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Abstract

:

Carbon cap-and-trade mechanism is a government-mandated, market-based scheme to reduce emissions, which has a significant effect on manufacturers’ operation decisions. Based on the cap-and-trade mechanism, this paper studies the joint production and emission reduction problem of a manufacturer. The manufacturer faces emissions-sensitive demand impacted by consumers’ environmental preferences (CEP). An extended newsvendor model is used to find the optimal production quantity and emissions reduction quantity. We explore the impacts of market price of carbon credits, emission reduction investment coefficient and CEP on the optimal strategies. Numerical examples are provided to illustrate the theoretical results and orthogonal experimental design technique was applied to find robust system parameters. It is concluded that among all parameters, emissions cap has the greater impact on the expected profit, which is followed by than the market price of carbon credits. This means that the government plays a major role in economic development. The total carbon emissions are mainly affected by the carbon trading price and the product’s sale price, which indicates the carbon trading market and product market play a larger role in controlling environmental benefits. Several valuable managerial insights on helping governments and industries understand how market conditions change and make better long-term decisions are further concluded.
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1. Introduction


Worldwide industrial activities account for about one third of total greenhouse gasses (GHGs) emissions. Greenhouse gasses such as carbon dioxide, nitrous oxide and methane are the leading cause of global warming and climate change [1]. With the rapid growth of industry, there is a critical need to reduce GHGs emitted by manufacturers. Among all the GHGs, carbon dioxide accounts for 65% of the total emissions [2]. Since the implementation of the Kyoto Protocol in 1997 and the Paris Climate Agreement in 2015, China, Korea and several European countries have enacted a variety of carbon policies and legislation to reduce carbon emissions [3]. For example, in 2005, Europe established the European Union Emissions Trading Scheme (EU ETS), which is the world’s most profound carbon trading mechanism. Based on carbon trading mechanisms, governments control carbon emissions by allocating free carbon quotas (called emissions cap) to enterprises [4]. If a manufacturer emits more carbon than the emissions cap, it has to buy quotas to emit extra carbon; if a manufacturer emits less carbon than the emissions cap, it can sell surplus carbon credits to gain extra revenue [5]. In China, seven carbon trading centers placed in Beijing, Shanghai, Guangdong and four other cities have implemented a carbon emissions trading mechanism [6]. By December 2017, these trading centers have completed 0.47 billion tons of carbon credits transaction in total and the turnover was more than 0.014 billion USD. It shows that the carbon trading mechanism could affect manufacturers’ profits [3,7,8].



In recent decades, people have become more concerned about environmental issues and been willing to buy low-carbon products [9,10]. The AliResearch Institution, which is a non-profit agency in China, estimated that the total number of consumers that prefer low-carbon products increased by 14 times in the past four years and reached 65 million in 2015 [11]. Thus, affected by the consumers’ environmental preferences (CEP), many manufacturers such as P&G and HP have motivations to invest in low-carbon technologies to reduce carbon emissions [12]. Then CEP may affect manufacturer’s profit and total carbon missions. As decision makers, under the cap-an-trade mechanism, all manufacturers need to re-determine their operational decisions, that is, the optimal production quantity and the emissions reduction per unit of product, to maximize their profits.



Based on the scenario mentioned above, we want to answer the following questions:

	
How does the manufacturer who sells a seasonal product with random demand determine the optimal production and carbon emissions reduction per unit of product with CEP under cap-and-trade mechanism?



	
What effects do the demand parameters, cost parameters and carbon emissions parameters exert on the optimal strategies, total carbon emissions and expected profit of the manufacturer?



	
What management insights should be given to manufacturers?








To solve the first question, the classical newsvendor framework is extended by dividing the uncertainty demand into three parts: the price-related demand, the carbon emissions reduction-related demand and the random perturbation term. To maximize a manufacturer’s profits, this model is applied to derive the optimal production quantity and emissions reduction per unit of product considering the cap-and-trade mechanism and CEP. Numerical examples are provided to develop the robustness of demand, costs and regulation parameters via the orthogonal experimental design technique and investigate the impacts of these parameters on a manufacturer’s profit and total carbon emissions.




2. Literature Review


Motivated by such practical opportunities and challenges, environment protection has been emphasized in operations management. Considering CEP and the cap-and-trade mechanism, this paper focuses on finding the optimal production quality and carbon emissions reduction for a manufacturer who meets the uncertain demand. The literatures relating to this paper are shown as below.



2.1. Studies on the Operations Decisions Considering Carbon Emissions


Under carbon emissions regulations, the economic order quantity (EOQ) model was widely used to drive the optimal order quantity [13]. He et al. [14] the EOQ model to find the optimal lot-size and minimal emissions under cap-and-trade regulation. They investigated the impacts of production and regulation on the optimal. Bonney et al. utilized the extended EOQ model to study the carbon emissions and designed an inventory system [15]. Since the demand are constantly changing in the real world and, several scholars used stochastic models to derive optimal operational decisions for manufacturers. Chen and Monahan used a stochastic model to derive the optimal policies of production planning and inventory control policies under pollution control approaches in Reference [16]. Zhang et al. developed a dynamic model to analyze the optimal production strategy for a system with stochastic demand and emission permits in Reference [17]. Zhang and Xu proposed a multi-product production plan to meet stochastic demand under cap-and-trade mechanism [18]. The newsvendor model, which can be used to solve the order quantity optimization problem with stochastic demand, was applied in many studies. Song et al. investigated the classical single-period (newsvendor) problem under carbon emissions policies and found a manufacturer’s optimal production quantity and corresponding expected profit [19]. Xu et al. analyzed a newsvendor problem with partial demand information under two kinds of carbon emission regulations, in which only the mean and variance of the demand distribution are known. In their research, two distributional robust models are formulated to determine the optimal order quantities [20]. Du et al. [21] took carbon footprint and CEP into account in the cap-and-trade system, they got the optimization production decision and found that firms could be motivated to reduce carbon emissions by CEP. Although they considered the behavioral factor of consumers who were willing to buy low-carbon products, they assumed that reverse demand function did not consider random factors. The models mentioned above assumed that the uncertain demand is solely affected by the sale price. They only derived optimal production/order quantities. However, incorporating market parameters such as demand and selling price into the model can provide an excellent vehicle for examining how operational problems interact with decision making [22]. In our study, manufacturers respond to CEP by introducing low carbon products to meet the demand. It is significant to jointly optimize the production and pricing.




2.2. Joint Pricing and Ordering Decisions in Extended Newsvendor Model


Some newsvendor models were extended to solve joint production and pricing problem. Whitin was the first to set selling price and stocking quantity simultaneously by using newsvendor model [23]. Mills, Karlin and Carr are early efforts that investigated the impacts of different demand processes on the seller’s pricing and ordering decisions [24,25]. In their newsvendor models, the demand is generally divided into two parts, one is the price-related demand and the other is the random perturbation term that may obey a certain distribution. Several other scholars such as [22,26,27,28] also made contributions to the literatures on the joint pricing and quantity newsvendor problem. Due to the increasing awareness of global warming and climate change, consumers’ willingness to buy low carbon products may also increase. The demand on low carbon products is expected to be affected by many factors. Therefore, the production quantity, the amount of carbon emissions, sale price of product and other operational variables should be considered by manufacturers.



Jiang and Chen [29] and Zhang et al. [30] derived the optimal production and carbon emissions for a newsvendor system with consideration of carbon emissions-sensitive random demand and CEP and discussed the impact of carbon emissions-sensitive demand on the manufacturer’s operation strategies, total carbon emissions and maximum expected profit. Different from their researches, we assume that manufacturers can trade carbon credits under cap-and-trade, which could also impact manufacturers’ decisions. The orthogonal experimental design (OED) is employed to make various reasonable combinations of demand parameters, cost parameters and carbon emissions parameters to capture the non-linear effects on total carbon emissions and expected profit. We compare some recent literatures related to this work in Table 1.





3. The Model and Analysis


3.1. Model Description


The manufacturer, which aims at reducing carbon emissions, produces q units of products at the unit cost c. The unit cost does not include the investment cost of carbon emissions reduction. Then the products are sold at the market price p, to meet the uncertain demand D. It is assumed that unsold products will be salvaged at a cost of cv. Since the investment in carbon emissions reduction has a non-decreasing marginal cost [31,32,33], we assume that the investment cost function is:


I=12hΔe2 (h>0)



(1)







After investing in carbon emissions reduction technologies, the emissions per unit of product is reduced to e−Δe.



Consumers can buy substitute goods and they are willing to pay for the environmental products, that is, all consumers are homogeneous. The demand is jointly determined by the market sale price and the quantity of the product’s carbon emissions reduction, which can be defined using the following equation:


D=y(Δe)+ε



(2)




where y(Δe)=a−p+tΔe. a is the fixed potential market size. t > 0, it denotes the impact of emissions reduction on the demand, ε is a random factor with mean μ and variance σ. The probability density function and cumulative density function of ε is noted as f(⋅) and F(⋅), respectively.



The firm gets an emission cap from the environmental authority. The cap is always the hardest challenge in the cap-and-trade system [21,34]. We assume that a certain emissions cap Cg is imposed by the environmental authority. At the carbon trading center, there is no carbon trading cost and there is no price gap between buy and sell. The market price of carbon credits is determined by the carbon market. The relationship between emissions cap and price of carbon credits is complicated.



In this model, the manufacturer has to determine the production quantity q and the emissions reduction per unit of product Δe, to maximize its expected profit. All the notations are listed in Table 2.



Based on the demand and cost assumptions described above, the manufacturer’s expected profit can be computed by the equation below


πm=p⋅E{min(D,Q)}−cQ+cvE(Q−D)+−12hΔe2−pe[(e−Δe)Q−Cg].



(3)







The expected profit includes the revenues from selling in the market, the production cost and the salvage value of the unsold products and the costs of investment in carbon emissions reduction. If the total carbon emissions are more than emissions cap, the last part in Equation (3) represents the carbon trading cost at the market, otherwise, it represents the income from selling the surplus carbon credits.



Let z=Q−y(Δe), where y(Δe)=a−p+tΔe. Then we can get Q=z+y(Δe), and (Q−D)+=(z−ε)+ Equation (3) can be rewritten as follows:


πm=[p−c−pe(e−Δe)][z+y(Δe)]−(p−cv)E(z−ε)+−12hΔe2+Cgpe,



(4)




where E(z−ε)+=∫AzF(u)du.




3.2. Optimal Solutions


In this section, we formulate the extended newsvendor model under cap-and-trade mechanism to derive the optimal solutions and analyze the impacts of the key parameters on the optimal solutions. All proofs are provided in the Appendix A.



Theorem 1.

There exists a unique optimal solution to the model. The optimal decision for the manufacturer is.


Δe∗=pe(a−p−et+z∗)+t(p−c)h−2tpe



(5)






Q∗=z∗+y(Δe∗)



(6)




where z∗=F−1[p−c−pe(e−Δe)p−cv].





From Theorem 1, we first analyze the impacts of the key parameters, that is, h, c, e, t, pe, on the optimal emissions reduction per unit of product.



Proposition 1.

For any given z,

	(i) 

	
The opftimal Δe∗ is non-increasing in h, c and e.




	(ii) 

	
Δe∗ is non-decreasing in if e<h(a−p+z)+2t2(p−c)th, and Δe∗ is non-increasing in pe if e>h(a−p+z)+2t2(p−c)th.




	(iii) 

	
Δe∗ is non-decreasing in t if e<2pe2(a−p+z)+h(p−c)hpe, and Δe∗ is non-increasing in t if e>2pe2(a−p+z)+h(p−c)hpe.











Proposition 1 shows that when the emissions reduction investment coefficient or initial carbon emission which depends on the normal market conditions [12] increases, the manufacturer should invest more to reduce carbon emissions to obtain high efficiency in emissions reduction. Furthermore, if the production cost increases, the manufacturer will pay more to produce products. Therefore, because the investment costs of carbon emissions increases, the manufacturer will gradually be reluctant to invest in reducing carbon emissions over time.



We can also conclude that when pe and t increase, the optimal emissions reduction per unit of product will not always increase. At low level of initial carbon emissions, the manufacturer has sufficient funds to reduce carbon emissions. In addition, if the market price of carbon credits is high or if consumers have strong willingness to pay more for the sustainable products, the manufacturer will have the motivation to reduce emissions. Then the emissions reduction per unit of product will increase. However, since the marginal investment cost in carbon emissions reduction will increase gradually, the optimal emissions reduction per unit of product will decrease even when both the market price of carbon credits and CEP are high. It indicates that the impact of market price of carbon credits and CEP on optimal carbon emissions reduction per unit of product is based on the normal market’s level of carbon emissions reduction.



Proposition 2.

For a given Δe,

	(i) 

	
The optimal production Q∗ is non-increasing in h.




	(ii) 

	
The optimal production Q∗ is non-decreasing in t.




	(iii) 

	
The optimal production Q∗ is non-decreasing in pe if 0<e<2peQ+2t(p−c)h, and Q∗ is non-increasing in pe if e>2peQ+2t(p−c)h.











Proposition 2 shows that if the carbon emissions reduction investment coefficient increases, the manufacturer should invest more to achieve the previous level of carbon emissions reductions. It means that with the increase of marginal investment costs in carbon emissions reduction, the manufacturer will not pay more for it. To follow carbon regulation and maintain the profit, the manufacturer will choose to reduce production quantity.



It can be concluded that the higher the CEP, the more sustainable products will be produced by the manufacturer. However, with the increase of marginal investment cost, it becomes more difficult to reduce emissions than before. Thus, it occurs that the more the manufacturer produces, the more the total carbon emissions emit even if the emission per unit of product decrease. To maximize profits under carbon constraints, all key parameters should be balanced by the manufacturer.



When pe increases, the optimal production quantity does not always increase. Under the premise of low initial carbon emissions, the manufacturer has a strong willingness to reduce carbon emissions when the market price of carbon credits is high. On the other hand, when the initial carbon emissions are at a high level, the optimal production quantity will decrease due to the increase of marginal investment cost.





4. Numerical Analysis


In this section, numerical analyses using the orthogonal experimental design are conducted to illustrate the theoretical results shown in previous sections. Software Minitab is used to design the orthogonal experiment.



The initial values of parameters used in this example are set as a = 100, t = 1, p = 4.64, c = 1.16, cv = 0.87, h = 10, e = 10, Cg = 500 and pe = 5.8. The demand is assumed to follow a normal distribution with the mean equals 200 and variance equals 0.1. The function of the total carbon emissions is shown as follows:


E=(e−Δe)Q=(e−Δe)[z−(a−p+tΔe)].



(7)







To test how the cap-and-trade mechanism and the demand information affect the expected profit and total carbon emissions, we use the robust parameter design technique proposed by Taguchi [35]. For a certain carbon emissions reduction technology, the initial emissions and the investment coefficient are determinate. The parameters under tested include cost parameters (p, c, cv), demand information parameters t and carbon emissions parameters (pe, Cg). The orthogonal experimental design (OED) was employed to make various reasonable combinations of process parameter levels to capture the non-linear effects on the optimal solutions. There are six parameters at five levels and 25 combinations in the Taguchi orthogonal array (L25 56).



Based on the methods proposed by Taguchi [35], we calculate the means of the expected profit and the total carbon emissions using the software Minitab with the options ”larger is better” and ”smaller is better,” respectively.. Each control parameter has five levels. The values for each level are shown in Table 3. Level 3 represents the initial values. Level 1, level 2, level 4 and level 5 represent −50%, −25%, +25% and +50% of the initial values of parameters, respectively, except for emissions reduction effectiveness parameter t, which is set as ±2.5x and ±5x of the initial values. From Appendix B, Table A1 shows the results of the experiment. The first column of Table A1 represents the number of simulation and the subsequent columns represent the process parameters. The rows represent simulations with the levels of each parameter.



From Table A1, we can see that Test No.6 and 11 has the same mean of total carbon emissions while the expected profit of test No.6 is more than that of test No.11. It shows that the expected profits of different combinations of parameter values may be different even the means of total carbon emissions are the same. It indicates that the optimal strategies of the manufacturer and the optimal combination of parameters can be obtained to maximize the expected profit at a certain level of total carbon emissions. Among all tests, Test 6 has the third largest profit and the minimum carbon emissions. Test 5 has the most profits but has more carbon emissions. It means that economic efficiency and environmental benefits are difficult to coordinate. Thus, in a given range of values for the parameters, the results of Test 6 can provide a good reference when manufacturers make decisions.



To obtain the optimal combination of parameter variations, the main effects plots for means of the expected profit and the means of total carbon emissions under cap-and-trade mechanism are shown in Figure 1. We can see that the optimal conditions for maximizing the expected profit are t at level 1, p at level 5, c at level 2, cv at level 5, Cg at level 4 and pe at level 5. Figure 1 also demonstrates that the expected profit is non-increasing in the emissions reduction effectiveness parameter. In general, when the consumers have strong willingness to pay more for sustainable products, manufacturers may produce more products to meet the low-carbon demand, which results in more emissions. Then manufacturers should invest in carbon emissions reduction or buy carbon credits from carbon trading market to follow the carbon regulations. However, it is more difficult to reduce carbon emissions because of the increasing marginal investment cost. Therefore, under strict carbon regulation, the expected profit of enterprises will decrease even if the emissions reduction effectiveness parameter increases.



The influence levels of parameters on the mean of expected profit are shown in the response Table 4, where Δ represents the difference between the maximum and minimum values in each column. This table shows that the carbon emissions parameters have larger effect on the expected profit than demand information and cost parameters. Among all parameters, emissions cap has the largest impact on the expected profit, which is followed by the parameters market price of carbon credits and production costs per unit of product parameter. The expected profit increases with the increasing of the former parameter’s value and decreases with the increasing of the latter two parameters’ values.



According to [36], the unit market price of carbon credits in Beijing’s Carbon Trading Center is 5.8 USD/ton. To observe the combined impacts of emissions cap and market price of carbon credits on the expected profit, we assume that each parameter pe can be modelled using a normal distribution with a mean of 5.8 and a standard deviation of √5, that is, pe~N (5.8, 1). Cg is assumed to range from 200 to 1000. Figure 2 shows that when the market price of carbon credits fluctuates, the expected profit will increase if the emissions cap increases.



As analyzed above, carbon emissions cap, carbon trading market and CEP have the largest impact on the manufacturer’s expected profit. When the government allocate more free carbon credits or the market price of carbon credits is high, the manufacturer will have motivations to reduce carbon emissions and sell surplus carbon credits to gain extra revenue. The values of other parameters should be carefully dealt with to trade off the maximal expected profit and minimal carbon emissions.



The main effects of all parameters on the mean of total carbon emissions and the optimal combinations of parameter variation can be observed in Figure 3. The optimal conditions for minimizing carbon emissions are t at level 1, p at level 1, c at level 5, cv at level 4, Cg at level 1, pe at level 5. It can be seen that the mean of total carbon emissions is non-increasing in the market price of carbon credits but is non-decreasing in the sale price per unit of product. When the emissions reduction effectiveness parameter increases, the mean of total carbon emissions also increases. Manufacturers will produce more products to meet the low-carbon demand. In this case, if manufacturers do not reduce carbon emissions, the government will take more strict carbon regulations on manufacturers with larger emissions.



The influence level of every parameter on the joint production and carbon emissions reduction newsvendor problem for means of total carbon emissions is presented in Table 5, where Δ represents the difference between the maximum and minimum values in each column. Among all parameters, the market price of carbon credits has strongest effect on the total carbon emissions. It is followed by the sale price per unit of product and the emissions reduction effectiveness parameter. From Table 5, we can see that the cost parameters have higher impact on the carbon emissions than the emissions cap.



According to [36], the unit market price of carbon credits in Beijing’s Carbon Trading Center is 7.26 USD/ton. To study the relationship between market price of carbon credits and the carbon emissions in more detail, the market price of carbon credits is assumed to vary from 0.72 USD/ton to 9.42 USD/ton. Figure 4 shows that when the market price of carbon credits is less than 3 USD/ton, the carbon emissions will decrease at a high rate. When the market price of carbon credits is greater than 3 USD/ton, it is difficult for the manufacturer to reduce carbon emissions due to the technical limitations and the increase of marginal investment costs. This directly results in low efficiency of carbon emissions reduction. Therefore, the manufacturer is inspired to invest in carbon emissions reduction to sell their surplus quotas at high market price to gain extra revenue. However, the speed of emissions reduction will become slow due to the investment in carbon emissions reduction has an increasing marginal cost, even there are sufficient carbon credits available on the market. It indicates that many manufacturers will choose to sell the surplus carbon credits by reducing carbon emissions to gain more profit when the market price of carbon credits is high. In a certain range, the higher the carbon price, the less the carbon emissions.



In summary, the emissions cap has little effect on the total carbon emissions. No matter how many free carbon credits are allocated by the government, the total carbon emissions are mostly affected by carbon trading price and market sale price of product. That is to say, the carbon trading market and product market play more major role than the government in regulating manufacturers. When manufacturers make optimal strategies, they should consider more about the CEP and their funding conditions. Therefore, all key parameters should be considered to trade off the expected profit and carbon emissions and to obtain the multi-period global optimal solutions [20].



By using OED, the influence of carbon policies, consumers’ environmental preference and cost variables on manufacturers’ expected profits and total carbon emissions are examined. There are several important policy implications:



(1) When the market price of carbon credits increases, the expected profit will increase and the carbon emissions will decrease. However, the trend will be flat over time. When the carbon trading price is low, the efficiency of reducing carbon emissions is also low. It indicates that high market price of carbon credits is not always good for reducing emissions.



(2) When the CEP increases, the excepted profit will decrease and the total carbon emissions will decrease first and then increase. The manufacturer will produce more products to meet the increasing low-carbon demand. In general, carbon emissions increase as production increases. To control the carbon emissions and follow the carbon policies, manufacturers need to buy quotas or invest in carbon emissions reduction [12]. However, it will become difficult for manufacturers to reduce emissions due to the increasing marginal investment cost. This will lead to more carbon emissions over time. Thus, it is critical that manufacturers should response timely based on demand information, such as CEP. Our model could be applied to help manufacturers make optimal solutions at any time.



(3) When the carbon cap is high, the expected profits of manufacturers will increase. It indicates that under loose carbon regulation, there are sufficient carbon quotas. The manufacturers could benefit from selling the carbon credits instead of investing in carbon emissions reduction.



(4) When the market sale prices of low-carbon products increase, there will be few consumers buy the products. Due to the increasing marginal produce cost and marginal investment cost, manufacturers will not use the cleaner/low-carbon technologies and they will produce regular products, which lead to higher carbon emissions. Therefore, the pricing-setting of products is important and has great effects on total carbon emissions.




5. Conclusions and Future Perspectives


Among many carbon regulations, the cap-and-trade mechanism has incentivized the reduction of carbon emissions. Manufacturers should re-determine their operation polities. This study extended the newsvendor model to derive the optimal production quantity and carbon emissions reduction for manufacturers. Especially, the manufacturers face a market with random demand that is mainly impacted by the emissions reduction per unit of product. Numerical examples are provided to develop the robustness of system parameters via the orthogonal experimental design technique. The results show that when customers are sensitive to the emissions reduction per unit of product, more manufacturers will quickly invest in carbon emissions reduction to increase revenue. Furthermore, manufacturers are willing to invest in carbon emissions reduction when the market price of carbon credits and CEP are high. However, it will become more difficult to reduce emissions due to the increasing marginal abatement cost. On the other hand, manufacturers will not be motivated to take measures to reduce carbon emissions when the free carbon quotas allocated by the government is sufficient. Therefore, it is critical that the government sets reasonable carbon emissions cap. In summary, the carbon trading parameters, cost parameters and the demand-related parameters can impact the optimal strategies. Manufacturers should trade off all parameters to maximize their profits and minimize carbon emissions. The government should make their policies.



There are several interesting extensions to this work. In this study, we assume that (1) manufacturers sell products to consumers directly without cooperation between their upstream and downstream enterprises and (2) all low-carbon products have the same carbon emissions and have the same effects on the market. However, since the manufacturers and consumers are heterogeneous, more nuanced models can be developed to understand market behavior. In a real market, carbon credits can be saved and can be transferred for use in the next production period. Another set of models could be developed to identify how a manufacturer should choose to sell carbon credits or to invest in additional reduction technology to save carbon credits. These methods could help both governments and manufacturing industries to understand how market conditions change and make better long-term decisions.
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Appendix A


Proof of Theorem 1.

The solution for z∗ and Δe∗ in Equations (5) and (6) are optimal if the Hessian E[πm(z∗,Δe∗)] is negative semi definite where the Hessian is given by [−(p−cv)f(z)pepe2tpe−h].



H1 = −(p−cv)f(z) which is always negative. If condition H2 = (h−2tpe)(p−cv)f(z)−pe2>0 is satisfied, E[πm(z∗,Δe∗)] is a concave function of z∗ and Δe∗. Equation (4) exists the unique optimal solution. To solve the result, then:


∂E[πm]∂z=[p−c−pe(e−Δe)]−(p−cv)F(z),



(A1)






∂E[πm]∂Δe=pe[z+y(Δe)]+t[p−c−pe(e−Δe)]−hΔe.



(A2)







Let ∂E[πm]∂z=0, ∂E[πm]∂Δe=0, we could gain z∗ and Δe∗. According to the relationship between z and Q, the optimal production quantity can be presented by the following equation:


Q∗=z∗+y(Δe∗)



(A3)







The Theorem is proved.  □





Proof of Proposition 1.

From Theorem 1, the optimal solution Δe∗ is presented as follows:


Δe∗=pe(a−p−et+z)+t(p−c)h−2tpe.



(A4)







It is clear to see that Δe∗ is decreasing with h, e and c. In order to observe the effect of market price of carbon credits on the optimal quantity of carbon emissions reduction, the best response function of the retailers from the first derivative for pe of Δe∗ is shown as follows:


∂Δe∗∂pe=h(a−p+z−et)+2t2(p−c)(h−2tpe)2.



(A5)







If e<h(a−p+z)+2t2(p−c)th, we can get ∂Δe∗∂pe>0, which indicates that Δe∗ is increasing in pe. If e>h(a−p+z)+2t2(p−c)th, there always have ∂Δe∗∂pe<0, which indicates that Δe∗ is decreasing in pe.



On the other hand, the best response function of the retailers from the first derivative for t of Δe∗ is shown as follows:


∂Δe∗∂t=2pe2(a−p+z)+h(p−c−epe)(h−2tpe)2



(A6)







When e<2pe2(a−p+z)+h(p−c)hpe, we can get ∂Δe∗∂t>0, which indicates that Δe∗ is increasing in t. When e>2pe2(a−p+z)+h(p−c)hpe, we can know that ∂Δe∗∂t<0, which indicates that Δe∗ is decreasing in t.



The Proposition is proved.  □





Proof of Proposition 2.

Theorem 1 shows the optimal solution Δe∗ and z∗ which could be presented as follows:


(h−2tpe)(p−cv)F(z∗)=(h−tpe)(p−c−epe)+pe2(a−p+z)



(A7)







We take the derivative of z∗ with respect to h,


∂z∗∂h=−peΔe(h−2tpe)(p−cv)f(z)−pe2<0



(A8)







Because of ∂Q∗∂h=∂z∗∂h<0, the optimal production Q∗ is decreasing in h.



We take the derivative of z∗ with respect to t,


∂z∗∂t=pe(p−cv)F(z)+Δepe2(h−2tpe)(p−cv)f(z)−pe2>0



(A9)







According to Equation (A3) ∂Q∗∂t=∂z∗∂t>0. Then we take the first derivative of z∗ and Q∗ with respect to pe,


∂Q∗∂pe=∂z∗∂pe=t(p−c)+2pe(a−p+z∗+tΔe)−eh(h−2tpe)(p−cv)f(z∗)−pe2=t(p−c)+2peQ∗−eh(h−2tpe)(p−cv)f(z∗)−pe2



(A10)




when e<2peQ+t(p−c)h, there always have ∂Q∗∂pe>0. Otherwise, we can know ∂Q∗∂pe<0.



The Proposition is proved.  □
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Table A1. The expected profit and total carbon emissions under cap-and-trade mechanism.
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	No.
	t
	p
	c
	cv
	Cg
	pe
	mPro*
	E*





	1
	1
	1
	1
	1
	1
	1
	283
	38



	2
	1
	2
	2
	2
	2
	2
	1189
	25



	3
	1
	3
	3
	3
	3
	3
	2456
	19



	4
	1
	4
	4
	4
	4
	4
	4087
	15



	5
	1
	5
	5
	5
	5
	5
	6080
	13



	6
	2
	1
	2
	3
	4
	5
	4953
	4



	7
	2
	2
	3
	4
	5
	1
	1753
	47



	8
	2
	3
	4
	5
	1
	2
	658
	29



	9
	2
	4
	5
	1
	2
	3
	1741
	24



	10
	2
	5
	1
	2
	3
	4
	3206
	20



	11
	3
	1
	3
	5
	2
	4
	2234
	4



	12
	3
	2
	4
	1
	3
	5
	3870
	6



	13
	3
	3
	5
	2
	4
	1
	1412
	63



	14
	3
	4
	1
	3
	5
	2
	2876
	42



	15
	3
	5
	2
	4
	1
	3
	1048
	29



	16
	4
	1
	4
	2
	5
	3
	3863
	7



	17
	4
	2
	5
	3
	1
	4
	1334
	8



	18
	4
	3
	1
	4
	2
	5
	2805
	9



	19
	4
	4
	2
	5
	3
	1
	1110
	78



	20
	4
	5
	3
	1
	4
	2
	2343
	49



	21
	5
	1
	5
	4
	3
	2
	1687
	9



	22
	5
	2
	1
	5
	4
	3
	3171
	14



	23
	5
	3
	2
	1
	5
	4
	4983
	14



	24
	5
	4
	3
	2
	1
	5
	1720
	12



	25
	5
	5
	4
	3
	2
	1
	763
	91










References


	



Solomon, S.; Plattner, G.; Knutti, R.; Friedlingstein, P. Irreversible climate change due to carbon dioxide emissions. Proc. Natl. Acad. Sci. USA 2009, 106, 1704–1709. [Google Scholar] [CrossRef] [PubMed]

	



Eickemeier, P.; Schlömer, S.; Farahani, E.; Kadner, S.; Brunner, S.; Baum, I.; Kriemann, B. Climate Change 2014: Mitigation of Climate Change Working Group III Contribution to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Available online: http://www.buildup.eu/en/practices/publications/ipcc-2014-climate-change-2014-mitigation-climate-change-contribution-working (accessed on 10 January 2019).

	



Goulder, L.H.; Schen, A.R. Carbon Taxes Versus Cap and Trade: A Critical Review. Clim. Chang. Econ. 2013, 4, 1–28. [Google Scholar] [CrossRef]

	



Gong, X.; Zhou, S.X. Optimal Production Planning with Emissions Trading. Oper. Res. 2013, 61, 908–924. [Google Scholar] [CrossRef]

	



Benjaafar, S.; Li, Y.; Daskin, M. Carbon footprint and the management of supply chains: Insights from simple models. Autom. Sci. Eng. IEEE Trans. 2013, 10, 99–116. [Google Scholar] [CrossRef]

	



Qi, J.; Zou, Y.; Xu, X.; Yu, X.; Shen, L.; Tang, W.; Chen, W.; Jiao, J.; Kou, W.; Zhang, W.; et al. A Study on China’s Carbon Finance Market. GFC & CBEEX, 2016. Available online: http://www.tanjiaoyi.com/article-18465-1.html (accessed on 10 January 2019). (In Chinese)

	



Ghadimi, P.; Wang, C.; Lim, M.K. Resources, Conservation & Recycling Sustainable supply chain modeling and analysis: Past debate, present problems and future challenges. Resour. Conserv. Recycl. 2019, 140, 72–84. [Google Scholar] [CrossRef]

	



Wang, C.; Ghadimi, P.; Lim, M.K.; Tseng, M. A literature review of sustainable consumption and production: A comparative analysis in developed and developing economies. J. Clean. Prod. 2019, 206, 741–754. [Google Scholar] [CrossRef]

	



Du, S.; Ma, F.; Fu, Z.; Zhu, L.; Zhang, J. Game-theoretic analysis for an emission-dependent supply chain in a ‘cap-and-trade’ system. Ann. Oper. Res. 2015, 228, 135–149. [Google Scholar] [CrossRef]

	



Ji, J.; Zhang, Z.; Yang, L. Carbon emission reduction decisions in the retail-/dual-channel supply chain with consumers’ preference. J. Clean. Prod. 2017, 141, 852–867. [Google Scholar] [CrossRef]

	



Wan, H.; Gu, X.; Xie, Z.; Cheng, X.; Liang, H.; Lv, Z.; Yang, J.; Pan, Y.; Chen, L.; Zhao, B. Report on Green Consumers in China. AliResearth, 2016. Available online: http://i.aliresearch.com/file/20160803/20160803103534.pdf (accessed on 10 January 2019). (In Chinese)

	



Tong, W.; Mu, D.; Zhao, F.; Mendis, G.P.; Sutherland, J.W. Resources, Conservation & Recycling The impact of cap-and-trade mechanism and consumers’ environmental preferences on a retailer-led supply Chain. Resour. Conserv. Recycl. 2019, 142, 88–100. [Google Scholar] [CrossRef]

	



Hua, G.; Cheng, T.C.E.; Wang, S. Managing carbon footprints in inventory management. Int. J. Prod. Econ. 2011, 132, 178–185. [Google Scholar] [CrossRef]

	



He, P.; Zhang, W.; Xu, X.; Bian, Y. Production lot-sizing and carbon emissions under cap-and-trade and carbon tax regulations. J. Clean. Prod. 2015, 103, 241–248. [Google Scholar] [CrossRef]

	



Bonney, M.; Jaber, M.Y. Environmentally responsible inventory models: Non-classical models for a non-classical era. Int. J. Prod. Econ. 2011, 133, 43–53. [Google Scholar] [CrossRef]

	



Chen, C.; Monahan, G.E. Environmental safety stock: The impacts of regulatory and voluntary control policies on production planning, inventory control, and environmental performance. Eur. J. Oper. Res. 2010, 207, 1280–1292. [Google Scholar] [CrossRef]

	



Zhang, J.; Nie, T.; Du, S. Optimal emission-dependent production policy with stochastic demand. Int. J. Soc. Syst. Sci. 2011, 3, 21–39. [Google Scholar] [CrossRef]

	



Zhang, B.; Xu, L. Multi-item production planning with carbon cap and trade mechanism. Int. J. Prod. Econ. 2013, 144, 118–127. [Google Scholar] [CrossRef]

	



Song, J.; Leng, M. Analysis of the Single-Period Problem under Carbon Emissions Policies. In Handbook of Newsvendor Problems; Springer: New York, NY, USA, 2012; pp. 297–313. ISBN 978-1-4614-3599-0. [Google Scholar]

	



Xu, J.; Bai, Q.; Xu, L.; Hu, T. Effects of emission reduction and partial demand information on operational decisions of a newsvendor problem. J. Clean. Prod. 2018, 188, 825–839. [Google Scholar] [CrossRef]

	



Du, S.; Hu, L.; Song, M. Production optimization considering environmental performance and preference in the cap-and-trade system. J. Clean. Prod. 2016, 112, 1600–1607. [Google Scholar] [CrossRef]

	



Petruzzi, N.C.; Dada, M. Pricing and the Newsvendor Problem: A Review with Extensions. Oper. Res. 1999, 47, 183–194. [Google Scholar] [CrossRef]

	



Whitin, T.M. Inventory control and price theory. Manag. Sci. 1955, 2, 61–68. [Google Scholar] [CrossRef]

	



Mills, E.S. Uncertainty and price theory. Q. J. Econ. 1959, 4, 116–130. [Google Scholar] [CrossRef]

	



Karlin, S.; Carr, C.R. Prices and optimal inventory policy. In Studies in Applied Probability and Management Science; Stanford University: Stanford, CA, USA, 1962; pp. 159–172. [Google Scholar]

	



Chiu, C.H.; Choi, T.M. Optimal pricing and stocking decisions for newsvendor problem with value-at-risk consideration. IEEE Trans. Syst. Man, Cybern. Part A Syst. Hum. 2010, 40, 1116–1119. [Google Scholar] [CrossRef]

	



Polatoglu, L.H. Optimal order quantity and pricing decisions in single-period inventory systems. Int. J. Prod. Econ. 1991, 23, 175–185. [Google Scholar] [CrossRef]

	



Liu, Y.; Zhang, J.; Wang, L. Optimal joint pricing and ordering decisions in newsvendor model with two demand cases. Control Decis. 2013, 28, 1419–1422. [Google Scholar]

	



Jiang, W.; Chen, X. Optimal strategies for manufacturer with strategic customer behavior under carbon emissions-sensitive random demand. Ind. Manag. Data Syst. 2016, 116, 759–776. [Google Scholar] [CrossRef]

	



Zhang, B.; Qu, S.; Li, P.; Huang, R. Optimal Strategies for Manufacturers with the Reference Effect under Carbon Emissions-Sensitive Random Demand. Discret. Dyn. Nat. Soc. 2018, 2018, 2452406. [Google Scholar] [CrossRef]

	



Liu, Z.; Anderson, T.D.; Cruz, J.M. Consumer environmental awareness and competition in two-stage supply chains. Eur. J. Oper. Res. 2012, 218, 602–613. [Google Scholar] [CrossRef]

	



Savaskan, R.C.; Van Wassenhove, L.N. Reverse Channel Design: The Case of Competing Retailers. Manag. Sci. 2006, 52, 1–14. [Google Scholar] [CrossRef]

	



Gurnani, H.; Erkoc, M. Supply Contracts in Manufacturer-Retailer Interactions with Manufacturer-Quality and Retailer Effort-Induced Demand. Nav. Res. Logist. 2008, 55, 200–217. [Google Scholar] [CrossRef]

	



Jin, M.; Granda-marulanda, N.A.; Down, I. The impact of carbon policies on supply chain design and logistics of a major retailer. J. Clean. Prod. 2014, 85, 453–461. [Google Scholar] [CrossRef]

	



Taguchi, G.; Konishi, S. Taguchi Methods Orthogonal Arrays and Linear Graphs: Tools for Quality Engineering; American Supplier Institute: Dearborn, MI, USA, 1987. [Google Scholar]

	



CHEAA Appliance Reference. Available online: http://www.cheaa.org/channels/117_2.html (accessed on 15 April 2018).








[image: Sustainability 11 00474 g001 550]





Figure 1. Main effects plot for means of expected profit. 
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Figure 2. Effect of carbon emissions cap on the excepted profit. 
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Figure 3. Main effects plot for means of total carbon emissions. 
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Figure 4. Effect of market price of carbon credits on carbon emissions (0.72 ≤ pe ≤ 9.42). 
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Table 1. Comparisons with recent literatures.






Table 1. Comparisons with recent literatures.





	Research Paper
	Production Optimization
	Carbon Emissions Optimization
	CEP
	Cap-and-Trade Mechanism





	He et al. [14]
	Yes
	Yes
	No
	Yes



	Du et al. [21]
	Yes
	No
	Yes
	Yes



	Jiang and Chen [29], Zhang et al. [30]
	Yes
	Yes
	Yes
	No



	This paper
	Yes
	Yes
	Yes
	Yes
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Table 2. Decision variables and parameters.






Table 2. Decision variables and parameters.





	
Decision Variables of Manufacture






	
Δe

	
Emissions reduction per unit of product




	
Q

	
Production quantity




	
Parameters




	
a

	
Potential demand




	
t

	
Emissions reduction effectiveness parameter (Erep)




	
p

	
Sale price per unit of product




	
c

	
Production costs per unit of product




	
cv

	
Salvage value of per unit of unsold product




	
h

	
Emissions reduction investment coefficient




	
e

	
Initial carbon emissions per unit of product




	
πm

	
Manufacturer’s profit




	
E

	
Total carbon emissions




	
pe

	
Market price of carbon credits




	
Cg

	
Emissions cap
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Table 3. Values of parameters for each level.






Table 3. Values of parameters for each level.





	
Parameter

	
Level 1

	
Level 2

	
Level 3

	
Level 4

	
Level 5






	
t

	
Erep

	
0.02

	
0.04

	
0.2

	
0.5

	
1




	
p

	
Sale price

	
2.32

	
3.48

	
4.64

	
5.8

	
6.96




	
c

	
Production costs

	
0.58

	
0.87

	
1.16

	
1.45

	
1.74




	
cv

	
Salvage value

	
0.435

	
0.6525

	
0.87

	
1.0875

	
1.305




	
Cg

	
Emissions cap

	
250

	
375

	
500

	
625

	
750




	
pe

	
Carbon credits price

	
2.9

	
4.35

	
5.8

	
7.25

	
8.7
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Table 4. The response table for means of expected profit under cap-and-trade mechanism.
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Level

	
t

	
p

	
c

	
cv

	
Cg

	
pe




	
Erep

	
Sale Price

	
Production Costs

	
Salvage Value

	
Emissions Cap

	
Carbon Credits Price






	
1

	
2819

	
2604

	
2468

	
2644

	
1009

	
1064




	
2

	
2462

	
2263

	
2656

	
2278

	
1746

	
1750




	
3

	
2288

	
2463

	
2101

	
2476

	
2466

	
2456




	
4

	
2291

	
2307

	
2648

	
2276

	
3193

	
3169




	
5

	
2465

	
2688

	
2451

	
2650

	
3911

	
3886




	
Δ

	
531

	
424

	
555

	
375

	
2902

	
2822




	
Rank

	
4

	
5

	
3

	
6

	
1

	
2
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Table 5. The response table for means of total carbon emissions under cap-and-trade mechanism.
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Level

	
t

	
p

	
c

	
cv

	
Cg

	
pe




	
Erep

	
Sale Price

	
Production Costs

	
Salvage Value

	
Emissions Cap

	
Carbon Credits Price






	
1

	
21.908

	
12.410

	
24.577

	
26.127

	
23.165

	
63.441




	
2

	
24.753

	
20.110

	
29.967

	
25.546

	
30.660

	
30.867




	
3

	
28.755

	
26.978

	
26.179

	
32.659

	
26.549

	
18.498




	
4

	
30.298

	
34.133

	
29.862

	
21.890

	
28.965

	
12.241




	
5

	
28.167

	
40.249

	
23.295

	
27.658

	
24.542

	
8.833




	
Δ

	
8.390

	
27.839

	
6.672

	
10.769

	
7.495

	
54.608




	
Rank

	
4

	
2

	
6

	
3

	
5

	
1
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