In order to further promote coordinated cooperation between upstream and downstream enterprises and strengthen the sustainable development of the green supply chain, several aspects must improve. To illustrate, supply chain members should change the idea that most green supply chains completely depend on manufacturers to research and design products. A few retailers should start to innovate green products, while the government and society could give enterprises appropriate financial support to promote the development of green products. Furthermore, because an effective contract coordination mechanism is based on a high quality of information sharing, the members of a green supply chain should strengthen their information construction and improve their information sharing level. The information sharing in a green supply chain will effectively promote division and cooperation, further promoting the green transformation of enterprises.



This paper established a theoretical basis for supply chain enterprises to actively implement green sustainable development and provided a decision-making reference for manufacturers and retailers for product pricing and greening level. Although our study offered several innovations, there were still a few shortcomings and deficiencies remaining. For example, this study only considered green supply chain management based on a manufacturer’s concerns about environmental benefits. The retailer’s part in leading the implementation of green management was not considered and ignored the driving role of the government in the process of enterprises’ green transformations. Future research should focus on this issue and try to resolve the problem.
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Figure 1. Product greening level vs.  λ . 
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Figure 2. Environmental benefits vs.  λ . 
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Figure 3. Wholesale price vs.  λ . 
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Figure 4. Retail price vs.  λ . 
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Figure 5. Manufacturer’s profit vs.  λ . 
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Figure 6. Retailer’s profit vs.  λ . 
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Figure 7. Supply chain’s profit vs.  λ . 
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Table 1. Parameters and their meanings.
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	Parameter
	Meaning
	Parameter
	Meaning





	  a  
	The total market potential
	  E  
	The environmental benefits



	  b  
	Consumer sensitivity to retail price
	  θ  
	Consumer sensitivity to greening level



	  e  
	The greening level of products
	  η  
	The green investment parameter



	  w  
	The wholesale price
	  I  
	The cost of R&D investment



	  p  
	The retail price
	  λ  
	The environmental preference



	    c m    
	The cost of producing products
	    c r    
	The cost of selling products
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Table 2. Comparison table of the three models.






Table 2. Comparison table of the three models.











	
	Centralized Decision Model
	Decentralized Decision Model
	Revenue-Sharing Contract Model





	  w  
	
	     2  [  a + b  (   c m  −  c r   )   ]  η −  c m   θ 2  − λ  [  λ  (  a b −  b 2   c r   )  + b  (   c m  −  c r   )  θ + a θ  ]    4 b η −    (  λ b + θ  )   2      
	      {  2  [  a + b (  c m  −  c r  )  ]  η − (  c m  −  c r  )  θ 2  − λ  [  2 λ ( a b −  b 2   c r  ) + b (  c m  − 3  c r  ) θ + 3 a θ  ]   }  b − a  θ 2    2  [  2 b η −   ( λ b + θ )  2   ]  b     



	  p  
	      [  a + b  (   c m  +  c r   )   ]  η −  (   c m  +  c r   )   θ 2  − λ  [  λ a b + a θ + b  (   c m  + c  )  θ  ]    2 b η −    (  λ b + θ  )   2      
	      [  3 a + b  (   c m  +  c r   )   ]  η −  (   c m  +  c r   )   θ 2  − λ  [  λ a b + a θ + b  (   c m  +  c r   )  θ  ]    4 b η −    (  λ b + θ  )   2      
	      {   [  3 a + b (  c m  +  c r  )  ]  η − (  c m  +  c r  )  θ 2  − λ ( 2 λ a b + 3 a θ + b (  c m  +  c r  ) θ )  }  b − a  θ 2    2  [  2 b η −   ( λ b + θ )  2   ]  b     



	  e  
	      (  λ b + θ  )   [  a − b  (   c m  +  c r   )   ]    2 b η −    (  λ b + θ  )   2      
	      (  λ b + θ  )   [  a − b  (   c m  +  c r   )   ]    4 b η −    (  λ b + θ  )   2      
	     ( λ b + θ )  [  a − b (  c m  +  c r  )  ]    2  [  2 b η −   ( λ b + θ )  2   ]      



	  E  
	      (  λ b + θ  )     [  a − b  (   c m  +  c r   )   ]   2  b η      [  2 b η −    (  λ b + θ  )   2   ]   2      
	      (  λ b + θ  )     [  a − b  (   c m  +  c r   )   ]   2  b η      [  4 b η −    (  λ b + θ  )   2   ]   2      
	     ( λ b + θ )    [  a − b (  c m  +  c r  )  ]   2  b η   4    [  2 b η −   ( λ b + θ )  2   ]   2      



	    π m    
	
	      [   λ 2   b 2  + 4 b η −    (  2 λ b + θ  )   2   ]     [  a − b  (   c m  +  c r   )   ]   2  η   2    [  4 b η −    (  λ b + θ  )   2   ]   2      
	      (  2 b η − 2  λ 2   b 2  − 3 λ b θ −  θ 2   )     [  a − b (  c m  +  c r  )  ]   2  η   4    [  2 b η −   ( λ b + θ )  2   ]   2      



	    π r    
	
	        [  a − b  (   c m  +  c r   )   ]   2  b  η 2       [  4 b η −    (  λ b + θ  )   2   ]   2      
	        [  a − b (  c m  +  c r  )  ]   2  η   8  [  2 b η −   ( λ b + θ )  2   ]      



	    π  sc     
	      [   λ 2   b 2  + 2 b η −    (  2 λ b + θ  )   2   ]     [  a − b  (   c m  +  c r   )   ]   2  η   2    [  2 b η −    (  λ b + θ  )   2   ]   2      
	      [   λ 2   b 2  + 6 b η −    (  2 λ b + θ  )   2   ]     [  a − b  (   c m  +  c r   )   ]   2  η   2    [  4 b η −    (  λ b + θ  )   2   ]   2      
	      (  6 b η − 5  λ 2   b 2  − 8 λ b θ − 3  θ 2   )     [  a − b (  c m  +  c r  )  ]   2  η   8    [  2 b η −   ( λ b + θ )  2   ]   2      
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