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Abstract

:

In low-carbon environments, asymmetric carbon information causes the enterprises in a supply chain to face the risk of misstatements about carbon emissions. Such misstatements could affect the decisions about carbon emission transfers in the supply chain. To optimize carbon emission transfers among supply chain enterprises, this study formulates a supplier-led Stackelberg game model incorporating the government’s initial carbon emission allowances and fines. The study also examines the mechanism of the behaviors of enterprises in low-carbon supply chains, the proportions of initial quotas, the impact of government fines on carbon transfers, and the influence of the supply chain and carbon emission transfers on related supply chain decisions and profits. The main findings are as follows. First, the proportion of the government’s initial quota has a positive effect on the carbon emission transfer quantity of the supplier, while government fines and misstatement factors have a negative effect. Second, the carbon emissions of the unit product of the supplier decrease as the under-reporting factor and carbon emission transfer quantity of the supplier increase. The under-reporting factor has a stronger effect on the carbon emissions of the unit product. Third, in a carbon-free market, carbon emission transfers negatively affect the disclosed profits of the supply chain, whereas in a perfect carbon market, the carbon trading price has a certain endogenous regulation mechanism for the suppliers’ operational decisions. Fourth, the supplier’s wholesale price order quantity is negatively correlated with the supplier’s carbon emission transfer quantity, but positively correlated with the initial carbon quota ratio.
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1. Introduction


Carbon emission transfers occur when the government of a country or region enacts strict emission reduction policies, which encourage that country’s or region’s enterprises to transfer their responsibilities for emission reduction to enterprises in other countries or regions that do not have such strict policies [1]. Zhong et al. [2], Wang et al. [3], and Xie et al. [4] verified the existence of carbon emission transfers at the macro-level, such as at national and provincial levels; those studies also discussed the directions of the flow of the transfers. Recent studies have examined carbon emission transfers in supply chains at the micro-level [4,5,6]. While meeting reduction targets set by the government, an enterprise in a supply chain may still attempt to maximize its own interests by transferring difficult emission-reducing activities to other enterprises, either upstream or downstream, in the chain. For example, the logistics outsourcing conducted by HP, the outsourcing of all machine manufacturing by Apple, and the vendor managed inventory (VMI) of Dell all lead to carbon emission transfers in the supply chain, to a certain extent [6,7,8,9,10]. Sun et al. [6] points out that, when carbon emission transfers take place among supply chain enterprises, accurately defining the carbon emission reduction responsibility of supply chain enterprises becomes difficult. Although these carbon emission transfers can help the transferor to achieve its emission reduction goals to a certain extent, under the condition of pursuing the maximum benefit, it may also have a negative impact on the emission reduction and profit of the carbon emission transfer undertaker and the overall supply chain, which will disrupt the operation of supply chain enterprises [7].



On the other hand, the implementation of carbon regulation policies causes carbon emission rights to become a production resource. In effect, the carbon emissions of each enterprise become an important form of the enterprise’s private information. Due to the asymmetry of carbon information, the information disclosed by supply chain enterprises is often inaccurate and untimely. Enterprises may even engage in the deceptive behavior of deliberately misreporting carbon emissions. For example, Volkswagen lied about their vehicles’ carbon emissions in 2015; approximately 98,000 gasoline-powered vehicles were involved in carbon dioxide emission data fabrication [11]. Yang et al. [12] pointed out that the misreporting of carbon emissions will further affect the emission reduction decisions of supply chain enterprises. This situation is not conducive to improving the overall emission reduction efficiency of the supply chain. Most carbon regulation policies are designed in a complete information environment [13]. However, in reality, information asymmetry is a common phenomenon. Graafland et al. [14] believed that the government’s non-regulation approach will reduce the social responsibility of enterprises. Zhang et al. [15] maintained that appropriate government intervention can improve the performance of the supply chain and help the supply chain achieve its emission reduction target.



From the above analysis, it can be seen that the behavior of underreporting carbon emissions per unit product, that widely exists in the market, not only directly affects the carbon emission transfer behavior of supply chain enterprises, but also indirectly affects the carbon emission transfer of the supply chain by disrupting the operation behavior of supply chain subjects. However, the existing studies rarely consider the impact of underreporting of carbon emissions, nor the role of carbon emission transfers in reducing supply chain emissions, or the impact of government supervision and quota definition on underreporting and carbon emission transfer. This issue is worth further study. The contributions of this paper are as follows. First, this research explores the effects of the amount of a government’s initial carbon quotas, the punishment intensity of supervision, and carbon trading prices on supply chain carbon emission transfers and other emission reductions. Second, the impact of carbon emission underreporting on supply chain carbon emission transfers is analyzed, as well as related emission reduction decisions under different carbon market situations. Third, this study also explores the effects of suppliers’ carbon emission transfers on the operational and reduction decisions of the various supply chain entities.



The remainder of this paper is organized as follows: Section 2 reviews the relevant literature and discusses the main contributions of these studies. Section 3 presents the problem description and related assumptions. Section 4 introduces the model, and the analysis of the model’s results under two scenarios, namely, a carbon-free market and carbon market improvement. Section 5 presents a numerical analysis. Finally, Section 6 summarizes the main conclusions and offers potential directions for future research.




2. Literature Review


In this section, we review the related literature dealing with supply chain misstatements, government interventions in low-carbon supply chains, and supply chain carbon emission transfers.



2.1. Analysis of Supply Chain Misstatements


In reality, different types of enterprises in a supply chain have their own particular advantages. For example, manufacturers have advantages in production costs, while retailers have advantages in their access to information related to market demand. To maintain their dominant positions and earn more profit, enterprises in a supply chain often lie about their private information, after production begins [16]. This not only affects operational decisions but also the decision-making behaviors of other entities in the supply chain. Occurrences of misstatements are mainly due to the information asymmetry between various subjects. In the supply chain, a subject’s misreporting behavior is mainly reflected in cost information, demand information, and quality information [17,18,19,20,21]. In actual operations, enterprises often deliberately conceal their cost information to obtain higher profit distributions, which could potentially cause a series of effects on a supply chain. For example, Liu et al. [22] proposed that suppliers who have the advantage of cost information often choose to overstate their costs so as to maximize their profits. Zhang et al. [23] found that buyers who conceal information about demand often earn lower profits than sellers who conceal information about production costs, regardless of whether the sellers are leaders or followers. Zhang et al. [24] showed that, under the private circumstances of a manufacturer’s cost information, their profits may increase, but the profits of the retailers and the entire supply chain will decrease, as well as the recovery rates and trading opportunities of all the members. Yan et al. [25] showed that suppliers sometimes misrepresent product quality information to deceive retailers. Ma et al. [26] found that retailers’ concealment of market demand information can distort order quantities and sales prices, ultimately leading to decreases in the supply chain’s profits.



The above studies indicate that, in a traditional supply chain, the subject of the supply chain could potentially influence decisions about misreporting information on costs, demand, or quality. However, these studies failed to consider the under-reporting of carbon information in low-carbon supply chains. Most scholars believe that improving the quality of the disclosure of carbon information in a low-carbon emission reduction environment will help enterprises reduce emissions and improve business performance [27,28,29]. However, Qian and Schaltegger [28] proved that, in high-energy-intensive enterprises, the correlation between changes in carbon information disclosures and performances was relatively weak. To meet the government’s emission reduction standards and their own profit requirements, enterprises will use their low-carbon information advantages in the supply chain to misrepresent their carbon information and gain a competitive advantage. For example, Zhou and Wu [11] proposed that, under both structures of supply chain rights, manufacturers may overstate their carbon information. Misrepresentation is always beneficial to the manufacturer but harmful to the interests of the retailer. Lou et al. [30] found that suppliers’ misrepresentations of their emission reduction costs are not entirely unfavorable to manufacturers and could even sometimes increase their profits. Li et al. [31] found that manufacturers’ concealment of emission reduction costs and efforts seriously affects the supply chain’s efficiency in terms of overall emission reductions. A literature review showed that, under the limitations of carbon policies, the amount of carbon emissions, emission reduction potential, and emission reduction efforts have become the private information of enterprises; this has also attracted the attention of some scholars.



However, existing studies only consider the influence of supply chain misstatements on internal decision-making, while ignoring the influence of government decision-making on misstatement behavior. Moreover, the emission reduction behavior of supply chains described in previous studies is still relatively traditional and does not involve the carbon emission transfers of the supply chains. Under the limitation of carbon policy, information on carbon emissions, cost reduction, reduction potential, carbon price, and the efforts of the enterprise have become private information, and misreporting of this carbon information will inevitably have an impact on the transfer of carbon emissions in the supply chain. Therefore, in this paper, carbon information misreporting and supply chain carbon emission transfers are both considered. This approach is conducive to an in-depth analysis of the impact of carbon emission transfer behavior on supply chain-related decisions under the current carbon trading policy.




2.2. Analysis of Government Intervention in Low-Carbon Supply Chains


In recent years, many scholars have analyzed emission reduction in low-carbon supply chains through government participation. To better promote supply chain emission reduction, the government has taken a series of measures, such as opening a carbon emission trading market, implementing a carbon tax, and subsidizing the cost of emission reduction. These steps have achieved certain results. Zhou et al. [32] found through empirical analysis that China’s emissions trading pilot program led to a significant reduction in carbon intensity. The average annual carbon intensity of pilot provinces decreased by about 0.026 tons per RMB 10,000 during the study period. Zhou et al. [33] pointed out that a carbon tax is an effective low-carbon policy tool, which could effectively reduce the use of fossil fuels and improve energy efficiency. The trade-off between cap-and-trade and carbon tax policies has also attracted the attention of researchers. Zeng [34] believed that the country should adopt a single approach (namely, a cap-and-trade or carbon tax) at enterprise level, in order to avoid repeated carbon costs. Camila et al. [35] pointed out that, although a carbon tax becomes effective quite rapidly, carbon trading is more effective in the long run, from the perspective of economic benefits and social recognition.



This study investigates the emission reduction in supply chains in a carbon market trading system. Xuan et al. [36] showed that a carbon market trading mechanism is an important way for the Chinese government to control environmental pollution. Carbon technology and low-carbon energy investments have significant but weaker effects on the intensity of carbon emissions and costs. As such, government fines on excess emissions are very necessary. The carbon market trading system, however, particularly in terms of the proportion of the initial quota, forms of punishment, and many other details, is not clear [37].



Based on the above analysis, the existing literature mainly focuses on the balance between carbon tax and carbon trading policy on the emission reduction effect of a low carbon supply chain under the participation of the government. Under the carbon trading policy, the initial quota ratio of the government and the punishment of excess emissions will further promote the implementation of the carbon trading policy, further regulate the emission reduction behaviors of supply chain enterprises, and have an impact on the emission reduction decisions of supply chain enterprises. However, existing literature is insufficient for the proportion of initial government quota and the penalty for excess emissions. In the context of the carbon market trading mechanism, and considering the existence of information asymmetry, this paper further studies the impact of the government’s penalties for excess emissions, as well as the impact of the government’s initial quota ratio, on supply chain related decisions.




2.3. Supply Chain Carbon Emission Transfer Analysis


Previous studies on carbon emission transfers are not rare. Zhang et al. [38] found that in 2002, 2007, and 2012, Europe had transferred carbon emissions to China through commodity trading. The study, using the Logarithmic Mean Divisia Index (LMDI) decomposition method, concluded that the main cause of the carbon emission transfers was the scale effect. Wang et al. [39] analyzed China’s carbon emission transfers from regional and sectoral perspectives and found that China’s net emissions inflow was generated by the trade between China and developed regions (including North America and Western Europe). According to Sun et al. [40], the eastern region transferred carbon emissions to the central and western regions. As such, the northwestern and northeastern regions became the worst-hit areas for carbon emission transfers and carbon leakages. A spatial structure of “western, central, and eastern” carbon emission transfers had formed. Zhou et al. [41] used input–output models and found that the carbon emission transfers between regions mainly occurred from carbon-intensive manufacturing industries from the underdeveloped areas in the northwest to the developed areas in eastern coastal areas. Chen et al. [42] argued that the energy industry and heavy industry departments have provided a number of intermediate products and have, therefore, played a significant role in carbon emission transfers.



To sum up, most studies on carbon emission transfers in supply chains have been conducted at the macro-level. These studies examine the causes, influencing factors, and flow directions of carbon emission transfers among countries, regions, and industries. However, they have rarely touched upon the micro-level. In practice, carbon emission transfers among countries, regions, and industries cannot be separated from the commodity flows among different emission reduction subjects. The essence of this flow is the commodity circulation among the interrelated and interacting micro-emission reduction subjects in the supply chain [1,41], which, in turn, is inevitably accompanied by carbon emission transfers. Therefore, Shi et al. [5] aimed to combine input–output model and structural path analysis to trace carbon emission flows from primary producer sectors to final consumer sectors in Chinese supply chains. Sun et al. [6] analyzed the carbon emission transfer and emission reduction problem among enterprises within the supply chain, integrating the influence of government emission reduction policies and the low carbon market, considering the lag time of emission reduction technologies and the low carbon preferences of consumers. Sun and Fang [7] identified and optimized irrational transfers of carbon emissions in supply chains, and analyzed the influences of the changes in various coefficients which affect irrational transfers of carbon emissions in supply chains.



Considering the existence of carbon emission transfers further affects the decision-making of the main body of the supply chain, blurs the boundaries of the emission reduction responsibilities between enterprises, and weakens the effects of the implementation of the government’s carbon policy. Under the background of asymmetric information, this study explores the influence of carbon emission misrepresentation on carbon emission transfers, as well as the effect of carbon emission transfers on supply chain decision-making. The aim is to optimize carbon emission transfers among supply chain enterprises, and provide a theoretical basis for promoting supply chain enterprises and the government to undertake correct operation or emission reduction decisions.





3. Problem Description and Assumptions


This study first assumes a two-tier supply chain system consisting of suppliers and manufacturers who produce and reduce emissions according to the government’s initial carbon quotas. Considering China’s current carbon trading market is at its beginning, some enterprises in industries with high carbon emissions have entered the carbon trading market, such as those in industries with high pollution, such as electricity and transportation, while those in other industries are not included in the carbon trading market. Therefore, this paper mainly considers two scenarios: carbon-free market and carbon market perfection (as shown in Figure 1).



As shown in Figure 1, the low-carbon preferences of consumers not only directly affect the low-carbon operations of manufacturers, but they also indirectly affect suppliers. Therefore, suppliers tend to under-report their emissions, in order to earn more profits or to introduce greener products. To meet the government’s reduction targets, suppliers will take various measures to reduce emissions, but they will transfer particularly difficult reduction activities to the manufacturers. To ensure their own economic benefits, the manufacturers will fully accept such transfers. In a carbon-free market, the government will monitor emissions and impose fines if the reduced emissions are still higher than the quotas. In a perfect carbon market, the government will not monitor emissions, which would be voluntarily adjusted by enterprises whose emissions are lower than their quotas. Such enterprises will sell their remaining carbon emissions at the unit price    P c   .



In this study, the supplier is the leading party in the production of low-carbon products, the transfers of carbon emissions, and the under-reporting of unit products. The manufacturer is the passive receiver of the transfers. The above problems are solved by a vendor-dominated Stackelberg game model. As consumers have low-carbon preferences, a supply chain’s product market demand, Q, will be affected by both the product price, p, and unit product carbon emission reduction level,   Δ e = Δ  e s  + Δ  e m   , where   Δ  e s    and   Δ  e m    are the carbon emission reductions per unit product of the supplier and manufacturer, respectively. Additionally,   Q = a − θ p + γ  (  Δ  e s  + Δ  e m   )   , where θ and γ are greater than zero and represent the sensitivity coefficients of demand to product prices and emission reduction levels, respectively. A higher value of γ indicates a stronger consumer awareness of low carbon, and  a  indicates the total market capacity of the product. To comply with the government’s carbon emission restrictions, enterprises reduce the carbon emissions from the manufacturing of the products through technological transformation. The cost of emission reduction is related to Δe and the emission reduction coefficient, λ, per unit product. A higher value of λ indicates a higher degree of difficulty in the reduction in emissions. The emission reduction cost per unit product of suppliers and manufacturers are    C s  =  1 2  λ Δ  e s    2    and    C m  =  1 2  λ Δ  e m    2   , respectively [11].



The assumptions to build a vendor-led Stackelberg game model are as follows:




	
In a low-carbon supply chain, suppliers provide manufacturers with intermediate products, the outputs of which are equal to the market demand for the end products;



	
The initial carbon emissions quota is relevant only to a single cycle. Therefore, any unused portion of the quota cannot be transferred to the next cycle;



	
Except for the carbon emissions per unit of product in the supply chain, the remainder of the information is complete;



	
The emission reductions of the suppliers and manufacturers are independent of each other;



	
The emission reduction coefficients of the suppliers and manufacturers are equal to each other;



	
Carbon emission reductions and transfers have no effect on manufacturers’ production costs, which have been set to zero here, for the convenience of calculation. The variables mentioned in this paper and their definitions are given in Table 1.









4. Model Construction and Analysis


4.1. Carbon-Free Market Scenario


In a carbon-free market, the government imposes a fine of F per unit of any carbon emissions exceeding the initial quotas. To obtain more benefits, the supplier under-reports, with an under-reporting factor of Z (0 < Z < 1), for which a smaller value indicates a higher reporting strength. If the actual carbon emissions per unit product are    e s   , then the supplier’s externally disclosed carbon emissions are   Z  e s   . Therefore, the reduction in the supplier’s product is   Δ  e s  =  e 1  − Z  e s   . If the supplier is under-reporting, then the product demand function in the market is as described below [43]:


   Q L  = a − θ p + γ  (   e 1  − Z  e s  + Δ  e m   )     



(1)







Next,   t > τ  e 2  −  e m    means that the manufacturer has exceeded the quota after accepting a transfer of carbon emissions from the supplier; the manufacturer must, therefore, pay a penalty of    [   E m  −  (   e m  + t  )   Q L   ]  F  . The supplier’s public and actual profit functions, as well as those of the manufacturer, respectively, are:


   π  s L   =  (  w − c  )   Q L  −  1 2  λ    (   e 1  − Z  e s   )   2     



(2)






   π s  =  (  w − c  )   Q L  −  1 2  λ    (   e 1  −  e s   )   2     



(3)






   π m  =  (  p − w  )   Q L  +  [   E m  −  (   e m  + t  )   Q L   ]  F −  1 2  λ Δ  e m    2     



(4)







According to the principle of game inverse solutions, this study first assumes that the supplier’s wholesale price, w, and the emissions per unit product,    e s   , are given. The manufacturer maximizes profits by deciding the product price, p. This study finds the first derivative     ∂  π m    ∂ p     of Equation (4) and sets it to zero. The action rule for p on w and    e s    is:


    ∂  π m    ∂ p   = a − 2 θ p + θ w + γ  (   e 1  − Z  e s  + Δ  e m   )  + θ F  (   e m  + t − τ  e 2   )  = 0    



(5)







Here,      ∂ 2   π m    ∂  p 2    = − 2 θ < 0     means that the manufacturer’s profit function is a concave function about p, so the optimal retail price is:


  p ( w ,  e s  ) =   a + θ w + γ  (   e 1  − Z  e s  + Δ  e m   )  + θ F  (   e m  + t − τ  e 2   )    2 θ      



(6)







The decision-making behavior of the supplier should be consistent with its misrepresentation, and the supplier’s decision should maximize public profits. Therefore,   p ( w ,  e s  )   is incorporated into    π  s L    . The first-order conditions of    π  s L     with respect to w and    e s    are:


    ∂  π  s L     ∂ w   =   a − 2 θ w + θ c + γ  (   e 1  − Z  e s  + Δ  e m   )  − θ F  (   e m  + t − τ  e 2   )   2  = 0    



(7)






    ∂  π  s L     ∂  e s    =   − γ Z  (  w − c  )   2  + λ Z  (   e 1  − Z  e s   )  = 0    



(8)







The Hesse matrix   H  (  w ,  e s   )   :


   H  (  w ,  e s   )  =  [         ∂ 2   π  s L      ∂ 2  w          ∂ 2   π  s L     ∂ w ∂  e s             ∂ 2   π  s L     ∂  e s  ∂ w          ∂ 2   π  s L      ∂ 2   e s         ]    =  [      − θ       − γ Z  2          − γ Z  2      − λ  Z 2       ]      



(9)







Let   4 θ λ >  γ 2  ; H  (  w ,    e s   )    is a semi-negative definite matrix. From Equations (7) and (8), the optimal decision of the supplier in a carbon-free market (indicated by *) is known by:


   w *  =   2 λ  [  a − θ c + γ Δ  e m  − θ F  (   e m  + t − τ  e 2   )   ]    4 θ λ −  γ 2    + c    



(10)






   e s    *  =   4 θ λ  e 1  − γ  [  a − θ c + γ  (   e 1  + Δ  e m   )  − θ F  (   e m  + t − τ  e 2   )   ]    Z  (  4 θ λ −  γ 2   )       



(11)







According to Equations (10) and (11), the following is obtained:


   p *  =   a + θ c + γ  (   e 1  + Δ  e m   )  + θ F  (   e m  + t − τ  e 2   )    2 θ   +    (   γ 2  + 2 θ λ  )   [  a − θ c + γ  (   e 1  + Δ  e m   )  − θ F  (   e m  + t − τ  e 2   )   ]  − 6 θ λ  e 1  γ   4 θ λ −  γ 2       



(12)






   Q L    *  =   θ λ  [  a − θ c + γ Δ  e m  − θ F  (   e m  + t − τ  e 2   )   ]    4 θ λ −  γ 2       



(13)






   π  s L     *  =   λ    [  a − θ c + γ Δ  e m  − θ F  (   e m  + t − τ  e 2   )   ]   2    2  (  4 θ λ −  γ 2   )       



(14)






   π m    *  =   θ  λ 2     [  a − θ c + γ Δ  e m  − θ F  (   e m  + t − τ  e 2   )   ]   2       (  4 θ λ −  γ 2   )   2    −  1 2  λ Δ  e m    2     



(15)






     π s    *      =   2 θ  λ 2     [  a − θ c + γ Δ  e m  − θ F  (   e m  + t − τ  e 2   )   ]   2       (  4 θ λ −  γ 2   )   2    −   λ    [   e 1  Z  γ 2  + 4 θ λ  e 1   (  1 − Z  )   ]   2    2  Z 2     (  4 θ λ −  γ 2   )   2        +   γ λ  [  a − θ c + γ  (   e 1  + Δ  e m   )  − θ F  (   e m  + t − τ  e 2   )   ]   [   e 1  Z  γ 2  + 4 θ λ  e 1   (  1 − Z  )   ]     Z 2     (  4 θ λ −  γ 2   )   2         −    γ 2  λ    [  a − θ c + γ  (   e 1  + Δ  e m   )  − θ F  (   e m  + t − τ  e 2   )   ]   2    2  Z 2     (  4 θ λ −  γ 2   )   2          



(16)







Proposition 1.

In a carbon-free market, the supplier’s wholesale price is negatively related to the supplier’s emission transfers and positively related to the initial quota ratio and government fines. The emissions of the supplier’s unit products are negatively related to the under-reporting factor but positively related to the supplier’s emission transfers.





Proof. 

To find the supplier’s wholesale price, the emissions per unit product to the supplier’s carbon emission transfer quantity, t, the carbon quota ratio, τ, the government penalty F, and the first derivative of the under-reporting factor, Z, this study obtains:     ∂  w *    ∂ t   < 0  ,     ∂  w *    ∂ τ   > 0 ,     ∂  w *    ∂ F   > 0  ,     ∂  e s    *    ∂ Z   < 0  , and     ∂  e s    *    ∂ t   > 0  . □





Proposition 1 states that, when a supplier transfers more emissions to a manufacturer, the supplier’s reduction costs will also decrease. The supplier can lower the wholesale price to ensure a smoother transfer of products between the upstream and downstream of the supply chain. If the government’s initial quota ratio and fines increase, then suppliers, under less pressure to cut emissions, are more likely to not lie about their carbon emissions. Instead, the suppliers will raise their wholesale prices to compensate for the increased costs of cutting their own emissions.



If a supplier minimizes the emissions per unit product, then their actual reduction capacity is less than the declared capacity. Hence, their initiative to reduce emissions has become debilitated, which may lead to an increase in the actual emissions per unit product. However, to decrease the emission reduction costs, the supplier may not choose to reduce emissions, because doing so would be difficult. Instead, the supplier could transfer the reduction tasks to the manufacturer.



Proposition 2.

In a carbon-free market, the supply chain’s order quantity is directly proportional to the initial quota ratio but inversely proportional to the supplier’s transfer quantity.





Proof. 

The respective first-order derivatives of the order quantity to the supplier’s transfer amount, t, and the initial quota ratio, τ, can be obtained:     ∂  Q L    *    ∂ τ   > 0   and     ∂  Q L    *    ∂ t   < 0  . □





Proposition 2 states that, when the initial quota ratio increases, enterprises only need to invest lower emission reduction costs to complete the emission reduction tasks stipulated by the government. The greenness of products and consumer demand both increases. In addition, the enterprises will have more funds to expand production and supply. Consequently, on-chain product transactions and accompanying order quantities increase. However, if the increased number of transactions requires the manufacturer to receive more emission transfers, then the manufacturer will tend to reduce their orders, so as to reduce their overall costs. When the supplier conducts carbon emission transfers, a deviation exists between the product greenness perceived by the consumers and the carbon emissions disclosed by the enterprises. As a result, the consumers experience regret and will, therefore, reduce their buyback behaviors and also reduce their product order quantities.



Proposition 3.

There is an optimal carbon emission transfer quantity(   t 1    *   ) by which the supplier can actually obtain the maximum profit.  Assuming that the supplier’s actual profit is maximized, their transfer quantity is positively related to the initial quota ratio but negatively related to both government fines and the under-reporting factor.





Proof. 

To find the supplier’s actual equilibrium profit, a first-order partial deviation of the transfer amount, t, is obtained:


      ∂  π s    *    ∂ t   =   − 4  θ 2  F  λ 2   [  a − θ c + γ  (   e 1  + Δ  e m   )  − θ F  (   e m  + t − τ  e 2   )  −  e 1  γ  ]       (  4 θ λ −  γ 2   )   2                  −   γ λ θ F  [   e 1  Z  γ 2  + 4 θ λ  e 1   (  1 − Z  )   ]     Z 2     (  4 θ λ −  γ 2   )   2                  +   2  γ 2  λ θ F  [  a − θ c + γ  (   e 1  + Δ  e m   )  − θ F  (   e m  + t − τ  e 2   )   ]    2  Z 2     (  4 θ λ −  γ 2   )   2       



(17)




     ∂ 2   π s    *     ∂ 2  t   =   λ  θ 2   F 2   (  4 θ λ  Z 2  −  γ 2   )     Z 2     (  4 θ λ −  γ 2   )   2     , when     ∂  π s    *    ∂ t   = 0  , then


   t 1    *  =    (  a − θ c  )   (   γ 2  − 4 θ λ  Z 2   )  +  γ 3   (   e 1  + Δ  e m   )  − 4 θ γ λ  Z 2  Δ  e m  − γ  [   e 1  Z  γ 2  + 4 θ λ  e 1   (  1 − Z  )   ]    θ F  (   γ 2  − 4 θ λ  Z 2   )    −  e m  + τ  e 2   



(18)




From Equations (17) and (18), we know that, if     0 < Z <      γ 2    4 θ λ      , then      ∂ 2   π s    *     ∂ 2  t   < 0  . □





Additionally,    π s    *    is a concave function about t, so if t <      t 1    *   , then the supplier’s transfer amount, t, and the actual profit,    π s    *   , have a positive relationship, i.e., the latter increases as the former increases. If t >     t 1    *   , then the two variables have a negative relationship, i.e., the latter decreases as the former increases. The transfer quantity can maximize the supplier’s profit within the abovementioned low reporting range.



Assuming that the supplier’s actual equilibrium profit is maximized, their optimal transfer amount,    t 1    *   , is the first-order partial derivative of the under-reporting factor Z, the initial carbon quota ratio τ, and the government fine F:     ∂  t 1    *    ∂ Z   < 0  ,     ∂  t 1    *    ∂ τ   > 0  , and     ∂  t 1    *    ∂ F   < 0  .



Proposition 3 states that, to ensure that their actual profit is maximized, the supplier will choose between two options. The first option is to transfer more emissions. Since the government penalizes for emissions that exceed the initial quota, the supplier often reduces their under-reporting factor (i.e., increases the strength of under-reporting), thereby decreasing their ability to reduce emissions. The supplier’s ability to meet reduction goals depends mainly on increasing their transfer quantity. The second option is to reduce the emissions. Then, the optimum strategy would be to increase the under-reporting factor (i.e., reduce the strength of under-reporting) or to not under-report. The latter indicates that they can already meet or are more inclined to improve their own emission reduction capabilities, in order to meet the reduction goals in a timely manner.



If the manufacturer’s profits are insufficient to pay the government’s fines, then they will reject the supplier’s transfers and eventually refuse to cooperate. Hence, for the supplier to obtain the maximum benefits, they must ensure the normal conduct of product transactions, i.e., the manufacturer is profitable. The effective range within which manufacturers can accept carbon transfers is    (  0 ,     a − θ c + γ Δ  e m    θ F   −  e m  + τ  e 2  −   Δ  e m    θ F   2 θ λ      )   . For the supplier’s optimal transfer amount,    t 1    *   , to be within this range, the supplier’s under-reporting factor, Z, must meet   Δ  e m   (   γ 2  − 4 θ λ  Z 2   )  − γ  e 1   (  1 − Z  )   (  4 θ λ −  γ 2   )    2 θ λ   < 0  . Suppliers can obtain maximum actual profits by transferring emissions.



Proposition 4.

The overall public profit of the supply chain decreases continuously in line with the increase in the emissions transferred by the supplier. With different under-reporting intervals, the effects of the transfers on the overall actual profit of the supply chain are different.





Proof. 

To find the supply chain’s overall public profit,    π  s c L     *   , this study takes the partial derivative of the supplier’s transfer amount, t, to obtain    π  s c L     *  =  π  s L     *  +  π m    *   ,     ∂  π  s c L     *    ∂ t   < 0  . To calculate the supply chain’s overall actual profit,    π  s c     *   , for the first-order partial derivative of t, we obtain:


     π  s c     *      =   2 θ  λ 2     [  a − θ c + γ Δ  e m  − θ F  (   e m  + t − τ  e 2   )   ]   2       (  4 θ λ −  γ 2   )   2    −   λ    [   e 1  Z  γ 2  + 4 θ λ  e 1   (  1 − Z  )   ]   2    2  Z 2     (  4 θ λ −  γ 2   )   2         +   γ λ  [  a − θ c + γ  (   e 1  + Δ  e m   )  − θ F  (   e m  + t − τ  e 2   )   ]   [   e 1  Z  γ 2  + 4 θ λ  e 1   (  1 − Z  )   ]     Z 2     (  4 θ λ −  γ 2   )   2          −    γ 2  λ    [  a − θ c + γ  (   e 1  + Δ  e m   )  − θ F  (   e m  + t − τ  e 2   )   ]   2    2  Z 2     (  4 θ λ −  γ 2   )   2          +   θ  λ 2     [  a − θ c + γ Δ  e m  − θ F  (   e m  + t − τ  e 2   )   ]   2       (  4 θ λ −  γ 2   )   2    −  1 2  λ Δ  e m    2        



(19)






       ∂  π  s c     *    ∂ t   =   − 4  θ 2  F  λ 2   [  a − θ c + γ  (   e 1  + Δ  e m   )  − θ F  (   e m  + t − τ  e 2   )  −  e 1  γ  ]       (  4 θ λ −  γ 2   )   2                    −   γ λ θ F  [   e 1  Z  γ 2  + 4 θ λ  e 1   (  1 − Z  )   ]     Z 2     (  4 θ λ −  γ 2   )   2                    +   2  γ 2  λ θ F  [  a − θ c + γ  (   e 1  + Δ  e m   )  − θ F  (   e m  + t − τ  e 2   )   ]    2  Z 2     (  4 θ λ −  γ 2   )   2                    −   2  λ 2   θ 2  F  [  a − θ c + γ Δ  e m  − θ F  (   e m  + t − τ  e 2   )   ]       (  4 θ λ −  γ 2   )   2        



(20)







     ∂ 2   π  s c     *     ∂ 2  t   =   λ  θ 2   F 2   (  6 θ λ  Z 2  −  γ 2   )     Z 2     (  4 θ λ −  γ 2   )   2      makes     ∂  π  s c     *    ∂ t   = 0   available


   t 2    *  =    (  a − θ c + γ Δ  e m   )   (   γ 2  − 6 θ λ  Z 2   )  +  (   γ 3   e 1  − 4 θ γ λ  e 1   )   (  1 − Z  )    θ F  (   γ 2  − 4 θ λ  Z 2   )    −  e m  + τ  e 2   



(21)







From Equations (20) and (21), one can know that     0 < Z <      γ 2    6 θ λ      ,      ∂ 2   π  s c     *     ∂ 2  t   < 0  , and t is a concave function of πsc*. If t <    t 2    *   , then the transferred amount t is positively related to    π  s c     *   , i.e., the latter increases with the former. If t >    t 2    *   , then the two variables have a negative relationship, i.e., the latter increases as the former decreases. When   Z ≥      γ 2    6 θ λ      , the above relationship is the opposite. □





Proposition 4 states that, in a supplier-led supply chain, the supplier has sufficient rights. When the supplier under-reports the carbon emissions per unit of product, they meet the government’s reduction targets, mainly by transferring emissions to the manufacturer. The manufacturer must then bear most of the reduction costs, thereby leading to a certain reduction in the overall public profit of the supply chain.



As far as the actual profits of the entire supply chain are concerned, when the supplier’s misstatement factor is low (  0 < Z <      γ 2    6 θ λ      ), i.e., when the supplier’s misstatement is strong, the greenness of the product is improved. When the quantity of carbon emission transfers is small (  t <  t 2    *   ), the demand for the product, which is driven by consumers’ low-carbon preference, increases, resulting in a continuous increase in the profits of the supply chain. According to Proposition 1, with the continuous increase in carbon emission transfers (  t >  t 2    *   ), consumers can obviously perceive the increase in the carbon emissions of the products; the resulting decrease in demand leads to a continuous decrease in the profit of the supply chain. When the misreporting factor is higher than a certain value (  Z ≥      γ 2    6 θ λ      ), the relationship between carbon emission transfers and the actual profits of the supply chain is contrary to the above situation. This finding indicates that the misstatement factor could have a strong effect on the profits of the supply chain.



The comparison shows that    t 2    *  <  t 1    *   . Therefore, if the supplier chooses their own optimal carbon emission transfer amount, the supply chain’s profits will not reach the optimal state, i.e., the supplier sacrifices the manufacturer’s profit to ensure that the former maximizes their own profit.




4.2. Perfect Carbon Market


In a perfect carbon market, enterprises can buy and sell emission rights to meet their emission needs. Even after accepting transfers from the supplier, the manufacturer must purchase additional rights for any emissions that exceed the initial carbon quota. However, the manufacturer may also sell any surplus rights, should their emissions stay below the quota.



Under the above conditions, a Stackelberg game model with supplier-led manufacturers is established. The demand function for low-carbon products is:


   Q L  = a − θ p + γ  (   e 1  − Z  e s  + Δ  e m   )   



(22)







The public and actual profits of the supplier, as well as the profits of the manufacturer, are:


   π  s L   =  (  w − c  )   Q L  +  (   E S  − Z  e s   Q L   )   P c  −  1 2  λ    (   e 1  − Z  e s   )   2     



(23)






   π s  =  (  w − c  )   Q L  +  (   E S  − Z  e s   Q L   )   P c  −  1 2  λ    (   e 1  −  e s   )   2     



(24)






   π m  =  (  p − w  )   Q L  +  [   E m  −  (   e m  + t  )   Q L   ]   P c  −  1 2  λ Δ  e m    2     



(25)







According to the principle of game inverse solutions, the first assumption is that the supplier’s wholesale price, w, and emissions per unit product,    e s   , are given. The manufacturer maximizes profits by determining the product price, p. The first derivative is obtained from Equation (25), so that     ∂  π m    ∂ p   = 0  . The action rule of p on w and    e s    is:


  p ( w ,  e s  ) =   a + θ w + γ  (   e 1  − Z  e s  + Δ  e m   )  − θ  P c   (  τ  e 2  −  e m  − t − τ  e 1   )    2 θ    



(26)







Equation (26) is substituted into the supplier’s public profit function, Equation (23). The first derivatives of p to w and    e s    are:


    ∂  π  s L     ∂ w   =   a − 2 θ w + θ c + γ  (   e 1  − Z  e s  + Δ  e m   )  + θ  P c   (  τ  e 2  −  e m  − t − τ  e 1  + Z  e s   )   2  = 0  



(27)






    ∂  π  s L     ∂  e s    =   − Z  P c   [  a − θ w + γ  (   e 1  − Z  e s  + Δ  e m   )  + θ  P c   (  τ  e 2  −  e m  − t  )   ]   2  −   γ Z  [  w − c +  P c   (  τ  e 1  − Z  e s   )   ]   2  + λ Z  (   e 1  − Z  e s   )  = 0  



(28)







Therefore, the Hessian matrix   H  (  w ,  e s   )    is:


    ∂  π  s L     ∂  e s    =  [         ∂ 2   π  s L      ∂ 2  w          ∂ 2   π  s L     ∂ w ∂  e s             ∂ 2   π  s L     ∂  e s  ∂ w          ∂ 2   π  s L      ∂ 2   e s         ]  =  [      − θ       − γ Z + Z θ  P c   2          Z  (  θ  P c  − γ  )   2       (  γ  P c  − λ  )   Z 2       ]     



(29)







Let   4 θ λ >    (  θ  P c  + γ  )   2    be a negative definite matrix. Equations (27) and (28) can be simultaneously obtained for a perfect carbon market (indicated by *). The optimal decision of the supplier in a perfect carbon market is:


     w *      =   a + θ c + γ  (   e 1  + Δ  e m   )  + θ  P c   (  τ  e 2  −  e m  − t − τ  e 1   )    2 θ       +    (   P c    2   θ 2  −  γ 2   )   [  a + γ  (   e 1  + Δ  e m   )  + θ  P c   (  τ  e 2  −  e m  − t  )   ]  +  (   P c  θ − γ  )   (  θ γ τ  e 1   P c  +  P c    2   θ 2  τ  e 1  − c  θ 2   P c  − 4 θ λ  e 1  − θ γ c  )    2 θ  [     (  θ  P c  + γ  )   2  − 4 θ λ  ]       



(30)






   e s    *  =    (  θ  P c  + γ  )   [  a + γ  (   e 1  + Δ  e m   )  + θ  P c   (  τ  e 2  −  e m  − t  )   ]  +  (  θ γ τ  e 1   P c  +  P c    2   θ 2  τ  e 1  − c  θ 2   P c  − 4 θ λ  e 1  − θ γ c  )    Z  [     (  θ  P c  + γ  )   2  − 4 θ λ  ]     



(31)







Incorporating Equations (30) and (31) into Equation (26), the optimal decision of the manufacturer can be obtained:


     p *      =   3 a + θ c + 3 γ  (   e 1  + Δ  e m   )  − θ  P c   (  τ  e 2  −  e m  − t + τ  e 1   )    4 θ       +    (   θ 2   P c    2  − 3  γ 2  − 2 γ θ  P c   )   [  a + γ  (   e 1  + Δ  e m   )  + θ  P c   (  τ  e 2  −  e m  − t  )   ]  +  (   P c  θ − 3 γ  )   (  θ γ τ  e 1   P c  +  P c    2   θ 2  τ  e 1  − c  θ 2   P c  − 4 θ λ  e 1  − θ γ c  )    4 θ  [     (  θ  P c  + γ  )   2  − 4 θ λ  ]       



(32)







The product demand and the supplier’s and manufacturer’s profits are:


     Q L    *  =   a + γ  (   e 1  + Δ  e m   )  + θ  P c   (  τ  e 2  −  e m  − t  )  − θ c + θ  P c  τ  e 1   4                −      (  γ +  P c  θ  )   2   [  a + γ  (   e 1  + Δ  e m   )  + θ  P c   (  τ  e 2  −  e m  − t  )   ]    4  [     (  θ  P c  + γ  )   2  − 4 θ λ  ]                  −    (   P c  θ + γ  )   (  θ γ τ  e 1   P c  +  P c    2   θ 2  τ  e 1  − c  θ 2   P c  − 4 θ λ  e 1  − θ γ c  )    4  [     (  θ  P c  + γ  )   2  − 4 θ λ  ]       



(33)







Let   M = a + γ  (   e 1  + Δ  e m   )  + θ  P c   (  τ  e 2  −  e m  − t  )  + θ τ  e 1   P c  − θ c  ,  N = γ τ  e 1   P c  +  P c    2  θ τ  e 1  − c θ  P c  − 4 λ  e 1  − γ c  ,   K = θ  P c  + γ  


     π s *      =    [  M  (   K 2  − 4 θ λ  )  −  K 2   (  M − θ τ  e 1   P c  + θ c  )  − θ K N  ]  *  [  − 4 θ λ M +  K 2   (  θ τ  e 1   P c  − θ c  )  − θ N K  ]    8 θ    (   K 2  − 4 θ λ  )   2        −   λ    [  Z  e 1   K 2  − K  (  M − θ τ  e 1   P c  + θ c  )  − 4 θ λ  e 1  Z − θ N  ]   2    2  Z 2     (   K 2  − 4 θ λ  )   2       



(34)






     π  s L  *      =    [  M  (   K 2  − 4 θ λ  )  −  K 2   (  M − θ τ  e 1   P c  + θ c  )  − θ K N  ]  *  [  − 4 θ λ M +  K 2   (  θ τ  e 1   P c  − θ c  )  − K θ N  ]    8 θ    (   K 2  − 4 θ λ  )   2        −   λ    [   e 1   K 2  − K  (  M − θ τ  e 1   P c  + θ c  )  − θ N − 4 θ λ  e 1   ]   2    2  Z 2     (   K 2  − 4 θ λ  )   2       



(35)






     π m *  =   Z  (   K 2  − 4 θ λ  )   [  M − 4 θ  P c   (  τ  e 2  −  e m  − t  )   ]  −  K 2   (  M − θ τ  e 1   P c  + θ c  )  − K θ N   4 θ Z  (   K 2  − 4 θ λ  )                  ∗   − 4 θ λ M +  K 2   (  θ τ  e 1   P c  − θ c  )  − K θ N   4  (   K 2  − 4 θ λ  )                  +    P c   (  τ  e 2  −  e m  − t  )   [  − 4 θ λ M +  K 2   (  θ τ  e 1   P c  − θ c  )  − K θ N  ]    4  (   K 2  − 4 θ λ  )                  −  1 2  λ Δ  e m    2     



(36)







Proposition 5.

When a perfect carbon market satisfies certain conditions, the wholesale price, w, is negatively related to the transferred amount, t, but positively related to the initial quota ratio, τ.





Proof. 

The first derivatives of w to t and τ can be obtained as follows:



   P c  >      γ 2  + 8 θ λ   − γ   2 θ    ,     ∂  w *    ∂ t   < 0  , i.e., t is inversely proportional to    w *  .   If    θ 2   e 2   P c    2  + θ γ  (   e 2  −  e 1   )   P c  −  γ 2   e 1  − 2 θ λ  (   e 2  −  e 1   )  < 0  , then     ∂  w *    ∂ τ   > 0  , i.e.,    w *    increases in line with τ. □





Proposition 5, in contrast to Proposition 1, states that in a perfect carbon market, the relationships among the wholesale prices of supply chain products, the carbon emission transfer quantities of the suppliers, and the initial carbon quota proportion of the government are all affected by the carbon market trading prices. In addition, if the government’s initial quota ratio decreases, then the supplier tries to increase their profits by transferring the difficult-to-reduce emissions to the manufacturer. If the carbon price is higher than a certain value (which is the stop-loss value), the supplier then increases the wholesale price to ensure the normal operation of the supply chain. On the one hand, an overly-high or low initial quota ratio would lead to abnormal wholesale prices. On the other hand, the supplier should optimize their wholesale prices by determining the transferred amount, according to the carbon trading price.



Proposition 6.

If the carbon trading price is   (  0 ,     θ λ −  γ 2    θ γ    )   , then the sales price is inversely proportional to the initial quota ratio but directly proportional to the transfers. If the carbon trading price is greater than    (  0 ,     θ λ −  γ 2    θ γ    )   , then the sales price is directly proportional to the initial quota ratio but inversely proportional to the transfers.





Proof. 

The respective first derivatives of the sales price to the transferred amount, t, and the initial quota ratio, τ, can be obtained as follows:


   0 <  P c  <   θ λ −  γ 2    θ γ   ,     ∂  p *    ∂ τ   < 0   ,     ∂  p *    ∂ t   > 0    



(37)




□





Proposition 6 states that if the initial quota decreases, the manufacturer not only must then reduce their own emissions, the manufacturer must also consider if the supplier is able to meet the reduction targets. If the latter is unable to meet the targets, then they will transfer the emissions that they cannot reduce to the former (the manufacturer). In that case, the manufacturer must invest more funds into reductions, or the manufacturer must purchase emission rights to accept the transferred amount. The manufacturer’s reduction costs will increase accordingly. To compensate for the lost profits, they may choose to increase the sales prices of their products.



If the carbon trading price is too high, then the optimal decision of the manufacturer to ensure their own profits is to accept fewer transferred emissions from the supplier. In that case, the supplier must undertake reduction independently, in which case the supplier’s reduction costs will consequently rise. This will inevitably lead to an increase in the prices of the supplier’s intermediate products and, eventually, of the sales prices of the end products.



Proposition 7.

In a perfect carbon market, the effects of the supplier’s emissions per unit product, the product ordering quantities, the initial carbon quota ratio, and the transfer quantity are all the same as in a carbon-free market. However, all the coefficients of the effects are different.





Proof. 

The respective first derivatives of the carbon emissions from the supplier’s unit product to the transferred amount, t, and the quota ratio, τ, are:


    ∂  e s    *    ∂ τ   =    (   e 1  +  e 2   )   (  θ  P c  + γ  )  θ  P c    Z  [  4 θ λ −    (  θ  P c  + γ  )   2   ]    = −    e 1  +  e 2   Z   K 1   



(38)






    ∂  e s    *    ∂ t   =   θ  P c   (  θ  P c  + γ  )    Z  [  4 θ λ −    (  θ  P c  + γ  )   2   ]    =  1 Z   K 1   



(39)







The first derivative of    K 1    on the carbon price    P c    is:


    ∂  K 1    ∂  P c    =    (  2  θ 2   P c  + θ γ  )   [  4 θ λ −    (  θ  P c  + γ  )   2   ]  + 2  θ 2   P c     (  θ  P c  + γ  )   2       [  4 θ λ −    (  θ  P c  + γ  )   2   ]   2    > 0  



(40)







The respective first derivatives of the product order quantities to t and τ are:


     ∂  Q L    *    ∂ τ   =    θ 2  λ  P c   (   e 1  +  e 2   )    4 θ λ −    (  θ  P c  + γ  )   2    =  θ 2  λ  (   e 1  +  e 2   )   K 2     P c    4 θ λ −    (  θ  P c  + γ  )   2      ,     ∂  Q L    *    ∂ t   = −  θ 2  λ  K 2    



(41)







The first derivative of    K 2    on    P c    is:


    ∂  K 2    ∂  P c    =   4 θ λ −    (  θ  P c  + γ  )   2  + 2 θ  P c   (  θ  P c  + γ  )       [  4 θ λ −    (  θ  P c  + γ  )   2   ]   2    > 0  



(42)







The influencing factors    K 1    and    K 2    increase    P c   . □





Proposition 7 shows that, in a perfect carbon market (in contrast to a carbon-free market), if the initial carbon quota is reduced, then the supplier’s costs of emissions per unit of product increase significantly, in line with the carbon trading price. To meet the reduction targets, the supplier must either improve their ability to reduce emissions by increasing investment in emission reduction technologies, or they must shift the responsibility for reducing emissions by increasing transfers. With the first option, the supplier’s carbon emissions per unit product will be reduced, but the unit product cost will then increase, and product orders will almost certainly eventually decrease. With the second option, after receiving the supplier’s transfers, the manufacturer would have to reduce their scale of production to reduce emissions, eventually leading to a decrease in orders.



Proposition 8.

As in the case of a carbon-free market, there is an optimal carbon emission transfer that maximizes the supplier’s actual profit. The government’s initial quota ratio positively affects the supplier’s carbon emission transfer amount. The relationship of the carbon emission transfers will be further affected by the transaction price in the carbon market.





Proof. 

The first-order partial deviation of the supplier’s actual equilibrium profit to the transfer amount, t, is:


      ∂  π s    *    ∂ t       =   4  θ 2  λ  P c   { 2       (  θ  P c  + γ  )   2   (  θ τ  e 1   P c  − θ c  )  +  (  θ  P c  + γ  )   (  c  θ 2  + c  θ 2   P c  + 8 θ λ  e 1  + 2 θ γ c − 2 θ γ τ  e 1   P c  − 2  P c    2   θ 2  τ  e 1   )   }    8 θ    [     (  θ  P c  + γ  )   2  − 4 θ λ  ]   2         −   2 λ θ  P c   (  θ  P c  + γ  )   {  Z  e 1     (  θ  P c  + γ  )   2  −  (  θ  P c  + γ  )   [  a + γ  (   e 1  + Δ  e m   )  + θ  P c   (  τ  e 2  −  e m  − t  )   ]  + 4 θ λ  e 1   (  1 − Z  )  − θ γ τ  e 1   P c  −  P c    2   θ 2  τ  e 1  + c  θ 2   P c  + θ γ c  }    2  Z 2     (  4 θ λ −  γ 2   )   2        



(43)






     ∂ 2   π s    *     ∂ 2  t   =   − 2 λ  θ 2   P c    2     (  θ  P c  + γ  )   2    2  Z 2     (  4 θ λ −  γ 2   )   2       



(44)







Letting     ∂  π s    *    ∂ t   = 0  , then


     t 3    *  =    Z 2   (  c  θ 2  − c  θ 2   P c  + 8 θ λ  e 1   )    θ  P c   (  θ  P c  + γ  )    +   a + γ  (   e 1  + Δ  e m   )    θ  P c    −   Z  e 1   (  θ  P c  + γ  )    θ  P c                  −   4 θ λ  e 1   (  1 − Z  )  − θ γ τ  e 1   P c  −  P c    2   θ 2  τ  e 1  + c  θ 2   P c  + θ γ c   θ  P c   (  θ  P c  + γ  )    −  e m                + τ  e 2     



(45)




and      ∂ 2   π s    *     ∂ 2  t   < 0     is obtained.



The supplier’s actual profit,    π s    *   , is a concave function around the transferred amount, t. Therefore, if     t <  t 3    *   , then t has a positive relationship with    π s    *   , i.e., the latter increases with the former. If   t >  t 3    *   , then the two variables have a negative relationship, i.e., the latter decreases as the former increases. The supplier’s optimal transfer quantity,    t 3    *   , for the first-order partial derivative of Z is:


    ∂  t 3    *    ∂ Z   =   Z  (  c  θ 2  − c  θ 2   P c  + 8 θ λ  e 1   )  + 4 θ λ  e 1  −  e 1     (  θ  P c  + γ  )   2    θ  P c   (  θ  P c  + γ  )     



(46)







Let     ∂  t 3    *    ∂ Z   = 0  , then    Z *  =    e 1     (  θ  P c  + γ  )   2  − 4 θ λ  e 1    c  θ 2  − c  θ 2   P c  + 8 θ λ  e 1      and      ∂ 2   t 3    *     ∂ 2  Z   =   Z  (  c  θ 2  − c  θ 2   P c  + 8 θ λ  e 1   )    θ  P c   (  θ  P c  + γ  )     . When   c  θ 2  − c  θ 2   P c  + 8 θ λ  e 1  < 0   and    P c  > 1 +   8 λ  e 1    c θ    , then      ∂ 2   t 3    *     ∂ 2  Z   < 0  , i.e., the supplier’s carbon emission transfers are a concave function of the misstatement coefficient,  Z , or conversely, a convex function of the false reporting coefficient,  Z . Taking the first partial derivative of the supplier’s optimal carbon emission transfer quantity,    t 3    *   , to the government’s initial quota proportion,  τ , then     ∂  t 3    *    ∂ τ   =   γ  (   e 1  +  e 2   )  + θ  (   e 2  −  e 1   )    θ  P c  + γ   > 0     is obtained. Therefore, the supplier’s optimal carbon emission transfers increase in line with the government’s initial quota proportion. □





Proposition 8 shows that, in order to ensure that the supplier’s actual profits are maximized under the constraints of emission reduction, higher carbon trading prices result in the supplier’s under-reporting factor’s being higher, i.e., the more inclined the supplier would be to not under-report and the more inclined the supplier would be to make fewer transfers. However, from the perspective of specific carbon trading prices, the supplier can always find the optimal amounts for under-reporting and transfers at each fixed price. This ability further illustrates that the trading prices have certain endogenous regulatory mechanisms for the operational decisions of the supplier.



From the properties of the above wholesale prices, sales prices, and order quantities, one can see that the government’s initial quota ratio reversely affects the carbon emission transfer behaviors of the supply chain, indicating that the government’s regulatory behavior could play a role in promoting emission reduction. When the supplier’s profit is maximized, the optimal carbon emission transfer amount will increase in line with the initial quota ratio. The latter result is consistent with the conclusion of Zhou and Wu [11]. When the government quota is higher, suppliers are more inclined to transfer more carbon emissions to obtain more profits. This means the suppliers could reduce the effectiveness of government policies in the pursuit of maximizing their own interests.





5. Numerical Analysis


In actual operations, while the carbon trading price and under-reporting factor are fluctuating, the government will adjust the initial quota ratio according to the capacity of the enterprise. To verify the validity of the propositions mentioned in the previous section, numerical analysis were conducted on the basis of parameter assignment. The values of the parameters are [11]:  a = 100  ;   λ = 16  ;     γ = 3  ;   θ = 2  ;   c = 5  ;      e 1  = 10  ;      e 2  = 10  ;     Δ  e m  = 5  ;      e m  = 5  ;     t = 1.5  ;     F = 15  .



(1) This section discusses the effects of supplier carbon emission transfer quantities, under-reporting factors, and the government’s fines on the wholesale prices of the products. The effects of the transfer quantity and under-reporting factors on the suppliers’ emissions per unit of product in a carbon-free market are also examined.



Figure 2 shows that, if t decreases, then Z, F, and    w *    increase. However, if the government penalty F increases, then t, Z, and      w *    also increase, because the supplier will increase their under-reporting and transfers accordingly. To ensure that the product transactions with the manufacturer proceed normally, the supplier will reduce the wholesale prices. Figure 3 shows that, if t increases while Z decreases, then the supplier’s emissions,    e s    *   , of the unit product will increase, thereby confirming Proposition 1. If the supplier’s under-reporting increases, then the emissions will increase sharply. This happens because when the supplier’s misstatement coefficient is small, the supplier’s R&D investment is far less than the R&D cost that they should invest. The supplier is more willing to adopt carbon emission transfers to reduce emissions; the product emission reduction is, therefore, not obvious. Due to the under-reporting of suppliers, the nominal greenness of the products increases, as does the demand for the products. This, in turn, leads to a significant increase in the carbon emissions from the products. However, as the emissions continue to increase, the corresponding increase in emissions per unit product will not be significant. This finding is different from that of Sun et al. [6]. In this study, a portion of the carbon emission transfers is actually the product of the misstatements of the supply chain, whose influence also represents the influence of the transfers, to a certain extent. The additional carbon emissions generated during the supplier’s transfer and the carbon emissions generated by the difference in the levels of the technology of the enterprises will not change significantly with the increase in the carbon emission transfers. The difference between the results of this study and those of Sun et al. [6] is probably due to the existence of carbon information misstatements.



(2) This section discusses the effects of suppliers’ carbon emission transfers and the government’s initial carbon quota ratio on product order quantities in a carbon-free market. Figure 4 shows that, if  t  decreases, then    Q L    *    increases. However, this trend would not be significant, because if the transfers accepted by the manufacturer decrease, then the costs of the manufacturer’s emission reduction would also decrease, while the number of products ordered from the supplier would increase. In addition, the reduction in carbon emission transfers indicates that the supplier is making significant efforts to reduce emissions. Therefore, the product has a better emission reduction effect, its greenness improves, and consumer demand increases. With higher  τ  and    Q L    *   , the trend would be more significant. If the initial quota allocated by the government increases, then the pressure on the suppliers to reduce emissions will decrease. The suppliers can more effectively promote product emissions, and the manufacturers will not need to undertake too many carbon emission transfers. With the impetus from the government and the increased market demand, the supplier will invest more capital in R&D, in order to further increase the degree of product greenness, as well as the quantity of the product.



(3) This section discusses the effects of under-reporting factors, the government’s initial carbon quota ratio, and the government’s fines on the suppliers’ optimal transfers in a carbon-free market. Figure 5 shows that if  Z  decreases, the optimal transfer amount,    t 1    *   , will then increase at an accelerated rate, and the supplier’s under-reporting factor,  Z , will decrease. The supplier presents a strong misrepresentation, but the supplier is still not able to reduce the extra carbon emissions when excess emissions are discovered by the government. In this case, they will face a fine; the benefits of the high degree of the greenness of the products conveyed by the false report will disappear, and the supplier’s optimal carbon emission transfer amounts will increase in line with the decrease in the under-reporting factor. If  τ  increases, then    t 1    *    increases sharply with the initial quota ratio,  τ . This signifies that the carbon emission transfer has the characteristic of irrationality under the condition of the supplier’s pursuit of profit maximization. If  F  increases, then    t 1    *    increases. If the government’s fine,  F , is 10 or 15, then      t 1    *    changes significantly. This finding indicates that, where high government fines are possible, the manufacturers are limited in their ability to transfer carbon emissions, and their suppliers will be more willing to reduce their carbon emissions. Lin and Jia [37] pointed out that a higher emission trading penalty could potentially increase the cost of excessive emission risk; enterprises would, therefore, have a stronger willingness to reduce emissions. The findings of this study are consistent with Lin and Jia’s, but, in the absence of carbon transfer strategies, government fines may be more effective.



(4) This section discusses the effects of the suppliers’ transfers and the government’s initial quota ratio on the overall public and actual profits of the supply chain in a carbon-free market. Figure 6 shows that, if t increases and τ decreases, the overall public profit will always decrease. Figure 7 shows that, if the supplier’s under-reporting factor interval is (0, 0.35) and     t >  t 2    *   , then the supplier’s transfer amount, t, has a negative relationship with the supply chain’s overall actual profit,    π  s c     *   , i.e., the latter decreases as the former increases. If the supplier’s under-reporting factor range is (0.35, 1) and     t <  t 2    *   , then, as the transferred amount increases, the overall actual profit still declines. The overall actual profit will continue to increase as the supplier’s low reporting strength decreases, while the actual profit’s growth rate first increases, then decreases. As can be seen, the overall actual profits of the suppliers are more vulnerable to the influence of false reporting factors. When a false reporting factor is equal to 1, i.e., when an enterprise tends not to misrepresent their carbon emissions, and the actual profit of the supply chain is maximized, the profit decreases slightly. When the amount of carbon transfers remains unchanged, the profit is still higher than with other under-reporting factors. This conclusion is similar to the findings regarding the carbon emission reduction per unit product, indicating that only when the carbon emissions of each product are reduced can the profit of the supply chain be improved.



(5) This section discusses the effects of the suppliers’ transfer quantities and the government’s initial quota ratio on the wholesale and sales prices, in a perfect carbon market. Figure 8 shows that, if the carbon trading price,    P c   , is 10,   θ  P c    2  + γ  P c  − 2 λ < 0  , and    θ 2   e 2   P c    2  + θ γ  (   e 2  −  e 1   )   P c  −  γ 2   e 1  − 2 θ λ  (   e 2  −  e 1   )  < 0  , then τ increases, while the transferred amount, t, and the wholesale price,    w *   , decrease. The wholesale price becomes more significant as the government’s initial quota changes. If    P c    is 10, then it falls within the range    (  0 ,      θ λ  −  γ 2     θ γ     )   . The sales price,    p *   , is inversely proportional to the initial carbon quota ratio, τ. This relationship is directly proportional to t. Compared with t, τ has a greater effect on    p *   . If τ is within the range (0.73, 1), then    w *    is greater than or equal to    p *   . The manufacturer will then choose to interrupt the product transactions with the supplier.



(6) This section discusses the effects of the under-reporting factors and carbon trading prices on the suppliers’ transfer quantities in a perfect carbon market. Figure 9 shows that, if the carbon trading price is too high or too low, the suppliers will choose the corresponding under-reporting factor. This will result in higher carbon emission transfers. When the carbon trading price is low, suppliers tend not to lower their own carbon emissions; rather, they will conduct a large number of carbon emission transfers. The manufacturers will be more willing to undertake carbon emission transfers, due to the low carbon trading price. However, if the suppliers do not actively research and develop emission reduction technology, a blind transfer will eventually lead to the reduction in supply chain profits. On the one hand, suppliers want to reduce their own carbon emission reduction costs when the price is high. On the other hand, they also want to have surplus carbon quotas available for resale, in order to increase revenue. Therefore, suppliers often have low under-reporting factors and high amounts of carbon emission transfers. In this case, carbon transfer behavior often increases the difficulty of emission reduction, as well as increasing the emission reduction costs of downstream manufacturers, who have no bargaining power. Zhou and Wu [11] believed that lower carbon trading prices and larger false reporting coefficients lead to the manufacturers being inclined to increase the level of under-reporting, in order to obtain carbon profits. The conclusion of this paper supports the views of Zhou and Wu [11], but this paper also puts forward different views.




6. Conclusions and Management Implications


6.1. Conclusions


In a supply chain, the incomplete disclosure and asymmetry of carbon information causes occasional misrepresentations among the chain’s members. Such misrepresentations not only directly affect the supply chain members’ operational decisions, but they also complicate the carbon emission transfers caused by the flow of goods. By constructing a supplier-led Stackelberg game model, this study analyzes the transfers of a supplier’s unit products under government regulations in two separate scenarios, namely, a carbon-free market and a perfect carbon market. The aim is to further optimize the carbon emission transfer structure of the supply chain and to restrict the carbon misrepresentations of suppliers. The conclusions of this paper are summarized as follows:



(1) The government’s carbon trading policy has certain limitations with regard to regulating the irrational transfers of a supply chain. In reality, If the profit of each member of the supply chain and the overall profit of the supply chain increases after the carbon emission transfer among supply chain enterprises, it indicates that the transfer is a rational transfer of carbon emissions in the supply chain. On the contrary, if there is a profit reduction for any member in the supply chain, the transfer is an irrational transfer of carbon emissions in the supply chain [7]. Compared with no carbon [44,45], in a carbon market situation), supply chain-related decisions, carbon migration and the initial quota proportional relationship are all affected by the price of carbon trading. The carbon trading price impacts the supplier’s operating decisions regarding an endogenous regulation mechanism. However, if the carbon trading prices are too high or too low, the supplier can correspondingly choose to understate the relevant under-reporting factors, leading to higher carbon emission transfers. Therefore, relying solely on carbon regulation policies that do not consider carbon information asymmetry cannot effectively solve the problem of irrational carbon emission transfers in a supply chain;



(2) The consequences of enterprises misreporting carbon information are reflected through carbon emission transfers, which greatly reduce the advantage of transferring carbon emissions as a cost-sharing strategy. In a certain sense, neither carbon information misreporting nor supply chain carbon emission transfers are conducive to supply chain emission reduction. In addition, the misreporting of carbon information has a more significant negative impact on supply chain emission reduction than do carbon emission transfers. Some of the carbon emissions that have been misreported by enterprises will be transferred to the upstream and downstream of the supply chain in the form of carbon emission transfers. Therefore, the government needs to strengthen its supervision of enterprises based on fully understanding the influence of misreporting carbon information on carbon emission transfers of supply chain enterprises;



(3) Enterprises act in their own self-interests when they transfer carbon emissions. When the supplier has the highest profit, the optimal carbon emission transfer amount is higher than the carbon emission transfer amount when the supply chain has the highest profit. That is, the supplier squeezes the profit space of the upstream and downstream through the supplier’s own dominant position, in order to improve its own profits.




6.2. Managemet Implications


Supply chain carbon emission transfers can be an important way to optimize the resource allocation of a supply chain and to promote cooperative emission reduction. However, because of speculative behaviors in the form of false reports pertaining to carbon information, supply chain carbon emission transfers become an important way for enterprises to reduce emission reduction costs and nominally increase product greenness. These factors greatly reduce the regulatory effectiveness of the government. From the above results, a number of beneficial management implications can be drawn, as follows.



First of all, the government should actively encourage supply chain enterprises to accurately disclose carbon information, in order to solve the problem of carbon information asymmetry. The principal–agent mechanism should be adopted for the design of incentive contracts based on emission reduction results, in order to promote cooperation between suppliers and manufacturers in their emission reduction efforts. Second, the government should take into account the emission reduction capacities of enterprises and national targets; then, the government should reasonably adjust the initial carbon quota proportions. This should be conducted to avoid both overly high quotas, which increase the inertia of enterprises when it comes to reducing emissions, and overly small quotas, which dampen enthusiasm for emission reduction. Meanwhile, market supervision should be strengthened; false reporting and other negative emission reduction behaviors should be punished appropriately. Macro-control should be imposed on the carbon market, according to market fluctuations, in order to ensure that the trading price in the carbon market is within a reasonable range. Third, the government needs to encourage innovation in emission reduction technologies and increase innovation subsidies. In addition, the government and manufacturers need to strengthen and encourage low-carbon consumption, cultivate consumers’ low-carbon consumption concepts, and force suppliers to reduce emissions from the perspective of the consumers. Finally, when receiving carbon emission transfers from suppliers, manufacturers should limit the number of transfers that can take place, in order to avoid irrational transfers. Then, carbon emission transfers would be beneficial to the development of supply chains.



The limitations of this study also point out the direction for future research. First, the model only considers the suppliers’ misstatements about carbon information, while, in fact, manufacturers also make misstatements. In the case of two-way misstatements, how would the decision-making of the supply chain change, and how can the misstatements be restricted? Second, after false reporting, a supplier may actively reduce emissions, transfer all of them, or maintain the current level. Is there an equilibrium state that causes under-reporting to simultaneously have a positive effect on both the emission reduction and the economic benefits of the supply chain? Finally, this study assumes that carbon emission permits were used only for this cycle, but the problem may be more complicated when multiple cycles can be stored; especially when government monitors that supply chain enterprises under-report their carbon emissions, supply chain enterprises may be fined.








Author Contributions


Conceptualization, L.S.; methodology, B.Z.; software, B.Z.; validation, L.S.; formal analysis, L.S.; investigation, S.G.; resources, L.S.; data curation, B.Z.; writing—original draft preparation, B.Z.; writing—review and editing, L.S.; visualization, B.Z.; supervision, L.S.; project administration, L.S.; funding acquisition, L.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (nos. 71874071, 71473107 and 71673117), and the Ministry of Education in China Youth Fund Project of Humanities and Social Sciences (No.16YJCZH153).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Acknowledgments


The authors would like to thank the anonymous referees for their helpful comments and suggestions on an earlier draft of this paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sun, L.; Wang, Q.; Zhang, J. Inter-industrial Carbon Emission Transfers in China: Economic Effect and Optimization Strategy. Ecol. Econ. 2017, 132, 55–62. [Google Scholar] [CrossRef]

	



Zhong, Z.; Jiang, L.; Zhou, P. Transnational transfer of carbon emissions embodied in trade: Characteristics and determinants from a spatial perspective. Energy 2018, 147, 858–875. [Google Scholar] [CrossRef]

	



Wang, W.; Hu, Y. The measurement and influencing factors of carbon transfers embodied in inter-provincial trade in China. J. Clean. Prod. 2020, 270, 122460. [Google Scholar] [CrossRef]

	



Xie, R.; Hu, G.; Zhang, Y.; Liu, Y. Provincial transfers of enabled carbon emissions in China: A supply-side perspective. Energy Policy 2017, 107, 688–697. [Google Scholar] [CrossRef]

	



Shi, J.; Li, H.; An, H.; Guan, J.; Arif, A. Tracing carbon emissions embodied in 2012 Chinese supply chains. J. Clean. Prod. 2019, 226, 28–36. [Google Scholar] [CrossRef]

	



Sun, L.; Cao, X.; Alharthi, M.; Zhang, J.; Taghizadeh-Hesary, F.; Mohsin, M. Carbon emission transfer strategies in supply chain with lag time of emission reduction technologies and low-carbon preference of consumers. J. Clean. Prod. 2020, 264, 121664. [Google Scholar] [CrossRef]

	



Sun, L.; Fang, S. Irrational Carbon Emission Transfers in Supply Chains under Environmental Regulation: Identification and Optimization. Sustainability 2022, 14, 1099. [Google Scholar] [CrossRef]

	



Cantor, D.E.; Morrow, P.C.; Montabon, F. Engagement in Environmental Behaviors Among Supply Chain Management Employees: An Organizational Support Theoretical Perspective. J. Supply Chain Manag. 2012, 48, 33–51. [Google Scholar] [CrossRef]

	



Fahimnia, B.; Pournader, M.; Siemsen, E.; Bendoly, E.; Wang, C. Behavioral Operations and Supply Chain Management—A Review and Literature Mapping. Decis. Sci. 2019, 50, 1127–1183. [Google Scholar] [CrossRef]

	



Chavez, R.; Malik, M.; Ghaderi, H.; Yu, W. Environmental orientation, external environmental information exchange and environmental performance: Examining mediation and moderation effects. Int. J. Prod. Econ. 2021, 240, 108222. [Google Scholar] [CrossRef]

	



Zhou, Y.; Wu, L. Impact of Carbon Information Asymmetry on Supply Chain under the Carbon Cap Trading Mechanism. Ind. Eng. Manag. 2017, 22, 68–78. (In Chinese) [Google Scholar]

	



Yang, L.; Zheng, C.S.; Ji, J.N. Study on false reporting and coordination of supply chain under asymmetric carbon information. Chi. Manag. Sci. 2016, 24, 112–120. (In Chinese) [Google Scholar]

	



Xia, J.; Niu, W. Pushing carbon footprint reduction along environment with carbon-reducing information asymmetry. J. Clean. Prod. 2020, 249, 119376. [Google Scholar] [CrossRef]

	



Graafland, J. Economic freedom and corporate environmental responsibility: The role of small government and freedom from government regulation. J. Clean. Prod. 2019, 218, 250–258. [Google Scholar] [CrossRef]

	



Zhang, X.; Yousaf, H.A.U. Green supply chain coordination considering government intervention, green investment, and customer green preferences in the petroleum industry. J. Clean. Prod. 2020, 246, 118984. [Google Scholar] [CrossRef]

	



Wang, X.; Guo, H.; Wang, X. Supply chain contract mechanism under bilateral information asymmetry. Comput. Ind. Eng. 2017, 113, 356–368. [Google Scholar] [CrossRef]

	



Wang, X.; Guo, H.; Yan, R.; Wang, X. Achieving optimal performance of supply chain under cost information asymmetry. Appl. Math. Model. 2018, 53, 523–539. [Google Scholar] [CrossRef]

	



Zhou, C.; Tang, W.; Lan, Y. Supply chain contract design of procurement and risk-sharing under random yield and asymmetric productivity information. Comput. Ind. Eng. 2018, 126, 691–704. [Google Scholar] [CrossRef]

	



Li, J.; Su, B.; Chen, N. The supply chain coordination of risk preferred retailer under information asymmetry. Proc. Manufact. 2019, 30, 658–662. [Google Scholar]

	



Li, J.; Su, Q.; Lai, K.K. The research on abatement strategy for manufacturer in the supply chain under information asymmetry. J. Clean. Prod. 2019, 236, 117514. [Google Scholar] [CrossRef]

	



Liu, Z.; Hua, S.; Zhai, X. Supply chain coordination with risk-averse retailer and option contract: Supplier-led vs. Retailer-led. Int. J. Prod. Econ. 2020, 223, 107518. [Google Scholar] [CrossRef]

	



Liu, Y.; Li, J.; Quan, B.-T.; Yang, J.-B. Decision analysis and coordination of two-stage supply chain considering cost information asymmetry of corporate social responsibility. J. Clean. Prod. 2019, 228, 1073–1087. [Google Scholar] [CrossRef]

	



Zhang, X.; Panlop, Z. Asymmetric supply chain models implementable with a mechanism design. Appl. Math. Model. 2016, 40, 10719–10739. [Google Scholar] [CrossRef]

	



Zhang, P.; Xiong, Z.K. Retailer Incentive Contract Design under Asymmetric Information of Manufacturers’ Recovery Costs. J. Manag. Eng. 2019, 33, 144–150. (In Chinese) [Google Scholar]

	



Yan, J.; Li, X.; Shi, Y.; Sun, S.; Wang, H. The effect of intention analysis-based fraud detection systems in repeated supply Chain quality inspection: A context of learning and contract. Inf. Manag. 2020, 57, 103177. [Google Scholar] [CrossRef]

	



Ma, X.; Wang, S.; Islam, S.M.; Liu, X. Coordinating a three-echelon fresh agricultural products supply chain considering freshness-keeping effort with asymmetric information. Appl. Math. Model. 2019, 67, 337–356. [Google Scholar] [CrossRef]

	



Blanco, C.; Caro, F.; Corbett, C.J. An inside perspective on carbon disclosure. Bus. Horiz. 2017, 60, 635–646. [Google Scholar] [CrossRef]

	



Ott, C.; Schiemann, F.; Günther, T. Disentangling the determinants of the response and the publication decisions: The case of the Carbon Disclosure Project. J. Account. Public Policy 2017, 36, 14–33. [Google Scholar] [CrossRef]

	



Qian, W.; Hörisch, J.; Schaltegger, S. Environmental management accounting and its effects on carbon management and disclosure quality. J. Clean. Prod. 2018, 174, 1608–1619. [Google Scholar] [CrossRef]

	



Lou, G.; Ma, H.; Wan, N.; Xia, H. Supply contract design under asymmetric carbon emission cost information. Ind. Eng. Manag. 2019, 24, 34–42. (In Chinese) [Google Scholar]

	



Li, X.; Chen, J.; Ai, X. Contract design in a cross-sales supply chain with demand information asymmetry. Eur. J. Oper. Res. 2019, 275, 939–956. [Google Scholar] [CrossRef]

	



Zhou, B.; Zhang, C.; Song, H.; Wang, Q. How does emission trading reduce China’s carbon intensity? An exploration using a decomposition and difference-in-differences approach. Sci. Tot. Environ. 2019, 676, 514–523. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Y.; Fang, W.; Li, M.; Liu, W. Exploring the impacts of a low-carbon policy instrument: A case of carbon tax on transportation in China. Resour. Conserv. Recycl. 2018, 139, 307–314. [Google Scholar] [CrossRef]

	



Zeng, Y. Indirect double regulation and the carbon ETSs linking: The case of coal-fired generation in the EU and China. Energy Policy 2017, 111, 268–280. [Google Scholar] [CrossRef]

	



Camila, B.; Amalia, P.; Maria, X.; Sanna, S.; Semida, S. Carbon tax or emissions trading? An analysis of economic and political feasibility of policy mechanisms for greenhouse gas emissions reduction in the Mexican power sector. Energy Pol. 2018, 122, 287–299. [Google Scholar]

	



Xuan, D.; Ma, X.; Shang, Y. Can China’s policy of carbon emission trading promote carbon emission reduction? J. Clean. Prod. 2020, 270, 122383. [Google Scholar] [CrossRef]

	



Lin, B.; Jia, Z. Energy, economic and environmental impact of government fines in China’s carbon trading scheme. Sci. Tot. Environ. 2019, 667, 658–670. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Huang, K. The Empirical Analysis on the Carbon Emission Transfer by Sino-EU Merchandise Trade. J. Res. Bus. Econ. Manag. 2016, 5, 583–590. [Google Scholar]

	



Wang, S.; Wang, X.; Tang, Y. Drivers of carbon emission transfer in China—An analysis of international trade from 2004 to 2011. Sci. Total Environ. 2020, 709, 135924. [Google Scholar] [CrossRef] [PubMed]

	



Sun, L.; Wang, Q.; Zhou, P.; Cheng, F. Effects of carbon emission transfer on economic spillover and carbon emission reduction in China. J. Clean. Prod. 2016, 112, 1432–1442. [Google Scholar] [CrossRef]

	



Zhou, D.; Zhou, X.; Xu, Q.; Wu, F.; Wang, Q.; Zha, D. Regional embodied carbon emissions and their transfer characteristics in China. Struct. Chang. Econ. Dyn. 2018, 46, 180–193. [Google Scholar] [CrossRef]

	



Chen, L.; Xu, L.; Yang, Z. Accounting carbon emission changes under regional industrial transfer in an urban agglomeration in China’s Pearl River Delta. J. Clean. Prod. 2017, 167, 110–119. [Google Scholar] [CrossRef]

	



Xu, X.; He, P.; Xu, H.; Zhang, Q. Supply chain coordination with green technology under cap and trade regulation. Int. J. Prod. Econ. 2017, 183, 433–442. [Google Scholar] [CrossRef]

	



Wang, Y.; Yu, Z.; Jin, M.; Mao, J. Decisions and coordination of retailer-led low-carbon supply chain under altruistic preference. Eur. J. Oper. Res. 2021, 293, 910–925. [Google Scholar] [CrossRef]

	



Wang, Y.; Su, M.; Shen, L.; Tang, R. Decision-making of closed-loop supply chain under Corporate Social Responsibility and fairness concerns. J. Clean. Prod. 2021, 284, 125373. [Google Scholar] [CrossRef]








[image: Sustainability 14 09269 g001 550] 





Figure 1. Effects of government under-reporting on carbon emission transfers in supply chains with government participation. 
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Figure 2. Wholesale prices of supply chain products. 
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Figure 3. Carbon emissions of supplier’s unit products. 
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Figure 4. Supply chain product order quantity chart. 
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Figure 5. Supplier’s optimal emission transfers. 






Figure 5. Supplier’s optimal emission transfers.



[image: Sustainability 14 09269 g005]







[image: Sustainability 14 09269 g006 550] 





Figure 6. Overall public profit of supply chain. 
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Figure 7. Overall actual profit of supply chain. 
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Figure 8. Wholesale and sales prices of supplier’s products. 
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Figure 9. Carbon emission transfers from suppliers. 
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Table 1. Variables and related definitions.
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	Variable
	Definition





	  Z  
	Factor of false reporting of carbon emissions per supplier



	F
	Fine that the government imposes on one unit of any carbon emissions exceeding the initial quotas



	    e 1    
	Suppliers’ initial carbon emissions per unit of product



	    e 2    
	Manufacturers’ initial carbon emissions per unit of product



	  c  
	Production cost per unit of product



	    P c    
	Carbon trading price



	  w  
	Intermediate product wholesale price



	  p  
	Product market sales price



	  Q  
	Product market order quantity



	  t  
	Carbon emission transferred by suppliers



	τ
	Initial carbon quota allocation ratio (0 < τ < 1)



	θ
	Sensitivity coefficients of demand to prices



	γ
	Sensitivity coefficients of demand to emission reduction levels



	    E m    
	Carbon quota allocated by the government to manufacturers

   E m  = τ  e 2  Q  



	    e s    
	Actual carbon emissions per unit product of suppliers



	    e m    
	Actual carbon emissions per unit product of manfacturer



	    E s    
	Initial carbon quota allocated by the government to suppliers

   E s  = τ  e 1  Q  



	   Δ  e s    
	Carbon emission reduction per product of suppliers

  Δ  e s  =  e 1  −  e s   



	   Δ  e m    
	Carbon emission reduction per product of manufacturers

  Δ  e m  =  e 2  −  e m   
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  sustainability-14-09269


  
    		
      sustainability-14-09269
    


  




  





media/file8.jpg
10

Supplier's optional
emissions transfers

08™
06

04>

02" 5
Supplier's carbon 055 04 Under-reporting factors
‘emission transfers





media/file11.png
“Overall public profit of

supply chain

8000-,

(o}]
o
o
o

4000 -

2000,

S
Supplier’s transfers amount 0.2

--"CF/;

0.4

Government’s initial carbon quota ratio





media/file6.jpg
Product order quantity

8

60

4

2

05

Supplier's carbon
emission transfers

0

04

08
05

Government’s nital
carbon quota ratio






media/file1.png
Carbon free market Carbon market perfect

Government The carbon
supervision market

The remaining carbon quota can be sold
Those exceeding the quota can buv carbon rights

Allocate an initial carbon quota
Penalty for exceeding quota

Supplier decide intermediate product wholesale price
and the actual carbon emission per unit product

Underreporting and

transferring carbon emission Low carbon products
Supplier [, ] Manufacturer Consumer
'y Low carbon ; Low carbon
: preference preference

According to the intermediate product wholesale price and the actual carbon
emission per unit product, manufacturer decide product market sales price





media/file13.png
Overall actual profit of

supply chain

(]
]
(]
o

Supplier’s
transfer amount

Under-reporting factors





media/file10.jpg
g

supply chain

Overall public profit of
g

Wi
0
Supplier's transfers amount  °?  Government's nitial carbon quota ratio





media/file7.png
Product order quantity

80-

40~

20 -

Supplier’s carbon
emission transfers

Government’s initial
carbon quota ratio





media/file12.jpg
Overall actual profitof

supply chain

Supplier’s
transfer amount

L)
06

Under-reporting factors





media/file9.png
Supplier’s optional

emissions transfers

B Fn =10
I =15

0.1
1

.

B
0.67

O -6~:-H -ax-x-ﬁ.
0 4 > -“«-\xmx

L 0.2 e
Supplier’s carbon 0753
emission transfers





media/file14.jpg
Prices

‘Supplers transfers volumes

Wholesele prices
N Sals prices

Governments iniial
‘quota ratio





media/file16.jpg
Carbom emission transfer
from suppkers

5

Carbon trading price






media/file5.png
‘Carbon emission of

“supplier’s unit products

20~

154

10+

0.5

Supplier’s carbon
transfer volumes

- 06
0.4

Under-reporting factors





media/file15.png
Prices

04 -

Wholesale prices

B Sales prices

Government’s initial

- quota ratio





media/file3.png
Wholesale prices of supply chain products

I Fn=10
I Fn =15
80 -

70 -

60 -

0.8

0.5 06 0.7

Carbom emissions 0704 Under-reporting factors
transfer volumes '





media/file17.png
Carbom emission transfer

from suppkiers -

8.

|

6~

4

2.

%_L
1

14 —q
12 ) /ﬁ/"ﬁs//
10 i}
Y
Carbon trading price 60 Under-reporting factors





media/file4.jpg
ier's unit products

05

Supplier's carbon
transfer volumes





media/file0.jpg
Carbon free market Carbon market perfect

Governsent
supervision

i

Allocate an initial carbon quota
Penalty for exceeding uota

I

Sipoher e mermaditeprodot e pice
i e ek cobon i per ot prot

The carbon
market

The remaining carbon quota can be sold
Those exceeding the quota can buy carbon rights

]

Undeneporing 3
st cubon emsson Lowctonprodcts
Supplier Vanufacturer e Consumer
3 et taence

Scsorcing o th it prodct vl prc and th sctl cbon





media/file2.jpg
Wholesale prices of supply chain products

g 3 =

El

7

05
Carbom emissions
transfer volumes

0704

[
Under-reporting factors

- Fn= 10
- =15





