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Carbon trading policy and consumer environmental awareness are increasingly important to manufacturers’ carbon emission reduction and pricing. To analyze their strategy selection of carbon emission reduction and pricing, this paper develops three game models, where two manufacturers could choose no cooperation (NC), only cooperation in carbon emission reduction (SC), or simultaneous cooperation in carbon emission reduction and pricing (CC). By solving these models and comparing their environmental R&D levels, net carbon emissions, and profits, the paper finds strategy selection for manufacturers and its conditions. Results show that from the view of the environmental R&D level and supply chain’s profit, NC and SC may be the optimal strategy and the second-best strategy, respectively. From the net carbon emission point of view, CC and SC should be the optimal strategy and the second-best strategy, respectively. As to manufacturers’ profits, CC should be the optimal strategy, and NC or SC should be the second-best strategy. From comprehensive views, none of these strategies could be the optimal strategy, but SC may be the second-best strategy. This paper contributes in three aspects. First, this paper designs three strategies of carbon emission reduction and pricing for two manufacturers. Second, this paper takes the initial carbon emission allowances of the government as one of decision variables. Finally, this paper investigates the effects of different strategies and finds strategy selections for manufacturers from a single view and comprehensive views.
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1 INTRODUCTION
Environmental damage caused by carbon emission has been one of the most important issues globally, and how to reduce carbon emission has drawn much attention. In recent years, the digital economy has shown a significant spatial effect on carbon emission reduction (Yi et al., 2022; Li and Wang, 2022). However, carbon tax policy (CT) and carbon trading policy (CET) have been more widely put into practice to curb carbon emissions. However, with advantages in the effect and cost of carbon emission reduction, CET is more attractive to many countries (Wang and Wang, 2015) and can increase the potential of firms to reduce carbon emissions (Chu et al., 2021). In practice, the EU, the United States, Australia, and some other developed economies have implemented carbon trading policy. As a developing country, China has been putting great emphasis on the environment issue in recent years and has made a promise to peak its carbon dioxide emissions by 2030 and achieve carbon neutrality by 2060. In practice, China is already taking strong nationwide actions toward the carbon peak and carbon neutrality targets. China’ national carbon emission trading market is a good example. As of the start of 2022, there are 25 operational emission trading systems around the world, in jurisdictions representing 55% of global GDP and covering 17% of global emissions1. In addition, many countries continue to strengthen the concept of environmental conservation and gradually integrate the requirements of low carbon into consumers’ daily life, and some consumers with strong environmental awareness may pay higher prices for low-carbon products (Chitra, 2007; Yalabik and Fairchild, 2011) and induce firms to design corporate resource allocation (Su et al., 2023) and produce low-carbon products (Basiri and Heydari, 2017). Under these backgrounds, firms should invest more in environmental R&D, and some strong firms produced many lower-emission products. For example, companies in the fashion apparel industry such as H&M and Levi’s have adopted cleaner technologies to generate less carbon emissions during their production (Li and Li, 2014), and consumers with strong environmental awareness were willing to pay an average premium of 33% for green goods2. However, since firms non-cooperatively investing in environmental R&D will bring additional cost pressure on themselves, some of them choose to cooperate with their rivals. For example, the truck units of Toyota Motor and Volkswagen AG are forming an alliance to develop lower-emission vehicles and can spend R&D money only once instead of twice or thrice than they would when alone3.
To summarize, it is profound for manufacturers to rethink the strategy of carbon emission reduction and pricing when they are faced with CET and consumer environmental awareness (CEA). Though previous researchers studied carbon emission reduction under CET, carbon emission reduction under CEA, and carbon emission reduction under CET and CEA, most of them considered the cooperation between the manufacturer and the retailer in the same supply chain. Taking these backgrounds into account, we consider two two-echelon supply chains consisting of two manufacturers and a common retailer, where manufacturers make decisions on environmental R&D levels and wholesale prices of products and the retailer makes a decision on retail prices of products. Then, we provide three strategies of carbon emission reduction and pricing for manufacturers including no cooperation (NC), only cooperation in carbon emission reduction (SC), and simultaneous cooperation in carbon emission reduction and pricing (CC), meaning that manufacturers make all their decisions non-cooperatively, make their decisions on environmental R&D levels cooperatively and on wholesale prices non-cooperatively, and make all their decisions cooperatively, respectively. Questions of interest in this paper are as follows: 1) what effects do the three strategies of carbon emission reduction and pricing have on the carbon emission level, net carbon emission, and profit? 2) from a single view, which strategy should be chosen by manufacturers? 3) from comprehensive views, which strategy should be chosen by manufacturers?
To answer these questions, we develop three four-staged game models of the two supply chains faced with the CET and CEA from the perspective of game theory. Then, based on the equilibriums of these models, we compare the carbon emission level, net carbon emission, and profits of manufacturers and the supply chain and find the optimal strategy and the second-best strategy for manufacturers from a single view. Finally, we make a comprehensive comparison and find the second-best strategy for manufacturers and its condition from comprehensive views. Through this research, we can analyze effects of different strategies and find strategy selection from different views for manufacturers and provide a scientific basis for supply chain management and related policy improvement.
The remainder of this paper is organized as follows. Section 2 presents the literature review. Section 3 describes model formulation and notation. Section 4 presents the three game models. Section 5 provides the results and discussion. Section 6 concludes this paper.
2 LITERATURE REVIEW
2.1 Carbon emission reduction under CET
Some researchers only took manufacturers as an objective. Wang et al. (2018) divided manufacturers into under-emitter manufacturers and over-emitter manufacturers and found conditions under which the over-emitter manufacturers’ decisions were identified. Given carbon emission reduction, Xia et al. (2020) divided manufacturers into low-carbon manufacturers and ordinary product manufacturers and analyzed impacts of the CET on retail prices, sales, and profits. Other researchers took the supply chain consisting of a manufacturer and a retailer as the objective. Wang et al. (2016) designed a wholesale price premium contract and a cost-sharing contract and found that these two contracts could increase the manufacturer’s carbon emission reduction rate and the supply chain’s profit; the cost-sharing contract could increase profits of both the manufacturer and the retailer, and the wholesale price premium contract could increase the profit of the supply chain. Yang et al. (2018) analyzed the effects of the manufacturer’s promotion and the retailer’s promotion through the manufacturer’s channel and a retail channel. However, all these researchers only took CET into account and neglected CEA.
2.2 Carbon emission reduction under CEA
CEA could prompt the supply chain to provide green products (Zhang et al., 2020) and always benefit the manufacturer (Li et al., 2021). Under the three structures, Liu et al. (2012) constructed three models where the manufacturer (manufacturers) decided carbon emission reduction and wholesale prices and the retailer (retailers) decided the retail prices of products separately and analyzed the impacts of CEA on the supply chain players. In a supply chain compromised of a manufacturer and a retailer, Du et al. (2015) found that compared to the wholesale-price contract, both the revenue-sharing contract and the quantity-discount contract could increase the supply chain’s profit, and the carbon emission reductions in the decentralized supply chain could be the same as those in the centralized supply chain. Zhang et al. (2019) found that retailer’s fairness concerns would not change the carbon emission reduction but could influence the wholesale price and retail price. Liu and Li (2020) found that the introduction of CEA could increase the carbon emission reduction of the supply chain, both the carbon emission reduction and profit of the supply chain in the centralized scenario are higher than those in the decentralized scenario, and the bilateral cost-sharing contract could effectively encourage the manufacturer and the retailer to engage in carbon emission reduction. Wang et al. (2021) found that both carbon emission reduction and production in the centralized model are much higher than those in the decentralized model. However, all these researchers only took CEA into account and neglected CET. Xia et al. (2022) found that either with or without a cost-sharing contract, the carbon emission reduction in the decentralized scenario was no more than that in the centralized scenario.
2.3 Carbon emission reduction under CET and CEA
Luo et al. (2016) considered two manufacturers with different carbon reduction efficiencies and constructed two models where manufacturers made decisions cooperatively or non-cooperatively. They found that manufacturers who made decisions cooperatively could increase profit and decrease total carbon emissions. However, they neglected the cooperation in pricing. Cao et al. (2017) analyzed the impacts of CET on the production and carbon emission reduction level of the manufacturer.
In the supply chain consisting of a manufacturer and a retailer, Xia et al. (2018) considered that the manufacturer decided the emission reduction rate and the retailer decided the promotion level and investigated their optimal decisions and profits. Wang et al. (2020) designed several contracts and found that the one-way cost-sharing contract was beneficial for the supply chain, the two-way cost-sharing contract could also achieve this effect if the sharing rate is small, and the joint carbon-emission reduction could be an optimal choice for the supply chain. Liu et al. (2021) provided three carbon emission reduction modes and found that the carbon emission reduction level was the highest in the joint carbon emission reduction, and firms would prefer the single carbon emission reduction or the joint carbon emission reduction under different conditions. However, these studies analyzed the interaction between the manufacturer and the retailer and were not able to investigate the cooperation between manufacturers.
In the two two-echelon supply chains, each of which consists of a manufacturer and a retailer, Yang et al. (2017) found that compared to the structure in which both chains were decentralized, vertical cooperation could increase carbon emission reduction but decrease retail prices and horizontal cooperation could damage retailers’ profit. In the supply chain consisting of a supplier and a manufacturer, Bai et al. (2018) found that compared to the decentralized scenario, the centralized decision scenario could increase the supply chain’s profit and decrease its carbon emission. However, these studies neglected the cooperation in pricing and took initial carbon emission allowances of the government and the price of carbon emission trading as given.
Our key contributions lie in the following aspects. First, this paper designs three strategies of carbon emission reduction and pricing for two manufacturers, which can be better to describe the operation practice. Second, this paper takes the initial carbon emission allowances of the government as one of decision variables, which can extend the existing game models to four-staged ones. Finally, this paper investigates the effects of different strategies and finds strategy selections for manufacturers from a single view and comprehensive views, which contributes to explaining various strategies between manufacturers.
3 MODEL FORMULATION AND NOTATION
This paper considers two two-echelon supply chains consisting of two manufacturers producing a homogeneous product and a common retailer. The production of the manufacturer [image: image] is [image: image] and is sold to the retailer [image: image] with a wholesale price [image: image]; then, the retailer [image: image] sells the product to consumers with a retail price [image: image]. During the production, the production of a one-unit product produces one-unit carbon emission. Under CET and CEA, the manufacturer invests in environmental R&D to reduce carbon emission. For carbon emission reduction and pricing, the manufacturer [image: image] can choose NC, SC, or CC. In each carbon emission reduction and pricing strategy, the government and members in the two supply chains play a four-staged game, which is shown in Figure 1. At the first stage, the government decides the amount of free allocation of carbon allowance for each manufacturer. At the second stage, each manufacturer decides the environmental R&D level. At the third stage, each manufacturer decides the wholesale price. At the last stage, the retailer decides the retailer price. The meaning of parameters, variables, and functions in this paper is given in Table 1.
[image: Figure 1]FIGURE 1 | Game rules for each carbon emission reduction and pricing strategy.
TABLE 1 | Meaning of parameters, variables, and functions.
[image: Table 1]3.1 The cost structure
For simplicity, the marginal production cost of each manufacturer is neglected. To reduce carbon emission, the manufacturer [image: image] can invest in environmental R&D. The cost of environmental R&D for manufacturer [image: image] is [image: image] (Bai et al., 2018), where [image: image] is the environmental R&D level of manufacturer [image: image]. Then, net carbon emission of manufacturer [image: image] is [image: image] [image: image], where [image: image] is the environmental R&D spillover rate.
3.2 The demand function
Based on Katsoulacos et al. (2001), consumer surplus is [image: image], and we introduce a sensitive parameter [image: image] to measure consumers’ environmental awareness, and the product is sold to consumers at a retail price [image: image]. Then, consumers’ demand function can be obtained as follows:
[image: image]
3.3 The CET
Carbon emission damages the environment, and environmental damage caused by carbon emission is [image: image] (Poyago-Theotoky, 2007). The government’s free allocation of carbon allowance for the manufacturer [image: image] is [image: image]. The manufacturer [image: image] needs to buy additional allowance from the carbon trading market if [image: image]; otherwise, the manufacturer [image: image] can sell additional allowance on the carbon trading market, and the clear price of carbon allowance in the carbon trading market is [image: image].
Therefore, profit functions of the retailer and the manufacturer [image: image] are shown as follows:
[image: image]
[image: image]
The welfare function of the government is [image: image], which is as follows after arranging:
[image: image]
4 MODEL SOLUTIONS
With backward induction, we obtain solutions for the aforementioned models.
4.1 Model solutions for NC
In the last stage, the retailer determines retail prices to maximize its profit. Substituting (1) in (2), the problem of optimal retail prices can be described as follows:
[image: image]
Combining [image: image] and [image: image], the optimal retail price for the product of the manufacturer [image: image] can be solved as follows:
[image: image]
Substituting (6) in (2), consumers’ demand function for the product of the manufacturer [image: image] can be rewritten as follows:
[image: image]
In the third stage, the problem of the optimal wholesale price of the product of the manufacturer [image: image] under the NC model can be described as follows:
[image: image]
Combining [image: image] with [image: image], the optimal wholesale price for the product of the manufacturer [image: image] can be solved as follows:
[image: image]
In the second stage, the problem of the optimal environmental R&D level of the manufacturer [image: image] under the NC model can be described as follows:
[image: image]
Combining [image: image] with [image: image], the optimal environmental R&D level of the manufacturer [image: image] can be solved as follows:
[image: image]
where [image: image] [image: image]. Taking into account the clear condition of the carbon trading market ([image: image]), its clear price is solved as follows:
[image: image]
where [image: image].
In the first stage, the problem of optimal allocation of carbon allowance under the NC model can be described as follows:
[image: image]
Combining [image: image] and [image: image], the optimal allocation of carbon allowance under the NC model can be solved as follows:
[image: image]
where [image: image] [image: image] [image: image] [image: image] [image: image]. Substituting 14 in 12, 11, 9, 7, and 6, the equilibrium clear price of carbon allowance ([image: image]), environmental R&D level ([image: image]), wholesale price ([image: image]), production ([image: image]), and retail price ([image: image]) under the NC model can be solved. It is easy to find that when [image: image], [image: image] will always hold, and [image: image]. Figure 2 shows conditions where [image: image], [image: image], and [image: image] can satisfy. Let [image: image] [image: image], we can get the solution [image: image]; then, we have [image: image]. If [image: image], [image: image] will hold; then, [image: image] will hold; otherwise, [image: image] will hold.
[image: Figure 2]FIGURE 2 | Condition for a positive solution of free allocation of carbon allowance under NC.
4.2 Model solutions for SC
Solutions for the optimal retail price and wholesale price under the SC model are the same as those under the NC model shown in 6 and 9; then, we solve the second stage and the first stage under the SC model.
In the second stage under the SC model, manufacturers determine environmental R&D levels to maximize their joint profit [image: image]. The problem of the optimal environmental R&D level of the manufacturer [image: image] under the SC model can be described as follows:
[image: image]
Combining [image: image] and [image: image], the optimal environmental R&D level of the manufacturer [image: image] can be solved as follows:
[image: image]
where [image: image]. The clear price of carbon allowance is solved as follows:
[image: image]
where [image: image].
In the first stage, the problem of optimal allocation of carbon allowance under the SC model can be described as follows:
[image: image]
Combining [image: image] and [image: image], the optimal allocation of carbon allowance under the SC model can be solved as follows:
[image: image]
where [image: image] [image: image]. Substituting 19 in 17, 16, 9, 7, and 6, the equilibrium clear price of carbon allowance ([image: image]), environmental R&D level ([image: image]), wholesale price ([image: image]), production ([image: image]), and retail price ([image: image]) under the SC model can be solved. It is easy to find that when [image: image], [image: image] will always hold, and [image: image]. Figure 3 shows conditions where [image: image], [image: image], and [image: image] can satisfy. Let [image: image], we can get the solution [image: image]; then, we have [image: image]. If [image: image], [image: image] will hold; then, [image: image] will hold; otherwise, [image: image] will hold.
[image: Figure 3]FIGURE 3 | Condition for a positive solution of free allocation of carbon allowance under SC.
4.3 Model solutions for CC
Solutions for the optimal retail price under the CC model are the same as those under the NC model, which is shown in (6); then, we solve the third stage, the second stage, and the first stage under the CC model.
In the third stage under the CC model, manufacturers determine their wholesale prices to maximize their joint profit. This problem under the CC model can be described as follows:
[image: image]
Combining [image: image] and [image: image], the optimal wholesale price of the manufacturer [image: image] can be solved as follows:
[image: image]
In the second stage under the CC model, manufacturers also determine their environmental R&D levels to maximize their joint profit. The problem of the optimal environmental R&D level of the manufacturer [image: image] under the CC model can be described as follows:
[image: image]
Combining [image: image] and [image: image], the optimal environmental R&D level of the manufacturer [image: image] can be solved as follows:
[image: image]
The clear price of carbon allowance is solved as follows:
[image: image]
In the first stage, the problem of optimal allocation of carbon allowance under the CC model can be described as follows:
[image: image]
Combining [image: image] and [image: image], the optimal allocation of carbon allowance under the CC model can be solved as follows:
[image: image]
where [image: image] [image: image]. Substituting 26 in 24, 23, 21, 7, and 6, the equilibrium clear price of carbon allowance ([image: image]), environmental R&D level ([image: image]), wholesale price ([image: image]), production ([image: image]), and retail price ([image: image]) under the CC model can be solved. It is easy to find that when [image: image], [image: image] will always hold, and [image: image]. As under SC, if [image: image], [image: image] will hold; otherwise, [image: image] will hold.
Putting Figures 2, 3 together, we can get Figure 4 to get the condition for a positive solution of free allocation of carbon allowance under each model. Then, we can find [image: image] when [image: image]. Therefore, if [image: image], all the equilibrium allocations of carbon allowance under the NC model, SC model, and CC model are positive, meaning that [image: image] will hold.
[image: Figure 4]FIGURE 4 | Condition for a positive solution of free allocation of carbon allowance under each model.
5 RESULTS AND DISCUSSIONS
5.1 Environmental R&D level
This paper first compares the environmental R&D level under the three models, and their results are summarized in Proposition 1.
Proposition 1. When [image: image], [image: image] will hold if [image: image], but [image: image] will hold if [image: image].
Proposition 1 indicates that from the view of the environmental R&D level, CC is a dominated strategy and NC and SC may be the optimal strategy or second-best strategy, respectively. The environmental R&D level under CC is always much lower than that under NC and SC, but the environmental R&D level under NC may be much lower or higher than that under SC. Especially, the environmental R&D level under NC is much higher than that under SC if the spillover rate and consumers’ environmental awareness can satisfy [image: image]. Therefore, the environmental R&D level under NC is the highest, that under SC is much higher, and that under CC is the lowest if [image: image], meaning that NC is the optimal strategy, SC is the second-best strategy, and CC is the dominated strategy at this time. However, the environmental R&D level under SC is much higher than that under NC if the spillover rate and consumers’ environmental awareness can satisfy [image: image]. Therefore, the environmental R&D level under SC is the highest, that under NC is much higher, and that under CC is the lowest if [image: image], meaning that SC is the optimal strategy and NC is the second-best strategy, and CC is also the dominated strategy at this time.
5.2 Net carbon emission
This paper then compares the net carbon emission under the three models. Let net carbon emissions under NC, SC, and CC be [image: image], [image: image], and [image: image], respectively, and their comparisons are summarized in Proposition 2.
Proposition 2. When [image: image], [image: image] will always hold.
Proposition 2 reveals that from the view of net carbon emission, CC is the optimal strategy, SC is the second-best strategy, and NC is the dominated strategy. Compared to NC, the manufacturer [image: image] chooses SC or CC that can decrease net carbon emission and chooses CC that can decrease more net carbon emission than NC can. Therefore, the net carbon emission under NC is the highest, that under SC is much higher, and that under CC is the lowest, meaning that NC is the dominated strategy, SC is the second-best strategy, and CC is the optimal strategy.
5.3 Profit
This paper next compares profits of each manufacturer and the supply chain under the three models.
5.3.1 Manufacturer’s profit
Profit comparison results of the manufacturer [image: image] under the three models are summarized in Proposition 3.
Proposition 3. When [image: image], [image: image] will hold if [image: image], but [image: image] will hold if [image: image].
Proposition 3 indicates that from the view of profit of the manufacturer [image: image], CC is the optimal strategy and both NC and SC may be the second-best strategy or dominated strategy under certain conditions, respectively. Compared to NC and SC, the manufacturer [image: image] chooses CC that will always increase profit. Especially, profit of the manufacturer [image: image] under SC is much higher than that under NC if the spillover rate and consumers’ environmental awareness can satisfy [image: image], meaning that profit of the manufacturer [image: image] under CC is the highest, that under SC is much higher, and that under NC is the lowest. Therefore, CC is the optimal strategy, SC is the second-best strategy, and NC is the dominated strategy under [image: image]. However, profit of the manufacturer [image: image] under SC is much lower than that under NC if the spillover rate and consumers’ environmental awareness can satisfy [image: image], meaning that profit of the manufacturer [image: image] under CC is the highest, that under NC is much higher, and that under SC is the lowest. Therefore, CC is the optimal strategy, NC is the second-best strategy, and SC is the dominated strategy under [image: image].
5.3.2 Supply chain’s profit
Let supply chain’s profits under NC, SC, and CC be [image: image], [image: image], and [image: image], respectively, and their comparisons are summarized in Proposition 4.
Proposition 4. When [image: image], [image: image] will hold if [image: image], but [image: image] will hold if [image: image].
Proposition 4 reveals that from the view of the supply chain’s profit, CC is a dominated strategy and both NC and SC may be the optimal strategy or second-best strategy, respectively. Especially, the supply chain’s profit under CC is always much lower than that under NC and that under SC. If the spillover rate and consumers’ environmental awareness can satisfy [image: image], the supply chain’s profit under NC is much higher than that under SC, meaning that the supply chain’s profit under NC is the highest, that under SC is much higher, and that under CC is the lowest. Therefore, NC is the optimal strategy, SC is the second-best strategy, and CC is the dominated strategy under [image: image]. However, if the spillover rate and consumers’ environmental awareness can satisfy [image: image], the supply chain’s profit under SC is much higher than that under NC, meaning that the supply chain’s profit under SC is the highest, that under NC is much higher, and that under CC is the lowest. Therefore, SC is the optimal strategy, NC is the second-best strategy, and CC is the dominated strategy under [image: image].
5.4 Environmental R&D level, net carbon emission, and profit
Finally, this paper makes a comprehensive comparison of the environmental R&D level, net carbon emission, and profit under the three models, and results are summarized in Proposition 5.
Proposition 5. When [image: image], [image: image] will always hold; [image: image] and [image: image] will hold if [image: image], [image: image] will hold if [image: image], [image: image] will hold if [image: image], and [image: image] will hold if [image: image].
Proposition 5 indicates that from the comprehensive comparison of the environmental R&D level, net carbon emission, and profit under the three models, none of the three strategies could be the optimal strategy or dominated strategy, but SC may be the second-best strategy. If [image: image], compared to NC, the environmental R&D level, net carbon emission of the manufacturer [image: image], and supply chain’s profit are much lower, but profit of the manufacturer [image: image] is much higher under SC and CC. Compared to SC, net carbon emission of the manufacturer [image: image] and the supply chain’s profit are much lower, but profit of the manufacturer [image: image] is much higher under CC. These mean that the environmental R&D level, net carbon emission of the manufacturer [image: image], and supply chain’s profit under NC are the highest, those under SC are much higher, and those under CC are the lowest, but profit of the manufacturer [image: image] under NC is the lowest, that under SC is much higher, and that under CC is the highest. Therefore, as a whole, there is no optimal strategy or dominated strategy, but SC can be the second-best strategy if [image: image]. If [image: image], compared to NC, the environmental R&D level and profit of the manufacturer [image: image] are much higher, but net carbon emission of the manufacturer [image: image] and the supply chain’s profit are much lower under SC; the environmental R&D level and net carbon emission of the manufacturer [image: image] and the supply chain’s profit are much lower, but profit of the manufacturer [image: image] is much higher under CC. Compared to SC, the environmental R&D level, net carbon emission of the manufacturer [image: image], and supply chain’s profit are much lower, but profit of the manufacturer [image: image] is much higher. These mean that the environmental R&D level of the manufacturer [image: image] under SC is the highest, that under NC is much higher, and that under CC is the lowest; net carbon emission of the manufacturer [image: image] and the supply chain’s profit under NC are the highest, those under SC are much higher, and those under CC are the lowest; profit of manufacturer [image: image] under NC is the lowest, that under SC is much higher, and that under CC is the highest. Therefore, as a whole, there is also no optimal strategy or dominated strategy, but SC can be the second-best strategy if [image: image]. If [image: image], compared to NC, the environmental R&D level of the manufacturer [image: image] is much higher, but net carbon emission and profit of the manufacturer [image: image] are much lower under SC. Compared to NC and SC, the environmental R&D level, net carbon emission of the manufacturer [image: image], and supply chain’s profit are much lower, but profit of the manufacturer [image: image] is much higher under CC. Therefore, as a whole, there is no optimal strategy, second-best strategy, or dominated strategy if [image: image]. If [image: image], compared to NC, the environmental R&D level of the manufacturer [image: image] and supply chain’s profit are much higher, but net carbon emission and profit of the manufacturer [image: image] are much lower. Compared to NC and SC, environmental R&D level and net carbon emission of the manufacturer [image: image] and supply chain’s profit are much lower, but profit of manufacturer [image: image] is much higher. Therefore, as a whole, there is also no optimal strategy, second-best strategy, or dominated strategy if [image: image].
6 CONCLUSION
Three carbon emission reduction and pricing strategies of manufacturers are NC, SC, and CC. This paper develops three game models where two manufacturers could choose NC, SC, or CC to analyze manufacturers’ strategies of carbon emission reduction and pricing under the CET and CEA. This paper solves these models and compares their environmental R&D levels, net carbon emissions, and profits. Results show that from the view of the environmental R&D level or supply chain’s profit, manufacturers may choose NC or SC as their strategy. From the net carbon emission point of view, CC and SC should be their optimal strategy and second-best strategy, respectively. As to manufacturers’ profits, CC should be their optimal innovation strategy, and NC or SC should be their second-best strategy. As a whole, manufacturers would choose none of these strategies as their optimal strategy but may choose SC as their second-best strategy.
From the aforementioned information, we propose the following management insights. First, manufacturers should select their strategy of carbon emission reduction and pricing according to their own situations. Participation in further cooperation in carbon emission reduction and pricing may damage manufacturers’ benefits, even their development. As to manufacturers with weak strength, NC may be their choice. When they enhance their strength in future, SC and CC may be their choices. As to manufacturers with strong strength and social responsibility, CC may be their choice. Second, the government should a design dynamic support system based on the extent of cooperation manufacturers engaged. The government can provide more environmental R&D fund, tax reduction and exemption, financing, and other supports to manufacturers when they engage in further cooperation in environmental R&D and pricing, to lead manufacturers form and deepen their cooperation, undermine their carbon emission reduction potential, and make a greater contribution to ecological civilization construction. Finally, members in the supply chain should properly share their profits. Different cooperation strategies in carbon emission reduction and pricing cause different, even opposite, influence on members in the supply chain. Manufacturers’ participation in deeper cooperation is good for the retailer to make a higher retail price on a low-carbon product, which may increase the retailer’s profit but may decrease manufacturers’ profits. Therefore, members in the same supply chain should design a proper profit-sharing contract and properly share their profits.
This study also exhibits several limitations. First, we focus on the carbon emission reduction and pricing strategy of manufacturers. In fact, manufacturers and retailers also cooperate in carbon emission reduction, such as retailers share carbon emission reduction costs of manufacturers, and manufacturers share low-carbon promotion costs of retailers. This leads to an extension to analyze a full cooperation between members in the same supply chain or even between different supply chains. Second, we assume that the two manufacturers have the same environmental R&D efficiency. In fact, manufacturers are different in finance, technology, and other aspects. Future research could examine the effect of different environmental R&D on strategy selection. Finally, this paper applies the backward induction to solve the game models. However, there have been many different domains where advanced optimization algorithms have been applied as solution approaches, such as carbon emission reduction (Dulebenets et al., 2017), online learning (Zhao and Zhang, 2020), scheduling (Kavoosi et al., 2019; Dulebenets, 2021), multi-objective optimization (Zhao and Zhang, 2020), and medicine (Rabbani et al., 2017). These approaches could be more effective in solving decision problems. Future research should explore more advanced optimization algorithms for this decision problem.
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