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Abstract

:

This paper focuses on the reduction of carbon emissions driven by cap-and-trade regulation and consumers’ low-carbon preference in a dual-channel supply chain. Under the low-carbon environment, we also discuss the pricing strategies and the profits for the supply chain members using the Stackelberg game model in two cases. In the first (second) case where the initial proportion of consumers who prefer the online direct channel (traditional retail channel) is “larger”, the direct sale price of low-carbon products could be set higher than (equal to) the wholesale price. And it is shown that in both cases, tighter cap-and-trade regulation and higher low-carbon preference stimulate the manufacturer to cut carbon emissions in its production process. However, improving consumers’ low-carbon preference is more acceptable to the supply chain members. It always benefits the manufacturer and the retailer. In comparison, the firm’s profit increases with carbon price only when the clean production level is relatively high. Our findings can provide useful managerial insights for policy-makers and firms in the development of low-carbon sustainability.
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1. Introduction


With economic development, the environment which people survive on has suffered serious damage. As an important part of environmental issues, global warming which is mainly caused by carbon emissions from human activities further intensifies. According to the report of the Intergovernmental Panel on Climate Change (IPCC), the rising rate of global temperature in recent 50 years is approximately twice as fast as that in previous periods. Reducing carbon emissions is urgently needed.



Governments in many countries have implemented policy instruments to regulate carbon emissions. A typical policy is the cap-and-trade regulation, in which “cap” indicates government sets and limits the total amount of carbon emissions and “trade” indicates firms can buy/sell permits in carbon trading market if their permits are short/surplus [1]. From enterprises’ perspective, more specifically, they need to make a tradeoff between spending in carbon market and reducing their own emissions [2,3]. Since the European Union Emissions Trading Scheme (EU ETS) was established in 2005, the movement has spread rapidly to Europe, North America, Asia and South America [4].



At the same time, people’s environmental awareness is increasing. More and more consumers begin to pay attention to the environmental performance of products and present their low-carbon preference in choosing products. Eurobarometer survey in 2008 suggests when deciding which products to buy, 34% of citizens felt that the environmental performance of products is “very important” and 49% felt “rather important” [5]. Consumers’ low-carbon preference can provide low-carbon products with added value. And the higher the preference, the more consumers are willing to pay more for low-carbon products [6,7]. It could also be said that the preference actually gives an added-market for low-carbon products [8]. Accordingly, manufacturers may voluntarily participate in low-carbon production to improve their market competitiveness. For example, Haier, Gree and Lenovo integrate the low-carbon concept to product development, design, production and sales.



Based on the above background, it is of great practical significance to investigate the impacts of cap-and-trade regulation and consumers’ low-carbon preference on firms’ operational decisions. Furthermore, e-commerce is developing rapidly in recent years. Chinese e-commerce colossus Alibaba announced the daily turnover in its Double 11 event of 2017 hit a record of 18 billion dollars. Recognizing the inevitable trend of e-commerce development, many branded manufacturers such as IBM, Nike and Apple have opened online shops to sell their products [9]. In this context, a dual-channel supply chain which consists of an online direct channel operated by manufacturer and a traditional retail channel operated by manufacturer and retailer emerges. Obviously, it strikes the traditional retail market and leads to the competition between manufacturer and retailer. Considering these realistic factors, it is necessary to analyze the pricing and low-carbon strategies for chain members.



As discussed above, we consider a dual-channel supply chain. And with the cap-and-trade regulation and consumers’ low-carbon preference, we try to answer the following research questions: (1) After opening online direct channel under low-carbon environment, what is the impact on the chain members’ pricing policies? (2) What is the impact of cap-and-trade policy intensity on the players’ emission reduction behaviors and profits? (3) How about the impact of consumers’ low-carbon preference? And through comparatively evaluating the two drivers, what managerial insights can be obtained for policy-makers and firms?



To address these questions, this paper uses the Stackelberg game model to analyze the dual-channel low-carbon supply chain consisting of one manufacturer and one retailer. Here, the manufacturer is the leader of the game. It produces low-carbon products and decides the low-carbon degree of the products. And it decides the wholesale price of the products sold to the retailer and the direct sale price of the products sold to consumers online. The retailer is the follower. It decides the retail price of the low-carbon products. Then, we derive some valuable results: First, we find that when the initial proportion of consumers who prefer the direct channel is “larger”, the manufacturer could set the direct sale price higher than the wholesale price; otherwise, the direct sale price could be set equal to the wholesale price. “Larger” is not only judged by 1/2, but also related to the gap between the low-carbon sensibilities of direct channel and retail channel. Second, we find that both stricter regulation and higher preference stimulate the manufacturer to reduce carbon emissions. And improving low-carbon preference always benefits the manufacturer and the retailer. However, the firm may benefit from tighter cap-and-trade regulation only when the clean production level is relatively high. These results will provide references for the strategies of policy-makers and firms in low-carbon development.



The remainder of this paper is organized as follows. In Section 2, we review the related literature. In Section 3, we introduce the notations and assumptions, and present the model. In Section 4, we derive the equilibrium results and discuss the results. In Section 5, we conduct numerical experiments. In Section 6, conclusions and some future research directions are presented. In addition, all proofs are provided in Appendix A.




2. Literature Review


Our study is closely relevant to the research on green or sustainable supply chain management (GSCM/SSCM). GSCM integrates environmental dimensions into supply chain management, and its core parts include green procurement, green logistics, green manufacturing and reverse logistics [10]. The implementation of GSCM can improve the economic performance, environmental performance and social performance of organizations, which in turn stimulates the organizations to continue greening [10,11,12]. Green procurement emphasizes on reducing environmental impacts of sourcing and increasing resource efficiency [13]. Green logistics contains two important activities: transportation and warehousing. It has attracted many researchers’ interest in this field, such as companies’ intentions to reduce transportation emissions, drivers and barriers affecting the reduction, and environmental sustainability in logistics service providers [14,15,16,17,18]. Reverse logistics is an important support of circular economy, which further conserves natural resources and environment. And recently, sustainable closed loop supply chain is a research hotspot [19,20].



Green manufacturing which is also called green production, aims at the pursuit of economic benefits while reducing environmental impacts of manufacturing activities [21]. The existing literature has studied green production from four aspects: green product [22], green processes and operations [23,24,25], green use [26], and green end-of-life management [27]. Our paper focuses on the carbon emission reduction decision of the manufacturer in its production process driven by cap-and-trade regulation and consumers’ low-carbon preference. To highlight our contribution, we shall only review the literature about green operations especially emission reduction decisions driven by cap-and-trade regulation and consumers’ preference.



In the view of emission reduction driven by cap-and-trade regulation, Du et al. focused on an emission-dependent supply chain and analyzed the influence of the emission cap allocated by government on decision-making [28]. They demonstrated that manufacturer’s emissions level increases with the carbon cap. In other words, tighter cap-and-trade regulation can stimulate manufacturer to emit less carbon. However, they just considered the emission reduction through cutting down production instead of adopting low-carbon technology. Some other studies introduced low-carbon technology. However, these studies just regarded cap-and-trade regulation as a driver for emission reduction, and did not analyze the effects of the policy intensity on emission reduction [29,30]. Qin et al. analyzed the emission reduction considering three demand forecasting scenarios under the cap-and-trade scheme [31]. And they delved the impacts of the cap-and-trade policy just by conducting numerical experiments, which needs further theoretical analysis.



In the view of emission reduction driven by consumers’ environmental awareness, Liu et al. analyzed the influence of the driver on supply chain members given three types of competition structure, involving the competition between manufacturers and the competition between retailers [32]. Results indicated manufacturers’ emission reduction increases with consumers’ environmental awareness, and manufacturers and retailers with superior green operations benefit. Du et al. made a similar contribution [33]. They showed the emission reduction and the channel profit increase with consumers’ low-carbon preference in the emission-concerned supply chain. Our paper will continue to contribute to the subject, and comparatively evaluate the two realistic drivers.



However, none of the above studies is performed under a dual-channel supply chain. With the rapid growth of e-commerce, more and more scholars pay attention to dual-channel supply chain management [34,35,36,37,38,39,40]. There are two ways forming dual-channel: manufacturer opens online channel as in our paper; retailer opens online channel. However, there are only a few studies exploring green operations in the dual-channel supply chain. In this area, Chen et al. built a game model to investigate pricing policies of a dual-channel supply chain, where the differentiation of channel environmental sustainability is considered [41]. Similarly, some research suggested online channel could lower the environmental effect of shopping and analyzed how this impacts chain members’ decisions [42,43,44]. Ji et al. developed a dual-channel mode for retailer and analyzed the emission reduction strategies of players driven by cap-and-trade regulation [45]. Their focus was on discussing and comparing the influences of initial carbon allowance allocation rules, which differs with ours.



The closest papers to our study are Li et al. [46] and Ji et al. [47]. Li et al. discussed the pricing and green strategies of players in a competitive dual-channel supply chain using a game-theoretic framework [46]. However, they just considered the influence of consumers’ preference without the low-carbon policy. Ji et al. continued to make a contribution in this issue by exploring players’ emission reduction behaviors under cap-and-trade regulation [47]. However, they simply compared the cases with regulation and without regulation, and did not discuss the influence of policy intensity. In addition, the focus of these two papers was supply chain members’ channel choice. They didn’t continue to formally investigate the effect on players’ decision-makings especially pricing strategies after manufacturer opens online direct channel under low-carbon environment. Our paper aims to fill these gaps.




3. The Model


This paper considers a dual-channel low-carbon supply chain, which consists of a traditional retail channel operated by manufacturer and retailer and an online direct channel operated by manufacturer. In the environment of government’s cap-and-trade regulation and consumers’ low-carbon preference, the manufacturer makes one kind of low-carbon products. Consumers can buy the low-carbon products through either the retail channel or the direct channel, depending on their preference. Naturally, these two channels will compete on the product sale price.



Similar to Liu et al. [32], Li et al. [46] and Ji et al. [47], we assume that the demands in the retail channel and the direct channel are linear functions of retail price, direct sale price and carbon emission reduction level, as follows:


    D r  = ρ a −  p r  + λ  p m  +  β r  e   



(1)






    D m  = ( 1 − ρ ) a −  p m  + λ  p r  +  β m  e   



(2)




where     D r     and     D m     are the demands of the low-carbon products in the retail channel and the direct channel, respectively. Both demands are negatively related to the sale price in their own channel, positively related to the sale price in their competitive channel, and positively related to the level of carbon emission reduction per unit produced denoted by   e  .   a   is the potential market demand of the low-carbon products. We assume it is constant and significantly larger than the other parameters.    ρ ( 0 < ρ < 1 )    is the initial proportion of consumers who prefer the retail channel, and    1 − ρ    is the initial proportion of consumers who prefer the direct channel.     p r     and     p m     are the product sale prices in the retail channel and the direct channel, respectively.   λ   is the cross-price sensitivity coefficient, and    0 < λ < 1    indicates one channel’s price has a greater effect on the channel’s demand compared to its competitive channel’s price.     β r     and     β m     are the low-carbon sensitivity coefficients in the retail channel and the direct channel, respectively. They measure consumers’ low-carbon preference. And their larger values mean that consumers are more sensitive to the low-carbon performance of products. We suppose    0 <  β m  <  β r  < 1   , which indicates one channel’s price effect is larger than low-carbon degree effect, and the improvement level of carbon emissions has greater influences on the retail channel’s demand than the direct one since the low-carbon products purchased from the direct channel cannot be examined physically and are only checked through websites.



In the cap-and-trade system, government initially allocates free carbon permits to the manufacturer, and we use    A ( A ≥ 0 )    to denote the initial permits allocation. The manufacturer can buy permits from carbon trading market when the amount it emits exceeds the cap   A  . Conversely, the manufacturer can also sell its excessive permits in the carbon market. The permit price, denoted by   p  , is decided by the carbon market.



To make low-carbon production, the manufacturer employs low-carbon technologies, which incurs some extra cost. Following Liu et al. [32], Li et al. [46] and Ji et al. [47], we assume the extra cost is a quadratic function of emission reduction level:


   C ( e ) =   k  e 2   / 2    



(3)




where   k   is the cost coefficient of carbon emission reduction. A higher amount of carbon abatement is more difficult. In addition, we assume   c   is the unit production cost of the traditional product without adoption of low-carbon technologies, and     e 0     is the carbon emission level per unit tradition production.



We model the supply chain structure, as shown in Figure 1.   w   represents the wholesale price of the low-carbon products. It is assumed all the information is common knowledge to the manufacturer and the retailer. The Stackelberg game is used to process the model. The manufacturer as the leader first decides the emission reduction level   e  , the wholesale price   w   and the direct sale price     p m    . The retailer as the follower then decides the retailer price     p r    .



The participants in the supply chain seek to maximize their profits. In order to ensure that the manufacturer and the retailer gain non-negative profits, we have:    c ≤ w ≤  p r     and    c ≤  p m    . In addition, it should also be satisfied that the demand in each channel is non-negative.



Based on the above assumptions, the manufacturer’s profit     π m     and the retailer’s profit     π r     are modeled as follows:


      π m    = ( w − c )  D r  + (  p m  − c )  D m  − C ( e ) − p [ (  D r  +  D m  ) (  e 0  − e ) − A ]      = ( w − c ) ( ρ a −  p r  + λ  p m  +  β r  e ) + (  p m  − c ) [ ( 1 − ρ ) a −  p m  + λ  p r  +  β m  e ]        −   k  e 2   / 2  − p { [ a − ( 1 − λ ) (  p r  +  p m  ) + (  β r  +  β m  ) e ] (  e 0  − e ) − A }     



(4)




where the last term in Equation (4) is the cost the manufacturer has to pay in the carbon trading market. It can also be negative, which means the revenue the manufacturer receives from the carbon market.


      π r    = (  p r  − w )  D r       = (  p r  − w ) ( ρ a −  p r  + λ  p m  +  β r  e )     



(5)








4. Model Solutions and Discussions


In this section, we derive the optimal decisions for the supply chain members. Further, we analyze and discuss the equilibrium solutions. We focus on the impacts of cap-and-trade regulation and consumers’ low-carbon preference on the manufacturer’s carbon emission reduction and firms’ profits. And some management insights are obtained to promote low-carbon production.



Backward induction is used to find the equilibrium of this game. We first get the retailer’s optimal response function from its profit maximization, in which     p r     is expressed by   e  ,   w   and     p m    :


    p r  =   ρ a + λ  p m  +  β r  e + w  2    



(6)







Substituting Equation (6) into Equation (4), the optimization problem of the manufacturer is expressed as:


       max   e , w ,  p m     π m  =   ( w − c ) (   ρ a  2  +  λ 2   p m  +    β r   2  e −  1 2  w ) + (  p m  − c ) [ ( 1 − ρ +   λ ρ  2  ) a − ( 1 −    λ 2   2  )  p m  + (   λ  β r   2  +  β m  ) e +  λ 2  w ]      −  k 2   e 2  − p { [ ( 1 −   ( 1 − λ ) ρ  2  ) a −   ( 1 − λ ) ( 2 + λ )  2   p m  + (   1 + λ  2   β r  +  β m  ) e −   1 − λ  2  w ] (  e 0  − e ) − A }     



(7)







We find     π m     is jointly concave with   w   and     p m    . For the optimal solution of the manufacturer’s problem, we first determine   w   and     p m     with respect to the carbon emission reduction level:


   w =   a ( λ + ρ − λ ρ ) + c ( 1 −  λ 2  ) + (  β m  λ +  β r  ) e + ( 1 −  λ 2  ) (  e 0  − e ) p   2 ( 1 −  λ 2  )     



(8)






    p m  =   a ( 1 − ρ + λ ρ ) + c ( 1 −  λ 2  ) + (  β m  +  β r  λ ) e + ( 1 −  λ 2  ) (  e 0  − e ) p   2 ( 1 −  λ 2  )     



(9)







Note that the wholesale price cannot be higher than the direct sale price; otherwise the retailer will buy the low-carbon products with the direct sale price. Thus, we discuss the pricing strategy of the manufacturer in two cases. If    0 < ρ <  1 2  −   (  β r  −  β m  ) e   2 a     , it can be seen that    w <  p m    , so the manufacturer sets the wholesale price and direct sale price as Equations (8) and (9). Intuitively, when the initial potential market demand in the retail channel is relatively small, the direct sale price is set higher than the wholesale price. If     1 2  −   (  β r  −  β m  ) e   2 a   ≤ ρ < 1   , implying the initial potential market demand in the retail channel is relatively large, the manufacturer sets the wholesale price equal to the direct sale price. Moreover, the above threshold is less than 1/2, due to the demand advantage caused by the low-carbon sensitivity in the retail channel. Further detailed discussion is performed as follows.



4.1. Case 1:    0 < ρ <  1 2  −   (  β r  −  β m  ) e   2 a     


In this case, a relatively large number of consumers initially prefer buying the low-carbon products from the online direct channel. Because of this demand advantage in the direct channel, the manufacturer sets the direct sale price higher than the wholesale price. It offers useful marketing insights for firms. For the products whose consuming objections mainly concentrate on young consumers or the consumer groups who are used to shopping online, in which different low-carbon sensibilities in these two channels also matter, their direct sale price could be set higher than their wholesale price.



Substituting Equations (8) and (9) into Equation (7) and solving the optimization problem, we obtain the following:



Lemma 1.

If    0 < ρ <  1 2  −   (  β r  −  β m  ) e   2 a     , the optimal carbon emission reduction level for the manufacturer is:




	(i) 

	
    e ∗  =   a M − N   4 ( k − K )      for    k > K   ,




	(ii) 

	
    e ∗  =  e 0     for    k ≤ K   ,









where


   K =  1 4  ( λ + 3 ) ( 1 − λ )  p 2  +  1 2   β r  p ( 1 + λ ) +  β m  p +    β m 2    2 ( 1 −  λ 2  )   +    β m   β r  λ   1 −  λ 2    +    β r 2  (  λ 2  + 1 )   4 ( 1 −  λ 2  )   ,   










   M =   2  β m  ( 1 − ρ + λ ρ )   1 −  λ 2    +    β r  ρ ( 1 − λ )   1 + λ   +   2  β r  λ   1 −  λ 2    + p ( 2 − ρ + λ ρ ) ,   










   N = ( λ + 3 ) ( 1 − λ ) (  e 0  p + c ) p + 2  β m  ( c +  e 0  p ) +  β r  ( c +  e 0  p ) ( 1 + λ ) .   













It is easy to see that when the carbon abatement cost is low (   k ≤ K   ), the manufacturer chooses to reduce emissions completely. And if the abatement cost is high (   k > K   ), the manufacturer’s decision on emission reduction depends on a series of factors. In particular, we will explore how     e ∗     changes with cap-and-trade regulation and consumers’ low-carbon preference.



In the following, we focus on discussing the case of    k > K   .



Proposition 1.






	(1) 

	
     ∂  e ∗    ∂ p   > 0   ;




	(2) 

	
     ∂  e ∗    ∂  β m    >   ∂  e ∗    ∂  β r    > 0   .











Proposition 1 indicates that the higher carbon price stimulates the manufacturer to emit less carbon. In the cap-and-trade system, the cap   A   has no impact on the manufacturer’s emission reduction decision. However, the cap of the whole carbon market which is supplied by government matters since it significantly affects the carbon price.



Moreover, the higher consumers’ low-carbon preference, the more the manufacturer is willing to cut carbon emissions in order to enhance its environmental image and market competitiveness. And the low-carbon sensitivity in direct channel provides greater incentives for the manufacturer to reduce emissions than that in the retail channel. This is because the increment of consumers’ low-carbon preference degree that increasing     β m     corresponds to is obviously greater, compared to increasing the same amount of     β r    . In order to promote low-carbon production, government should especially encourage and support online advertising of the low-carbon attributes of green products.



Substituting     e ∗     into Equations (8) and (9), we can obtain the optimal wholesale price and direct sale price. Then through Equation (6), we also obtain the optimal retail price. And substituting these into Equations (4) and (5), we obtain the manufacturer’s optimal profit     π m ∗     and the retailer’s optimal profit     π r ∗    .



Proposition 2.






	(1) 

	
There exists     e ¯  ∈ [ 0 ,  e 0  ]    such that




	(i) 

	
     ∂  π m ∗    ∂ p   < 0    for    0 ≤  e ∗  <  e ¯    ;




	(ii) 

	
     ∂  π m ∗    ∂ p   > 0    for     e ¯  <  e ∗  ≤  e 0    .










	(2) 

	
     ∂  π m ∗    ∂  β r    > 0   ,      ∂  π m ∗    ∂  β m    > 0   .











Proposition 2(1) indicates how the cap-and-trade regulation impacts the manufacturer’s optimal profit. If the manufacturer’s carbon emission reduction level is less than the threshold (   e ¯   ), its profit decreases as the carbon price increases. This is because the manufacturer has to buy permits from the carbon market when its carbon abatement level is low. And higher carbon price makes it pay more in the carbon market. However, the manufacturer’s profit increases as the carbon price increases if its carbon emission reduction level is greater than the threshold. This is because the manufacturer starts to have an advantage in the carbon market when it emits less pollution. The rise in carbon price enhances this advantage, and the high carbon price is enough for low-carbon production.



Proposition 2(2) indicates when consumers’ low-carbon preference increases, the manufacturer will raise its profit. It is straightforward. With the rising of consumers’ low-carbon preference, the demand of low-carbon products increases.



Proposition 3.






	(1) 

	
There exists     e ⌒  ∈ [ 0 ,  e ¯  ]    such that




	(i) 

	
     ∂  π r ∗    ∂ p   < 0    for    0 ≤  e ∗  <  e ⌒    ;




	(ii) 

	
     ∂  π r ∗    ∂ p   > 0    for     e ⌒  <  e ∗  ≤  e 0    .










	(2) 

	
     ∂  π r ∗    ∂  β r    > 0   ,      ∂  π r ∗    ∂  β m    > 0   .











Proposition 3(1) indicates that the higher carbon price decreases the retailer’s profit if    0 ≤  e ∗  <  e ⌒    , and the higher carbon price increases the retailer’s profit if     e ⌒  <  e ∗  ≤  e 0    , where     e ⌒  <  e ¯    . We make detailed explanations below. When    0 ≤  e ∗  <  e ⌒     holds, the manufacturer reduces more emissions with the rising of carbon price, which incurs higher low-carbon production cost. And the manufacturer transfers the cost to the retailer. When     e ¯  <  e ∗  ≤  e 0     holds, the manufacturer benefits from the rising of carbon price, which incurs lower pricing of the low-carbon products. It is beneficial for the retailer. When     e ⌒  <  e ∗  <  e ¯     holds, although the manufacturer costs more to reduce more emissions, the retailer’s profit still increases with the carbon price. At this point, the demand in the retail channel is increased, but it is not so for the direct channel.



Proposition 3(2) indicates the low-carbon sensitivities in both the retail channel and direct channel have positive effects on the retailer’s profit. A rise in     β r     increases the demand in the retail channel, which directly leads to increased retailer’s profit. A rise in     β m     also increases the retailer’s profit. It is reasonable because in Case 1 where the wholesale price is set lower than the direct sale price, the retailer has an advantage in the product price. And the rise in     β m     could improve this advantage. In short, increasing consumers’ low-carbon preference allows the retailer to earn more profit.




4.2. Case 2:     1 2  −   (  β r  −  β m  ) e   2 a   ≤ ρ < 1   


In this case, a relatively large number of consumers initially prefer buying the low-carbon products from the traditional retail channel. Considering this demand advantage in the retail channel and the retailer’s strategy choice, the manufacturer sets the direct sale price equal to the wholesale price. This offers useful marketing insights for firms when products’ consuming objections mainly concentrate on old consumers or the consumer groups who are used to shopping in stores, in which different low-carbon sensibilities in the two channels also matter.



Setting     p m     equal to   w   in Equations (6) and (7), the followings are obtained:


    p r  =   ρ a + ( λ + 1 ) w +  β r  e  2    



(10)






       max     e , w    π m  =   ( w − c ) [ ( 1 −   ( 1 − λ ) ρ  2  ) a −   3 − 2 λ −  λ 2   2  w + (   1 + λ  2   β r  +  β m  ) e ] −  k 2   e 2       − p { [ ( 1 −   ( 1 − λ ) ρ  2  ) a −   3 − 2 λ −  λ 2   2  w + (   1 + λ  2   β r  +  β m  ) e ] (  e 0  − e ) − A }     



(11)







It can be seen that     π m     is concave with   w  . We first determine   w   with respect to the carbon emission reduction level:


   w =   [  β m  +   ( 1 + λ )  β r   2  ] e + ( 1 −  ρ 2  +   λ ρ  2  ) a   ( λ + 3 ) ( 1 − λ )   +  1 2  c +  1 2  p (  e 0  − e )   



(12)







Substituting Equation (12) into Equation (11) and then differentiating Equation (11) with respect to   e  , we obtain the following:



Lemma 2.

If     1 2  −   (  β r  −  β m  ) e   2 a   ≤ ρ < 1   , the optimal carbon emission reduction level for the manufacturer is:




	(i) 

	
    e ∗  =   U V   4 ( k −  K ˜  )      for    k >  K ˜    ,




	(ii) 

	
    e ∗  =  e 0     for    k ≤  K ˜    ,









where


    K ˜  =  1 4  ( λ + 3 ) ( 1 − λ )  p 2  +   2  β m  + ( 1 + λ )  β r   2  p +   4  β m 2  + 4 ( λ + 1 )  β m   β r  +   ( λ + 1 )  2   β r 2    4 ( λ + 3 ) ( 1 − λ )   ,   










   U =   2  β m  + ( 1 + λ )  β r    ( λ + 3 ) ( 1 − λ )   + p ,   










   V = ( 2 − ρ + λ ρ ) a − ( λ + 3 ) ( 1 − λ ) ( c +  e 0  p ) .   













It is easy to see that when the carbon abatement cost is low (   k ≤  K ˜    ), the manufacturer chooses to reduce emissions completely. And if the abatement cost is high (   k >  K ˜    ), the manufacturer’s emission reduction decision depends on a series of factors, including the carbon price and low-carbon sensitivities in both channels. In the following, we focus on discussing the case of    k >  K ˜    .



Next, we provide propositions that state the impacts of cap-and-trade regulation and consumers’ low-carbon preference on carbon emission reduction and the firms’ profits.



Proposition 4.






	(1) 

	
     ∂  e ∗    ∂ p   > 0   ;




	(2) 

	
     ∂  e ∗    ∂  β m    >   ∂  e ∗    ∂  β r    > 0   .











Similar to Proposition 1, Proposition 4 also indicates that both the higher carbon price and the higher consumers’ preference stimulate the manufacturer to carry out its low-carbon production. In addition, the low-carbon sensitivity in the direct channel provides greater incentives for the manufacturer to reduce emissions than that in the retail channel.



Substituting     e ∗     into Equation (12), we can obtain the optimal wholesale price which is equal to the direct sale price. Then through Equation (10), we also obtain the optimal retail price. And substituting these into Equations (4) and (5), we obtain the manufacturer’s optimal profit     π m ∗     and the retailer’s optimal profit     π r ∗    .



Proposition 5.






	(1) 

	
There exists     e ˜  ∈ [ 0 ,  e 0  ]    such that




	(i) 

	
     ∂  π m ∗    ∂ p   < 0    for    0 ≤  e ∗  <  e ˜    ;




	(ii) 

	
     ∂  π m ∗    ∂ p   > 0    for     e ˜  <  e ∗  ≤  e 0    .










	(2) 

	
     ∂  π m ∗    ∂  β r    > 0   ,      ∂  π m ∗    ∂  β m    > 0   .











Similar to Proposition 2, Proposition 5 indicates how the cap-and-trade regulation and consumers’ low-carbon preference impact the manufacturer’s optimal profit. If the manufacturer’s carbon emission reduction level is less than the threshold (   e ˜   ), the firm’s profit decreases as the carbon price increases. On the contrary, the manufacturer’s profit increases as the carbon price increases if its carbon emission reduction level is greater than the threshold. Moreover, increasing consumers’ preference brings more profit to the manufacturer.



Proposition 6.






	(1) 

	
There exists     e ⌣  ∈ [ 0 ,  e ˜  ]    such that




	(i) 

	
     ∂  π r ∗    ∂ p   < 0    for    0 ≤  e ∗  <  e ⌣    ;




	(ii) 

	
     ∂  π r ∗    ∂ p   > 0    for     e ⌣  <  e ∗  ≤  e 0    .










	(2) 

	
     ∂  π r ∗    ∂  β r    > 0   ,      ∂  π r ∗    ∂  β r    +   ∂  π r ∗    ∂  β m    > 0   .











Similar to Proposition 3(1), Proposition 6(1) indicates that the higher carbon price decreases the retailer’s profit if    0 ≤  e ∗  <  e ⌣    , and the higher carbon price increases the retailer’s profit if     e ⌣  <  e ∗  ≤  e 0    , where     e ⌣  <  e ˜    .



Proposition 6(2) states that the low-carbon sensitivity in the retail channel has a positive effect on the retailer’s profit. And increasing consumers’ low-carbon preference brings more profit to the retailer. In fact, the low-carbon sensitivity in the direct channel may even have a negative effect on the retailer’s profit when the emission reduction level is high, since a rise in     β m     increases the demand in the direct channel, which is not profitable for the retailer. However, the effect of     β r     on the retailer’s profit is significantly larger, which results that the net effect of consumers’ preference is positive.



It is shown that in any case, both stricter cap-and-trade regulation and higher consumers’ low-carbon preference push the manufacturer to reduce carbon emissions in its production process. However, compared to the cap-and-trade regulation, improving consumers’ low-carbon preference is more acceptable to the supply chain members, since it always benefits the manufacturer and the retailer. In contrast, the firm’s profit increases as the carbon price rises only when the clean production degree is relatively high. In practice, the carbon price doesn’t raise high enough to employ low-carbon technologies for large-scale emission reduction. It provides some managerial insights for government and firms. “Low-carbon preference” can be regarded as an important policy instrument to promote low-carbon development. In the long run, “low-carbon preference” policy can fundamentally transform economic development model. And firms especially retailers may also accept cap-and-trade policy when “low-carbon preference” policy is relatively stringent. Government can take some measures, such as enhancing low-carbon education for citizen and strengthening low-carbon propaganda through media. From the perspective of interest, firms including manufacturer and retailer should actively support and participate in “low-carbon preference” policy.





5. Numerical Analysis


In this section, numerical experiments are conducted to intuitively present the results obtained in Section 4. Let    a = 3   ,    λ = 0.4   ,     e 0  = 0.7   ,    c = 0.4   ,    k = 2.8   ,    A = 0.3   .



5.1. Case 1:    0 < ρ <  1 2  −   (  β r  −  β m  ) e   2 a     


According to the condition, let us assume    ρ = 0.4    in this case where the direct sale price is set higher than the wholesale price. Figure 2 shows the effects of carbon price, where it is set to be     β r  = 0.4    and     β m  = 0.3   . Specifically, Figure 2a shows the impacts of the carbon price on the manufacturer’s emission reduction level and its profit. It can be seen that the emission reduction level increases with the carbon price. When    p = 0.9   , the manufacturer almost reduces emissions completely. And as the carbon price rises, the manufacture’s profit decreases first and then increases. When    p < 0.5    implying     e ∗  < 0.45   ,     π m ∗     decreases with   p  . When    p > 0.5    implying     e ∗  > 0.45   ,     π m ∗     increases with   p  . The higher carbon price may benefit the manufacturer only at high clean production level. Figure 2b shows the impacts of the carbon price on the retailer’s profit. As the carbon price increases, the retailer’s profit decreases first and then increases as well. The turning point is approximately    p = 0.2    which corresponds to     e ∗  = 0.32   . Compared to the manufacturer, it is much earlier for the retailer to reach a turning point, and its profit is much smaller.



Figure 3 shows the effects of consumers’ low-carbon preference, where it is set to be    p = 0.2   .     β r     and     β m     measure consumers’ low-carbon preference from the retail channel and the direct channel, respectively. Figure 3a,b shows the impacts of     β r     on firm’s emission reduction level and profits, where it is set to be     β m  = 0.3    and     β m  <  β r  < 1   . It can be seen that the manufacturer’s emission reduction level increases with     β r    . But the manufacturer will not reduce emissions completely even when     β r     is close to 1, since the low-carbon sensitivity in the direct channel is low. Moreover, as     β r     rises, both the manufacturer’s profit and the retailer’s profit increase. Figure 3c,d show the impacts of     β m     on firm’s emission reduction level and profits, where it is set to be     β r  = 0.4    and    0 <  β m  <  β r    . When     β m     increases, the manufacturer’s emission reduction level and its profit both increase. The retailer’s profit also increases with     β m    . In short, the higher low-carbon preference not only stimulates the manufacturer to reduce emissions, but also benefits the manufacturer and the retailer. It suggests “low-carbon preference” can be regarded as a policy to attract firms for voluntary emission reduction. And improving low-carbon sensitivities in the direct channel and the retail channel are both very important, be short of one cannot.




5.2. Case 2:     1 2  −   (  β r  −  β m  ) e   2 a   ≤ ρ < 1   


According to the condition, let’s assume    ρ = 0.6    in this case where the direct sale price is set equal to the wholesale price. Similar to Figure 2 and Figure 4 also shows the effects of carbon price, where it is set to be     β r  = 0.4    and     β m  = 0.3   . With the carbon price rising, the manufacturer’s emission reduction level increases, and its profit decreases first and then increases. And so does the retailer’s profit. But the retailer’s profit begins to increase with   p   much earlier than the manufacturer’s. Compared to Figure 2, the retailer’s profit becomes larger and the manufacturer’s profit becomes smaller, since the initial potential market demand of the low-carbon products in the retail channel is greater. To sum up, the higher carbon price provides incentives for the manufacturer to reduce emissions, but it may damage the firms’ economic benefits, especially the manufacturer’s.



Similar to Figure 3 and Figure 5 also shows the effects of consumers’ low-carbon preference on firm’s emission reduction level and profits, where it is set to be    p = 0.2   . In Figure 5a,b, we set     β m  = 0.3    and     β m  <  β r  < 1   . It can be seen that with the rise in     β r    , the manufacturer’s emission reduction level and its profit increase. And so does the retailer’s profit. In Figure 5c,d, we set     β r  = 0.4    and    0 <  β m  <  β r    . It can be seen that with the rise in     β m    , the manufacturer’s emission reduction level and its profit increase. And so does the retailer’s profit. But the profit growth rate of the retailer gets smaller and smaller. In fact, if     β m     is high enough, the retailer’s profit may even decrease with     β m    , since the retailer faces strong channel competition and has no product price advantage. However, based on Figure 5b,d, it is easy to see that the impact of     β r     on the retailer’s profit is significantly greater than     β m    . Thus, improving consumers’ low-carbon preference always benefits the retailer.





6. Conclusions


The reduction of carbon emissions has been the global consensus. And introducing e-commerce into the low-carbon supply chain is becoming a trend. This paper focuses on the impacts of cap-and-trade regulation and consumers’ low-carbon preference on carbon emission reduction in the framework of dual-channel supply chain. We also discuss the pricing strategies and the profits for the supply chain members. The discussions are performed in two cases.



In the first case, the initial proportion of consumers who prefer the online direct channel is “larger”. “Larger” is not simply judged by 1/2, but also related to the gap between the low-carbon sensibilities in the direct channel and the retail channel. At this point, the manufacturer could set the direct sale price of low-carbon products higher than the wholesale price. In the second case, the initial proportion of consumers who prefer the traditional retail channel is “larger”. At this point, the manufacturer could set the direct sale price of low-carbon products equal to the wholesale price.



These results can offer useful product marketing insights for firms. For the products whose consuming objections mainly concentrate on young consumers or the consumer groups who are used to shopping online, their direct sale price could be set higher than their wholesale price. For the products whose consuming objections mainly concentrate on old consumers or the consumer groups who are used to shopping in stores, their direct sale price could be set equal to their wholesale price. And the channel preference under low-carbon environment should be corrected by the differentiation of channel low-carbon sensibilities.



Moreover, in any case, both tighter cap-and-trade regulation and higher low-carbon preference stimulate the manufacturer to reduce carbon emissions in its production process. However, improving low-carbon preference is more acceptable to the supply chain members. It is always profitable for the manufacturer and the retailer. In contrast, with the rise in carbon price, the firm’s profit decreases first and then increases. Specially, it is much later for the manufacturer to start increasing trend in its profit. In short, the higher carbon price may benefit the firm only when the clean production level is relatively high. In practice, the carbon price does not rise high enough to reduce large-scale emissions with low-carbon technology adoption.



The findings provide useful suggestions for government and firms to promote low-carbon production. For government, “low-carbon preference” should be used as a policy instrument. The benefits are: First, this policy can fundamentally transform consumption patterns and reduce carbon emissions, which facilitates the sustainable economic development. Second, when “low-carbon preference” policy is implemented strongly, cap-and-trade regulation is acceptable for firms especially retailers, which in turn encourages firms to run with higher low-carbon degree. Thus, a virtuous cycle is formed. Some measures can be taken to improve the policy, enhancing low-carbon education for citizen and strengthening low-carbon propaganda through media included. For firms, they should give their full support to this policy and be spontaneous in the related actions, which makes them more profitable. In this way, government and firms can achieve a win-win situation. Our research is implicational and contributes to green supply chain management. However, there are some limitations which leave room for future research. First, this paper assumes all the information is common knowledge to firms. We could make a discussion under asymmetric information in the future. Second, this paper assumes all consumers have the same low-carbon sensibility in one channel. We could relax this assumption and consider the heterogeneity of consumers’ low-carbon preference. Third, this paper considers a simple supply chain consisting of one manufacturer and one retailer. An interesting extension is to consider multiple manufacturers, and thus take the impact of multiple manufacturers’ decisions on carbon price into account.
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Appendix A


Backward induction is used to find the equilibrium of the Stackelberg game. Taking the second derivative of     π r     with respect to     p r     in Equation (5), we obtain:       ∂ 2   π r    ∂  p r 2    = − 2 < 0   . Thus let      ∂  π r    ∂  p r    = 0   , the retailer’s optimal response can be given by     p r  =   ρ a + λ  p m  +  β r  e + w  2    . Then, taking the second derivative of     π m     with respect to   w  ,     p m     and   e   in (7), the Hessian matrix is obtained:


   H =  (         ∂ 2   π m    ∂  w 2           ∂ 2   π m    ∂ w ∂  p m           ∂ 2   π m    ∂ w ∂ e            ∂ 2   π m    ∂  p m  ∂ w          ∂ 2   π m    ∂  p m 2           ∂ 2   π m    ∂  p m  ∂ e            ∂ 2   π m    ∂ e ∂ w          ∂ 2   π m    ∂ e ∂  p m           ∂ 2   π m    ∂  e 2         )  =  (      − 1    λ       β r  − p ( 1 − λ )  2       λ     λ 2  − 2      λ 2   β r  +  β m  −   ( 1 − λ ) ( 2 + λ )  2  p          β r  − p ( 1 − λ )  2       λ 2   β r  +  β m  −   ( 1 − λ ) ( 2 + λ )  2  p     − k + p ( 1 + λ )  β r  + 2 p  β m       )    










    D 1  = − 1 < 0   










    D 2  =  |      − 1    λ     λ     λ 2  − 2      |  = 2 ( 1 −  λ 2  ) > 0   










    D 3  =  | H |  = 2 ( 1 −  λ 2  ) [  1 4  ( λ + 3 ) ( 1 − λ )  p 2  +  1 2   β r  p ( 1 + λ ) +  β m  p +    β m 2    2 ( 1 −  λ 2  )   +    β m   β r  λ   1 −  λ 2    +    β r 2  (  λ 2  + 1 )   4 ( 1 −  λ 2  )   − k ]   








  H   isn’t always negative definite since     D 3     may be positive. Hence,     π m     isn’t jointly concave with   w  ,     p m     and   e  . However, we can find     π m     is jointly concave with   w   and     p m    . Let      ∂  π m   /  ∂ w   = 0    and      ∂  π m   /  ∂  p m    = 0   , then we obtain   w   and     p m     with respect to   e  .


   w =   c +  β r  e + a λ + a ρ − e p +  e 0  p − c  λ 2  + e  λ 2  p −  e 0   λ 2  p +  β m  e λ − a λ ρ   2 ( 1 −  λ 2  )     










    p m  =   a + c +  β m  e − a ρ − e p +  e 0  p − c  λ 2  + e  λ 2  p −  e 0   λ 2  p +  β r  e λ + a λ ρ   2 ( 1 −  λ 2  )     










    p m  − w =   a − 2 a ρ +  β m  e −  β r  e   2 ( 1 + λ )     











Note that   w   can’t be higher than     p m    ; otherwise the retailer will buy the low-carbon products with     p m    . Thus, two cases are discussed. First, if     p m  > w   , i.e.,    0 < ρ <  1 2  −   (  β r  −  β m  ) e   2 a     ,   w   and     p m     are set as Equations (8) and (9). Second, if    w ≥  p m    , i.e.,     1 2  −   (  β r  −  β m  ) e   2 a   ≤ ρ < 1   , we set    w =  p m     and the manufacturer actually has only two decision variables.



Proofs in Case 1.

Substituting Equations (8) and (9) into (7) and then taking the second derivative of     π m     with respect to   e  , we can obtain:       ∂ 2   π m   /  ∂  e 2    > 0    for    k < K    and       ∂ 2   π m   /  ∂  e 2    < 0    for    k > K    , where    K =  1 4  ( λ + 3 ) ( 1 − λ )  p 2  +  1 2   β r  p ( 1 + λ ) +  β m  p +    β m 2    2 ( 1 −  λ 2  )   +    β m   β r  λ   1 −  λ 2    +    β r 2  (  λ 2  + 1 )   4 ( 1 −  λ 2  )     . So if    k ≤ K   , there is no extreme point. And     π m  (  e 0  ) >  π m  ( 0 )   . Thus,     e ∗  =  e 0     for    k ≤ K   .



In the following, we focus on the case of    k > K   . Let      ∂  π m   /  ∂ e   = 0   , then we get:     e ∗  =   a M − N   4 ( k − K )     , where    M =   2  β m  ( 1 − ρ + λ ρ )   1 −  λ 2    +    β r  ρ ( 1 − λ )   1 + λ   +   2  β r  λ   1 −  λ 2    + p ( 2 − ρ + λ ρ )    and    N = ( λ + 3 ) ( 1 − λ ) (  e 0  p + c ) p + 2  β m  ( c +  e 0  p ) +  β r  ( c +  e 0  p ) ( 1 + λ )   .


       ∂  e ∗    ∂ p     =   ( 2 − ρ + λ ρ ) a − ( λ + 3 ) ( 1 − λ ) ( 2  e 0  p + c ) − [ 2  β m  + ( 1 + λ )  β r  ]  e 0    4 ( k − K )          +   ( a M − N ) [ 2  β m  + ( 1 + λ )  β r  + ( λ + 3 ) ( 1 − λ ) p ]   8   ( k − K )  2         > 0     










     ∂  e ∗    ∂  β m    =   ( 1 − ρ + λ ρ ) a − (  e 0  p + c ) ( 1 −  λ 2  )   2 ( 1 −  λ 2  ) ( k − K )   +   ( a M − N ) [ p ( 1 −  λ 2  ) +  β m  +  β r  λ ]   4 ( 1 −  λ 2  )   ( k − K )  2      > 0   










     ∂  e ∗    ∂  β r    =   2 a λ + a ρ ( 1 −  λ 2  ) − (  e 0  p + c ) ( 1 −  λ 2  ) ( 1 + λ )   4 ( 1 −  λ 2  ) ( k − K )   +   ( a M − N ) [ p ( 1 + λ ) ( 1 −  λ 2  ) + ( 1 +  λ 2  )  β r  + 2 λ  β m  ]   8 ( 1 −  λ 2  )   ( k − K )  2    > 0   











Substituting     e ∗     into Equations (8), (9) and (6), we can obtain     w ∗    ,     p m ∗     and     p r ∗    . Then substituting these into Equations (4) and (5), we obtain     π m ∗     and     π r ∗    .


       ∂  π m ∗    ∂ p   =   ( ρ a −  p r ∗  + λ  p m ∗  +  β r   e ∗  ) [ −  1 2  (  e 0  −  e ∗  − p   ∂  e ∗    ∂ p   ) +   λ  β m  +  β r    2 ( 1 −  λ 2  )     ∂  e ∗    ∂ p   ]      + [  w ∗  − c − p (  e 0  −  e ∗  ) ] [ −   1 − λ  4  (  e 0  −  e ∗  − p   ∂  e ∗    ∂ p   ) +    β r   4    ∂  e ∗    ∂ p   ]      + [ ( 1 − ρ ) a −  p m ∗  + λ  p r ∗  +  β m   e ∗  ] [ −  1 2  (  e 0  −  e ∗  − p   ∂  e ∗    ∂ p   ) +    β m  + λ  β r    2 ( 1 −  λ 2  )     ∂  e ∗    ∂ p   ]      + [  p m ∗  − c − p (  e 0  −  e ∗  ) ] [ −   ( 1 − λ ) ( λ + 2 )  4  (  e 0  −  e ∗  − p   ∂  e ∗    ∂ p   ) +    β m   2    ∂  e ∗    ∂ p   +   λ  β r   4    ∂  e ∗    ∂ p   ] − k  e ∗    ∂  e ∗    ∂ p   + A     










       ∂  π m ∗    ∂  β m    =   ( ρ a −  p r ∗  + λ  p m ∗  +  β r   e ∗  ) [  1 2  p   ∂  e ∗    ∂  β m    +   λ  β m  +  β r    2 ( 1 −  λ 2  )     ∂  e ∗    ∂  β m    +   λ  e ∗    2 ( 1 −  λ 2  )   ]      + [ ( 1 − ρ ) a −  p m ∗  + λ  p r ∗  +  β m   e ∗  ] [  1 2  p   ∂  e ∗    ∂  β m    +    β m  + λ  β r    2 ( 1 −  λ 2  )     ∂  e ∗    ∂  β m    +    e ∗    2 ( 1 −  λ 2  )   ]      + [  w ∗  − c − p (  e 0  −  e ∗  ) ] [   1 − λ  4  p   ∂  e ∗    ∂  β m    +  1 4   β r    ∂  e ∗    ∂  β m    ]      + [  p m ∗  − c − p (  e 0  −  e ∗  ) ] [   ( 1 − λ ) ( 2 + λ )  4  p   ∂  e ∗    ∂  β m    +   λ  β r   4    ∂  e ∗    ∂  β m    +  1 2   β m    ∂  e ∗    ∂  β m    +  1 2   e ∗  ] − k  e ∗    ∂  e ∗    ∂  β m        










       ∂  π m ∗    ∂  β r    =   ( ρ a −  p r ∗  + λ  p m ∗  +  β r   e ∗  ) [  1 2  p   ∂  e ∗    ∂  β r    +   λ  β m  +  β r    2 ( 1 −  λ 2  )     ∂  e ∗    ∂  β r    +    e ∗    2 ( 1 −  λ 2  )   ]      + [ ( 1 − ρ ) a −  p m ∗  + λ  p r ∗  +  β m   e ∗  ] [  1 2  p   ∂  e ∗    ∂  β r    +    β m  + λ  β r    2 ( 1 −  λ 2  )     ∂  e ∗    ∂  β r    +   λ  e ∗    2 ( 1 −  λ 2  )   ]      + [  w ∗  − c − p (  e 0  −  e ∗  ) ] [   1 − λ  4  p   ∂  e ∗    ∂  β r    +   ( 3 λ + 1 )  e ∗    4 ( 1 + λ )   +  1 4   β r    ∂  e ∗    ∂  β r    ]      + [  p m ∗  − c − p (  e 0  −  e ∗  ) ] [   ( 1 − λ ) ( 2 + λ )  4  p   ∂  e ∗    ∂  β r    +   λ  β r   4    ∂  e ∗    ∂  β r    +  λ 4   e ∗  +  1 2   β m    ∂  e ∗    ∂  β r    ] − k  e ∗    ∂  e ∗    ∂  β r        











It can be seen that there exists     e ¯  ∈ [ 0 ,  e 0  ]    such that      ∂  π m ∗   /  ∂ p   < 0    for    0 ≤  e ∗  <  e ¯     and      ∂  π m ∗   /  ∂ p   > 0    for     e ¯  <  e ∗  ≤  e 0    . In addition,      ∂  π m ∗   /  ∂  β m    > 0    and      ∂  π m ∗   /  ∂  β r    > 0   .


     ∂  π r ∗    ∂ p   = ( ρ a −  w ∗  + λ  p m ∗  +  β r   e ∗  ) [ −   1 − λ  4  (  e 0  −  e ∗  − p   ∂  e ∗    ∂ p   ) +    β r   4    ∂  e ∗    ∂ p   ]   











It can be seen that there exists     e ⌒  ∈ [ 0 ,  e 0  ]    such that      ∂  π r ∗   /  ∂ p < 0      for    0 ≤  e ∗  <  e ⌒     and      ∂  π r ∗   /  ∂ p   > 0    for     e ⌒  <  e ∗  ≤  e 0    . And if     e ¯  <  e ∗  ≤  e 0    , we get      ∂  π r ∗   /  ∂ p   > 0   . So it is satisfied that     e ⌒  ∈ [ 0 ,  e ¯  ]   .


     ∂  π r ∗    ∂  β m    = ( ρ a −  w ∗  + λ  p m ∗  +  β r   e ∗  ) (   1 − λ  4  p +    β r   4  )   ∂  e ∗    ∂  β m    > 0   










     ∂  π r ∗    ∂  β r    = ( ρ a −  w ∗  + λ  p m ∗  +  β r   e ∗  ) [   1 − λ  4  p   ∂  e ∗    ∂  β r    +  1 4  (  e ∗  +  β r    ∂  e ∗    ∂  β r    ) ]   > 0   













Proofs in Case 2.

Setting     p m     equal to   w   in (7) and then taking the second derivative of     π m     with respect to   w   and   e  , the Hessian matrix is obtained:


   L =  (       ∂ 2   π m    ∂  w 2           ∂ 2   π m    ∂ e ∂ w              ∂ 2   π m    ∂ w ∂ e          ∂ 2   π m    ∂  e 2       )  =  (      − ( 3 − 2 λ −  λ 2  )       1 + λ  2   β r  +  β m  −   3 − 2 λ −  λ 2   2  p         1 + λ  2   β r  +  β m  −   3 − 2 λ −  λ 2   2  p     − k + p ( ( 1 + λ )  β r  + 2  β m  )      )    











It can be found that     π m     isn’t jointly concave with   w   and   e  , but     π m     is concave with   w  . Let      ∂  π m   /  ∂ w   = 0   , then we obtain   w   with respect to   e  .


   w =  p m  =   [  β m  +   ( 1 + λ )  β r   2  ] e + ( 1 −  ρ 2  +   λ ρ  2  ) a   ( λ + 3 ) ( 1 − λ )   +  1 2  c +  1 2  p (  e 0  − e )   











Substituting Equation (12) into (7) and then taking the second derivative of     π m     with respect to   e  , we can obtain:       ∂ 2   π m   /  ∂  e 2    > 0    for    k <  K ˜     and       ∂ 2   π m   /  ∂  e 2    < 0    for    k >  K ˜    , where     K ˜  =  1 4  ( λ + 3 ) ( 1 − λ )  p 2  +   2  β m  + ( 1 + λ )  β r   2  p +   4  β m 2  + 4 ( λ + 1 )  β m   β r  +   ( λ + 1 )  2   β r 2    4 ( λ + 3 ) ( 1 − λ )     . So if    k ≤  K ˜    , there is no extreme point. And     π m  (  e 0  ) >  π m  ( 0 )   . Thus,     e ∗  =  e 0     for    k ≤  K ˜    .



In the following, we focus on the case of    k >  K ˜    . Let      ∂  π m   /  ∂ e   = 0   , then we get:     e ∗  =   U V   4 ( k −  K ˜  )     , where    U =   2  β m  + ( 1 + λ )  β r    ( λ + 3 ) ( 1 − λ )   + p    and    V = ( 2 − ρ + λ ρ ) a − ( λ + 3 ) ( 1 − λ ) ( c +  e 0  p )   .


     ∂  e ∗    ∂ p   =   V − ( λ + 3 ) ( 1 − λ )  e 0  U   4 ( k −  K ˜  )   +   ( λ + 3 ) ( 1 − λ )  U 2  V   8   ( k −  K ˜  )  2    > 0   










     ∂  e ∗    ∂  β m    =  V  2 ( λ + 3 ) ( 1 − λ ) ( k −  K ˜  )   +    U 2  V   4   ( k −  K ˜  )  2    > 0   










     ∂  e ∗    ∂  β r    =   ( λ + 1 ) V   4 ( λ + 3 ) ( 1 − λ ) ( k −  K ˜  )   +   ( λ + 1 )  U 2  V   8   ( k −  K ˜  )  2    > 0   











Substituting     e ∗     into Equations (12) and (6), we can obtain     w ∗  =  p m ∗     and     p r ∗    . Then substituting these into Equations (4) and (5), we obtain     π m ∗     and     π r ∗    .


       ∂  π m ∗    ∂ p   =   [   2 − ( 1 − λ ) ρ  2  a −   ( 1 − λ ) ( 3 + λ )  2   w ∗  +   1 + λ  2   β r   e ∗  +  β m   e ∗  ] [   2  β m  + ( 1 + λ )  β r    2 ( λ + 3 ) ( 1 − λ )     ∂  e ∗    ∂ p   −  1 2  (  e 0  −  e ∗  − p   ∂  e ∗    ∂ p   ) ]      + [  w ∗  − c − p (  e 0  −  e ∗  ) ] [   2  β m  + ( 1 + λ )  β r   4    ∂  e ∗    ∂ p   −   ( 1 − λ ) ( 3 + λ )  4  (  e 0  −  e ∗  − p   ∂  e ∗    ∂ p   ) ] + A − k  e ∗    ∂  e ∗    ∂ p       










       ∂  π m ∗    ∂  β m    =   [   2 − ( 1 − λ ) ρ  2  a −   ( 1 − λ ) ( 3 + λ )  2   w ∗  +   1 + λ  2   β r   e ∗  +  β m   e ∗  ] [   2  β m  + ( 1 + λ )  β r    2 ( λ + 3 ) ( 1 − λ )     ∂  e ∗    ∂  β m    +    e ∗    ( λ + 3 ) ( 1 − λ )   +  1 2  p   ∂  e ∗    ∂  β m    ]      + [  w ∗  − c − p (  e 0  −  e ∗  ) ] [   2  β m  + ( 1 + λ )  β r   4    ∂  e ∗    ∂  β m    +  1 2   e ∗  +   ( 1 − λ ) ( 3 + λ )  4  p   ∂  e ∗    ∂  β m    ] − k  e ∗    ∂  e ∗    ∂  β m        










       ∂  π m ∗    ∂  β r    =   [   2 − ( 1 − λ ) ρ  2  a −   ( 1 − λ ) ( 3 + λ )  2   w ∗  +   1 + λ  2   β r   e ∗  +  β m   e ∗  ] [   2  β m  + ( 1 + λ )  β r    2 ( λ + 3 ) ( 1 − λ )     ∂  e ∗    ∂  β r    +   ( 1 + λ )  e ∗    2 ( λ + 3 ) ( 1 − λ )   +  1 2  p   ∂  e ∗    ∂  β r    ]      + [  w ∗  − c − p (  e 0  −  e ∗  ) ] [   2  β m  + ( 1 + λ )  β r   4    ∂  e ∗    ∂  β r    +   1 + λ  4   e ∗  +   ( 1 − λ ) ( 3 + λ )  4  p   ∂  e ∗    ∂  β r    ] − k  e ∗    ∂  e ∗    ∂  β r        











It can be seen that there exists     e ˜  ∈ [ 0 ,  e 0  ]    such that      ∂  π m ∗   /  ∂ p   < 0    for    0 ≤  e ∗  <  e ˜     and      ∂  π m ∗   /  ∂ p   > 0    for     e ˜  <  e ∗  ≤  e 0    . In addition,      ∂  π m ∗   /  ∂  β m    > 0    and      ∂  π m ∗   /  ∂  β r    > 0   .


     ∂  π r ∗    ∂ p   = [ ρ a − ( 1 − λ )  w ∗  +  β r   e ∗  ] [ −    β m    2 ( λ + 3 )     ∂  e ∗    ∂ p   +   ( λ + 5 )  β r    4 ( λ + 3 )     ∂  e ∗    ∂ p   −   1 − λ  4  (  e 0  −  e ∗  − p   ∂  e ∗    ∂ p   ) ]   











It can be seen that there exists     e ⌣  ∈ [ 0 ,  e 0  ]    such that      ∂  π r ∗   /  ∂ p < 0      for    0 ≤  e ∗  <  e ⌣     and      ∂  π r ∗   /  ∂ p   > 0    for     e ⌣  <  e ∗  ≤  e 0    . And if     e ˜  <  e ∗  ≤  e 0    , we get      ∂  π r ∗   /  ∂ p   > 0   . So it is satisfied that     e ⌣  ∈ [ 0 ,  e ˜  ]   .


     ∂  π r ∗    ∂  β m    = [ ρ a − ( 1 − λ )  w ∗  +  β r   e ∗  ] [   ( λ + 5 )  β r  − 2  β m    4 ( λ + 3 )     ∂  e ∗    ∂  β m    −    e ∗    2 ( λ + 3 )   +   1 − λ  4  p   ∂  e ∗    ∂  β m    ]   










     ∂  π r ∗    ∂  β r    = [ ρ a − ( 1 − λ )  w ∗  +  β r   e ∗  ] [   ( λ + 5 )  β r  − 2  β m    4 ( λ + 3 )     ∂  e ∗    ∂  β r    +   ( λ + 5 )  e ∗    4 ( λ + 3 )   +   1 − λ  4  p   ∂  e ∗    ∂  β r    ] > 0   










     ∂  π m ∗    ∂  β m    +   ∂  π r ∗    ∂  β r    = [ ρ a − ( 1 − λ )  w ∗  +  β r   e ∗  ] [ (   ( λ + 5 )  β r  − 2  β m    4 ( λ + 3 )   +   1 − λ  4  p ) (   ∂  e ∗    ∂  β m    +   ∂  e ∗    ∂  β r    ) +   ( λ + 3 )  e ∗    4 ( λ + 3 )   ] > 0   











It can be seen that      ∂  π r ∗   /  ∂  β m    < 0    is possible when     e ∗     is large enough. However, we confirm that      ∂  π r ∗   /  ∂  β r    > 0    and        ∂  π r ∗   /  ∂  β m    + ∂  π r ∗   /  ∂  β r    > 0   . ☐
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Figure 1. The supply chain structure. 






Figure 1. The supply chain structure.
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Figure 2. Effects of carbon price when    ρ = 0.4   . (a) Effects of carbon price on manufacturer’s carbon emission reduction and profit; (b) Effects of carbon price on retailer’s profit. 






Figure 2. Effects of carbon price when    ρ = 0.4   . (a) Effects of carbon price on manufacturer’s carbon emission reduction and profit; (b) Effects of carbon price on retailer’s profit.
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Figure 3. Effects of consumers’ low-carbon preference when    ρ = 0.4   . (a) Effects of     β r     on manufacturer’s carbon emission reduction and profit; (b) Effects of     β r     on retailer’s profit; (c) Effects of     β m     on manufacturer’s carbon emission reduction and profit; (d) Effects of     β m     on retailer’s profit. 






Figure 3. Effects of consumers’ low-carbon preference when    ρ = 0.4   . (a) Effects of     β r     on manufacturer’s carbon emission reduction and profit; (b) Effects of     β r     on retailer’s profit; (c) Effects of     β m     on manufacturer’s carbon emission reduction and profit; (d) Effects of     β m     on retailer’s profit.
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Figure 4. Effects of carbon price when    ρ = 0.6   . (a) Effects of carbon price on manufacturer’s carbon emission reduction and profit; (b) Effects of carbon price on retailer’s profit. 
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Figure 5. Effects of consumers’ low-carbon preference when    ρ = 0.6   . (a) Effects of     β r     on manufacturer’s carbon emission reduction and profit; (b) Effects of     β r     on retailer’s profit; (c) Effects of     β m     on manufacturer’s carbon emission reduction and profit; (d) Effects of     β m     on retailer’s profit. 
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