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Abstract: The green and low carbon transition and development of the electricity industry is the most crucial task in realizing the “dual-carbon target”, and it is urgent to explore the incentive and subsidy mechanism to promote green electricity consumption and the cost-sharing strategy of carbon reduction, to alleviate the pressure of carbon abatement cost of each subject of the electricity supply chain. Against this background, this paper takes into account the low-carbon subsidies provided by the government and the incentive subsidies for users, and studies the optimal decision-making of each subject in the electricity supply chain, so that each of them can obtain the optimal profit and achieve carbon emission reduction at the same time. Firstly, taking into account the direct power purchase mode of large users and the electricity-selling companies emerging after the reform of the power sales side, we have established a cooperative mechanism for sharing the cost of carbon emission reduction in the electricity supply chain and clarified the relationship between the supply and demand of electricity among the main parties. Subsequently, considering government low-carbon subsidies and user incentive subsidies, the optimal decision-making model is established under two scenarios of decentralized and centralized cooperative games in the supply chain, respectively, with the objective of maximizing profits and carbon reduction rates. Solving for the optimal proportion of carbon abatement costs shared by each participant in the electricity supply chain in achieving game equilibrium. Finally, we analyze the role of the government’s low-carbon subsidies, users’ incentive subsidies, and other factors on the profit and carbon reduction effect of the electricity industry through the example analysis and further analyze the impact of carbon abatement cost-sharing measures to provide recommendations for the electricity industry to realize low-carbon abatement and make decisions.
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Nomenclature



	τ
	Carbon abatement rate of power producer (%)



	J
	Level of incentive subsidies for electricity selling company, i.e., the rate of increase in electricity sales after the incentive subsidy (%)



	λ
	Impact coefficient of power users’ low-carbon preference on the demand (MW·h)



	α
	The ratio of large users who prefer the direct mode of electricity supply (%)



	N0
	Initial market demand (MW·h)



	μ
	The cost coefficient of the incentive subsidy (RMB)



	jt
	Impact coefficient of incentive subsidy of regular users (MW·h)



	jd
	Impact coefficient of the incentive subsidy of the large industrial and commercial users (MW·h)



	Rt
	Profit earned from selling units of electricity to regular users (RMB·(MW·h)−1)



	Et
	Profit earned by generator selling units of electricity to electricity selling company (RMB·(MW·h)−1)



	Ed
	Profit earned by generator selling units of electricity to large industrial and commercial users (RMB·(MW·h)−1)



	p
	The market price of each unit of carbon emission (RMB·t−1 CO2)



	Z
	Free carbon emission allowance granted by the government (t CO2)



	η
	Carbon abatement cost coefficient (RMB)



	e0
	Initial carbon emissions per unit of electricity (t CO2·(MW·h)−1)



	γ
	The ratio of government subsidies for carbon emission reduction inputs by power producer (%)



	ω
	The ratio of incentive subsidy costs shared by generators (%)



	ϕ
	The ratio of carbon abatement costs shared by electricity selling company (%)



	Lr
	Profit of electricity selling company (RMB)



	Le
	Profit of power producer (RMB)



	Lc
	Total profit of power producer and electricity selling company (RMB)





1  Introduction

Since the industrial revolution, global warming and other environmental problems have become increasingly severe [1]. China has taken over the high-pollution and high-energy-consumption industries of many developed countries and, at the same time, faces the problems of ecological deterioration, declining competitiveness of high-carbon-emission products and energy security [2]. Against this background, China is reducing carbon emissions from the power sector, currently the most significant single carbon-emitting industry, through initiatives such as establishing a carbon trading market [3]. In July 2023, the Central Committee for Comprehensively Deepening Reforms considered and passed the Guidelines for Deepening Reform of the Electric Power System and Accelerating the Construction of a New Electric Power System, which puts clean and low carbon at the top of the list. Exploring the relevant incentive mechanisms in the power industry and implementing carbon abatement cost sharing among the subjects of the electricity supply chain, which are closely related to each other, is conducive to reducing the pressure on the cost of carbon reduction of each subject and realizing a low-carbon transition in the power sector [4].

1.1 Research on the Electricity Supply Chain Cost-Sharing

How to reasonably transfer and share costs among various subjects in the power supply chain has been a concern of scholars, and cost-sharing strategies have a wide range of applications in the electricity industry. Herbert et al. [5], in their study on the Impact of cost-sharing strategies on the economics of small wind power mini-grid projects in Kenya, found that how to allocate costs to different types of users affects their level of participation and whether they get the desired benefits. Khoddami et al. [6] investigated the critical role of a cost-sharing strategy in the efficiency and profitability of the biomass power supply chain. Uski et al. [7] proposed a cost-sharing strategy related to energy storage systems to balance the interests of various participants in a study of alternative microgrid investments. He et al. [8] proposed a cost-sharing methodology to solve the problem of heat and power supply. This method was developed during research aimed at enhancing the energy utilization efficiency of cogeneration. He et al. [9] also suggested apportioning the FM auxiliary service costs based on the “initiator pays” principle. This recommendation was made to study costs triggered by the joint operation of generating units and loads. Based on the theory of Carbon Emission Flow (CEF), Bian et al. [10] proposed a source-load carbon responsibility factor, which apportions the responsibility of carbon emission to both sources and loads, including new energy sources. Perrault et al. [11–13] discussed the role of Shapley’s value theory in cost-sharing among the subjects of the electricity supply chain from different perspectives, respectively. Lin et al. [14] constructed an ex-post cost-sharing mechanism to allocate each renewable energy producer’s share of responsibility in the total system cost according to the weight of the consequences of the imbalance in the power system caused by the producer. Brown et al. [15] implemented a cost-sharing strategy to facilitate cost control when conducting distributed energy projects.

In addition, more scholars study the cost-sharing strategy among the subjects in the electric power industry by constructing a game model. He et al. [16] constructed a distributed photovoltaic power cost-sharing game model to realize the optimal sharing of power generation costs among power producers and users. Xu et al. [17,18] proposed a cost-sharing model based on cooperative game theory to study the cost allocation among the government, users, and power enterprises. Chen et al. [19] established a cooperative game cost-sharing model and compared the bilateral carbon liability-sharing mechanism with the unilateral carbon liability burdening mechanism for generators or users. An et al. [20] solved the transaction problem among multiple players of regional integrated energy by establishing a cooperative game model. They used Shapley value for cost-sharing among various players. Existing literature primarily focuses on sharing carbon abatement costs between power producers and users. Still, it ignores the carbon abatement costs shared between power supply chain subjects such as power producers, electricity-selling companies, power users, etc. This paper examines the issue of cost-sharing of carbon reduction in the power sector from this perspective.

1.2 Research on the Supply Chain Cost-Sharing under Carbon Cap and Trade Policies

Under the carbon cap-and-trade policy, there are many studies on joint carbon emission reduction decisions among multiple actors in the supply chain. The electricity supply chain is a kind of supply chain, and the relevant research results have significant reference value for realizing a low-carbon decrease in the power supply chain. Wu et al. [21] found that upstream enterprises tend to set higher carbon decrease rates and need to bear higher carbon abatement costs by establishing four Stackelberg models that consider different free carbon quota allocation schemes and carbon abatement cost-sharing schemes. Xu et al. [22] found that both wholesale prices and carbon reduction cost-sharing strategies play a role in supply chain coordination with optimal production (optimal abatement), first decreasing (increasing) and then remaining constant as the carbon trading price increases. Wang et al. [23,24] modelled independent and joint emission reduction in a two-level supply chain. They found that the implementation of cost-sharing strategies can improve the level of carbon emission reduction and supply chain profits. Ma et al. [25] used a differential game model to analyze the role of carbon abatement strategies for each subject in the cold chain. They found that a two-way cost-sharing strategy is more effective than a one-way cost-sharing strategy. Users’ low-carbon preferences affect demand for commodities. Ghosh et al. [26,27] verified that carbon abatement cost-sharing could potentially improve economic and environmental benefits considering consumers’ low-carbon preference. Wu et al. [28] analyzed the impacts of consumers’ low-carbon preference and carbon abatement cost-sharing ratio on the profits of each subject in the supply chain. In addition to cost-sharing strategies, scholars have also studied benefit-sharing strategies. Yang et al. [29–31] analyzed the impacts of retailers’ profit-sharing and cost-sharing strategies on manufacturers’ implementation of carbon abatement measures. They showed that the two strategies are beneficial to the improvement of the overall efficiency of the supply chain and the decrease in manufacturers, and both the manufacturers and retailers prefer the incentive strategy with a higher level of cooperation. The study of Yi et al. [32] proved that government subsidies and carbon tax policies are conducive to promoting the synergy of supply chain actors for energy saving and emission reduction. In the electricity supply chain, Chen et al. [33], in studying the impacts of the benchmarking mechanism on each subject, found that the investment in carbon reduction technology increases with the increase of the unit carbon quota and the adoption of the benefit-sharing strategy and the cost-sharing strategy can promote the coordination of the electricity supply chain [34].

1.3 Research on the Electricity Supply Chain Incentives

When each subject in the power supply chain assumes responsibility for carbon emission reduction, multi-party cooperation among the subjects can further promote the power industry to realize the “dual carbon” target and profit growth. At the same time, it is essential to explore scientific and reasonable incentive mechanisms. Currently, the primary way to guide users in carrying out demand response (DR) is to adjust the price of electricity or take compensation means to guide users in actively making load transfer or load reduction behaviour. For example, Luo et al. [35] constructed a model of power sales company and power sales contract selection based on logit theory. They analyzed the Impact of each type of power sales contract on the power sales company. Muratori et al. [36] quantitatively assessed the Impact of time-of-use tariff strategies of electricity-selling companies on customer demand response behaviour. Lu et al. [37,38] proposed a dynamic pricing DR algorithm that considers both the profits and costs of power users and the selling companies in a tiered electricity market. Dey et al. [39] proposed incentive tariffs to increase the margins of electricity-selling companies by considering the different utility and demand elasticities of various types of users during peak and trough periods. Electricity-selling companies set dynamic subsidy prices based on the incentive-based demand response algorithm proposed by Jiang et al. [40] to reduce costs. The dynamic tariff incentive proposed by Bejan et al. [41] reduced consumer surplus by about half compared to the time-of-use (TOU) incentive. In contrast, the pricing scheme proposed by Dewangan et al. [42] took into account peak-to-average ratios for each interval of TOU pricing, avoiding possible load accumulation during low-priced hours and lowering customer costs. Li et al. [43] proposed a two-tier scheduling model for regional microgrids to balance interests between microgrids and consumers through a real-time pricing mechanism. Guo et al. [44] constructed an incentive-based demand response master-slave game model between electricity sellers and users. Chai et al. [45,46] considered the utility and demand elasticity of the users. They changed the users’ demand through incentive pricing to maximize the benefits for both the electricity-selling company and the user. Zhang et al. [47] proposed a framework for multiple vendors to jointly establish incentive-based demand response cooperation for the same distributed data centre cluster. Tsaousoglou et al. [48] proposed a personalized real-time pricing mechanism that considers user satisfaction, minimizes generation costs and fairness, and uses energy cost savings as an incentive subsidy for responsive users. Xu et al. [49] constructed a comprehensive demand response management mechanism, including incentive-based demand response management by the grid company to the electricity-selling company and price-based demand response management by the electricity-selling company to large industrial and commercial users. Dai et al. [50] concluded that government subsidies for electricity sellers and user incentives under the integrated demand response mechanism could promote renewable energy consumption and reduce carbon emissions. However, the current study only considers incentivizing user demand scheduling behaviour, ignoring the realization of the dual-carbon goal and the wide application of renewable energy, which is crucial in achieving the dual-carbon goal. Although China is actively promoting the development of green power, the proportion of green power transactions in the electricity market remains to be improved due to its high price, cyclicality and uncertainty. Power sales companies take positive incentives to encourage users to consume green power, which, on the one hand, is conducive to maximizing their profits; on the one hand, promoting the development and growth of green power is conducive to the realization of the energy green low-carbon transition, and then take the lead in the power industry to achieve the dual-carbon goals.

Power producers need to invest more in carbon reduction to cope with the government’s increasingly stringent carbon emission control policies. At the same time, electricity-selling companies must pay for incentives and subsidies when adopting attractive green power marketing strategies. Generators and sales companies share the same goal of promoting customers’ consumption of green power and thus achieving profit growth. Carbon emission reduction cost sharing is an essential way for power producers and electricity-selling companies to carry out in-depth cooperation, which is conducive to reducing the cost pressure of each subject to achieve common goals and has become an essential issue for developing the power industry.

Because of previous related studies, the paper explores the optimization of carbon abatement cost-sharing strategies for each participant in the electricity supply chain under the incentive subsidy mechanism based on two scenarios. Firstly, we consider the decentralized decision-making of carbon abatement cost-sharing for each subject in the electricity supply chain with or without government low-carbon subsidy and incentive subsidy cost-sharing. Then, the centralized decision-making of carbon abatement cost-sharing of each subject in the power supply chain is established under the government’s low-carbon subsidy and mutual sharing of carbon abatement cost between the power producer and power-selling company, and the optimal carbon abatement cost-sharing ratio between the two parties is derived. Through example analysis, we study the impacts of changes in parameters such as government low-carbon subsidy ratio, incentive subsidy cost coefficient and carbon abatement cost coefficient on profits and carbon abatement rate, and further analyze the impacts of carbon reduction cost-sharing ratio on the profits of the electricity industry.

2  Cooperative Gaming Strategies Considering Carbon Reduction Cost-Sharing

This paper considers four leading players in the electricity market: Power producers, electricity-selling companies, large industrial and commercial users, and regular users. Power producers are responsible for electricity production, and electricity-selling companies are responsible for selling electricity. Electricity can be sold directly to industrial and commercial power users by power producers through direct power purchase mode on the one hand and sold to industrial and commercial power users and regular users through electricity-selling companies on the other hand. Considering the Impact of government decisions on the electricity market, the government guides power producers to reduce CO2 emissions through carbon market trading, free carbon emission quotas and carbon abatement subsidies. To incentivize power users to consume green power, the electricity-selling company adopts price incentives for power users, thus incurring the cost of incentive subsidies. The cooperative mechanism for sharing the cost of carbon emission reduction in the electricity supply chain is shown in Fig. 1.
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Figure 1: Cooperative mechanism for carbon abatement cost sharing in the electricity supply chain

The proposal of “No. 1439” promotes the entry of all industrial and commercial large users into the electricity market and abolishes the industrial and commercial catalogue tariffs, and the multiplication of users will bring more development space to the power sales company [51]. At the same time, to reduce costs, industrial and commercial users will further seek to purchase electricity directly from power producers. In January 2024, the government department issued the Notice on Strengthening the Interface between Green Power Certificates and Energy Saving and Carbon Reduction Policies and Greatly Promoting the Consumption of Non-Fossil Energy; the notice points out that we need to accelerate the establishment of high-energy-consuming enterprises mandatory consumption of renewable energy mechanism, the use of green certificates to eliminate the carbon footprint. The “dual carbon” target not only requires power producers to increase their carbon abatement rate and the share of green power in the electricity market but also requires users to increase their consumption of green power. The government has provided some free carbon emission quotas and carbon abatement subsidies to power producers to promote the increase of the carbon abatement rate by power producers. A cooperative game is formed between power producers and power selling companies, whereby power producers share the cost of incentive subsidies for power sales companies, reducing the cost pressure on power sales companies and increasing the level of incentive subsidies for power sales companies. Electricity sales companies share part of the carbon emission reduction costs of power generation companies to encourage power generation companies to increase their carbon reduction rates. An increase in the rate of carbon reduction by the power generator and the level of incentive subsidies offered by the electricity-selling company can improve environmental benefits on the one hand and enable incremental market benefits for the power generator and electricity-selling company on the other. The incremental market benefits received by the power producer and the electricity-selling company constitute the overall cooperative surplus, distributed as cost subsidies to each other.

In order to explore the impacts of incentive subsidy and carbon abatement cost-sharing strategy on the profit and carbon emission of the electric power industry, we constructed a decentralized cooperative game model and a centralized cooperative game model. By comparing the results under different assumptions, we gradually analyze the roles of incentive subsidies and carbon abatement cost-sharing strategies and finally obtain the optimal carbon abatement cost-sharing ratio.

3  Carbon Abatement Cost-Sharing Strategies for Decentralized Cooperative Gaming in Electricity Supply Chains

3.1 Emission Reduction Strategies without Low Carbon Subsidies and without Incentive Subsidy Cost-Sharing

When the government does not subsidize the power producer, the electricity-selling company independently bears the cost of the incentive subsidy. The power producer uses the carbon abatement rate (τ), and the selling company uses the level of the incentive subsidy (J), respectively, as the decision variables. It is assumed that there is a positive proportionality between the increase in demand for green power consumption by users due to low carbon preferences and the rate of carbon emission reduction and that the coefficient of the Impact of users’ low carbon preferences on demand is λ.

The revenue function of the electricity-selling company is shown below:

Lrnnn=Rt[(1−α)N0+λτ+jtJ]−12μJ2(1)

where Lrnnn is the profit of the selling company when there is no government low-carbon subsidy and no cost sharing in incentive subsidy; Rt is the profit of the selling company when selling units of electricity to regular users; α is the percentage of large users who prefer the direct mode of electricity supply; N0 is the initial market demand when no carbon abatement measures and incentives are taken; jt is the impact coefficient of incentive subsidy of the selling company on the market of regular users; μ is the cost coefficient of the incentive subsidy, and the input of the incentive subsidy satisfies C(J)=0.5μJ2 [23].

The profit function for power producers is as follows:

Lennn=Et[(1−α)N0+λτ+jtJ]+Ed[αN0+λτ+jdJ]−p[(N0+2λτ+(jt+jd)J)(1−τ)e0−Z]−12ητ2(2)

where Lennn is the profit of the power producer when there is no low carbon subsidy from the government and no cost sharing of the incentive subsidy; Et is the profit earned by the electricity producer from selling units of electricity in the traditional channel; Ed is the profit earned by the electricity supplier for each unit of electricity sold under the direct power supply model; jd is the impact coefficient of the incentive subsidy of the electricity-selling company on the demand of the large industrial and commercial users in the direct sales channel; p is the market price of each unit of carbon emissions; e0 is the amount of carbon emitted per unit of electricity when the power producer does not take carbon reduction initiatives; Z is the free carbon emission allowance granted by the government; η is the carbon abatement cost coefficient, and the input of implementing carbon abatement initiatives satisfies C(τ)=0.5ητ2 [52].

Since Lrnnn is a strictly concave function of the incentive subsidy level. Solving Eq. (1) for the partial derivative concerning the level of the incentive subsidy and making it equal to zero.

∂Lrnnn∂J=Rtjt−μJ=0(3)

From Eq. (3), we have Jnnn=Rtjtμ, substituting it into Eq. (2), we get:

Lennn=Et[(1−α)N0+λτ+Rtjt2μ]+Ed[αN0+λτ+Rtjtjdμ]−p[(N0+2λτ+(jt+jd)Rtjtμ)(1−τ)e0−Z]−12ητ2(4)

According to the first-order optimality condition, the optimal solution for the carbon abatement rate of the power producer can be obtained as follows:

τnnn=(Et+Ed)μλ+e0pμ(N0−2λ)+e0pRtjt(jt+jd)μ(η−4λe0p)(5)

where Jnnn is the optimal incentive subsidy level for the electricity-selling company without government low-carbon subsidies and without incentive subsidy cost-sharing, and τnnn is the optimal carbon abatement rate for the electricity producer without government low-carbon subsidies and without incentive subsidy cost-sharing.

3.2 Emission Reduction Strategies with Low Carbon Subsidies and No Incentive Subsidy Cost-Sharing

In a scenario where the government provides low-carbon subsidies to power producers, the electricity-selling company independently bears the cost of the incentive subsidy. It is assumed that the government’s share of the carbon abatement costs of power producers is γ.

The revenue function of the electricity-selling company is shown below:

Lrcnn=Rt[(1−α)N0+λτ+jtJ]−12μJ2(6)

The profit function for power producers is as follows:

Lecnn=Et[(1−α)N0+λτ+jtJ]+Ed(αN0+λτ+jdJ)−p[(N0+2λτ+(jt+jd)J)(1−τ)e0−Z]−12η(1−γ)τ2(7)

The optimal solutions for the level of incentive subsidy for the selling company and the carbon abatement rate of the power producer are solved as follows:

Jcnn=Rtjtμ(8)

τcnn=(Et+Ed)μλ+e0pμ(N0−2λ)+e0pRtjt(jt+jd)μ[η(1−γ)−4λe0p](9)

3.3 Emission Reduction Strategies that Combine Low-Carbon Subsidies with Cost-Sharing of Incentive Subsidies

When government authorities provide low-carbon subsidies to the generator, the generator shares the cost of incentive subsidies paid by the electricity-selling company to customers. It is assumed that the proportion of the cost of the incentive subsidy that the power producer shares in the cost of the incentive subsidy to the selling company is ω (0<ω<1).

The revenue function of the electricity-selling company is shown below:

Lrccn=Rt[(1−α)N0+λτ+jtJ]−12(1−ω)μJ2(10)

The profit function for power producers is as follows:

Leccn=Et[(1−α)N0+λτ+jtJ]+Ed(αN0+λτ+jdJ)−p[(N0+2λτ+(jt+jd)J)(1−τ)e0−Z]−12η(1−γ)τ2−12ωμJ2(11)

Since ∂2Lrccn∂J2<0, by taking the first order partial derivative concerning J for Eq. (10) and making it equal to 0. We have ∂Lrccn∂J=Rtjt−(1−ω)μJ=0, and Jccn=Rtjt(1−ω)μ, which can be obtained by substituting it into Eq. (11), then there is:

Leccn=Et[(1−α)N0+λτ+Rtjt2(1−ω)μ]+Ed(αN0+λτ+Rtjtjd(1−ω)μ)−p{[N0+2λτ+Rtjt(jt+jd)(1−ω)μ](1−τ)e0−Z}−12η(1−γ)τ2−ωRt2jt22(1−ω)2μ(12)

At this point, the determinant of the power producer’s profit function concerning the Hessian matrix of ω and τ is given by:

|H1|=|∂2Leccn∂ω2∂2Leccn∂τ∂ω∂2Leccn∂ω∂τ∂2Leccn∂τ2|=|2jtRt[jtEt+jdEd−(jt+jd)e0p(1−τ)μ(1−ω)3−jt2Rt2(2+ω)μ(1−ω)4jt(jt+jd)e0pRtμ(1−ω)2jt(jt+jd)e0pRtμ(1−ω)24e0pλ−(1−γ)η|=jtRtμ(1−ω)4{{2(1−ω)[jtEt+jdEd−(jt+jd)e0p(1−τ)]−jtRt(2+ω)}[4e0pλ−(1−γ)η]−jt(jt+jd)2e02p2Rtμ}(13)

When 0<jtEt+jdEd−(jt+jd)e0p(1−τ)jtRt<1, the Hessian matrix is positive definite and the profit of the power producer is a strictly convex function concerning ω and τ. Therefore, an optimal solution exists for the decision variables ω and τ of the power producer. By taking the first-order partial derivatives of Eq. (12) concerning ω and τ and making them equal to 0, we have:

∂Leccn∂ω=jt2RtEt(1−ω)2μ+jtjdRtEd(1−ω)2μ−jt(jt+jd)Rte0p(1−ω)2μ(1−τ)−jt2Rt2(1+ω)2μ(1−ω)3=0(14)

∂Leccn∂τ=(Et+Ed)λ+e0p[N0−2λ+jt(jt+jd)Rt(1−ω)μ]+[4λe0p−η(1−γ)τ]=0(15)

From Eqs. (14) and (15), the optimal solution for the carbon reduction rate of the power producer as follows:

τccn=2μ[(Et+Ed)λ+e0p(N0−2λ)]2[μη(1−γ)−4μλe0p−(jt+jd)2e02p2]+(jt+jd)e0p[2jtEt+2jdEd−2(jt+jd)e0p+jtRt]2[μη(1−γ)−4μλe0p−(jt+jd)2e02p2](16)

The power producers’ share of the cost of the incentive subsidy to the selling company is:

ωccn=2[jtEt+jdEd−(jt+jd)e0p]−jtRt+2(jt+jd)e0pτccn2[jtEt+jdEd−(jt+jd)e0p]+jtRt+2(jt+jd)e0pτccn(17)

The optimal solution for the level of incentive subsidy for the selling company is as follows:

Jccn=2[jtEt+jdEd−(jt+jd)e0p]+jtRt+2(jt+jd)e0pτccn2μ(18)

4  Carbon Abatement Cost-Sharing Strategies for Centralized Cooperative Gaming in Electricity Supply Chains

4.1 Centralized Decision-Making That Integrates Low-Carbon and Incentive Subsidies

The electricity supply chain aims to maximize profits when government authorities provide low-carbon subsidies to generators and electricity-selling companies provide incentive subsidies to consumers.

The function of total profit in the electricity supply chain is:

LC∗=(Et+Rt)[(1−α)N0+λτ+jtJ]+Ed(αN0+λτ+jdJ)−p{[N0+2λτ+(jt+jd)J](1−τ)e0−Z}−12η(1−γ)τ2−12μJ2(19)

Similar to the solution for τccn and Jccn, the optimal carbon reduction rate for the power producer and the optimal incentive subsidy level for the selling company can be obtained as follows:

τ∗=(Et+Rt+Ed)λμ+μe0p(N0−2λ)+e0p(jt+jd)[(Et+Rt)jt+Edjd−e0p(jt+jd)]μη(1−γ)−4μλe0p−e02p2(jt+jd)2(20)

J∗=e0p(jt+jd)[(Et+Rt+Ed)λ+e0p(N0−2λ)]+[η(1−γ)−4λe0p][(Et+Rt)jt+Edjd−e0p(jt+jd)]μη(1−γ)−4μλe0p−e02p2(jt+jd)2(21)

By comparing the results under the three scenarios of decentralized cooperative gaming emission reduction decision-making with the results obtained under centralized decision-making, it can be concluded that: (1) τnnn<τ∗, Jnnn<J∗; (2) τcnn<τ∗, Jcnn<J∗; (3) τccn<τ∗, Jccn<J∗. When government low-carbon subsidies are available, and the power producer shares the cost of incentive subsidies from the electricity-selling company, the resulting optimal carbon reduction rates and incentive subsidy levels still fall short of what would be achieved if the electricity supply chain as a whole had a stake in the process.

4.2 Carbon Abatement Cost-Sharing Strategies for Cooperative Games Combining Low-Carbon Subsidies and Incentive Subsidies

When government authorities provide low-carbon subsidies to power producers and electricity-selling companies provide subsidy incentives to customers, power producers and electricity-sales companies share the cost of carbon reduction to maximize the total profit of the supply chain in a cooperative game. Assuming that the government subsidizes the carbon abatement costs of the power producer at a rate of γ (0 < γ < 1), the power producer shares the incentive subsidy cost of the electricity-selling company as ω (0 < ω < 1), and the electricity-selling company shares the carbon abatement cost of the power producer as ϕ (0 < ϕ+γ < 1).

The revenue function of the electricity-selling company is shown below:

Lrccc=Rt[(1−α)N0+λτ+jtJ]−12(1−ω)μJ2−12ϕητ2(22)

The profit function for power producers is as follows:

Leccc=Et[(1−α)N0+λτ+jtJ]+Ed[αN0+λτ+jdJ]−p[(N0+2λτ+(jt+jd)J)(1−τ)e0−Z]−12η(1−γ−ϕ)τ2−12ωμJ2(23)

Taking the first-order partial derivative with respect to J for Eq. (22) and making it equal to 0, we get:

∂Lrccc∂J=jtRt−(1−ω)μJ=0(24)

Taking the first-order partial derivative with respect to τ for Eq. (23) and making it equal to 0, we get:

∂Leccc∂τ=(Et+Ed)λ+e0p[N0−2λ+(jt+jd)J]+4λe0pτ−(1−γ−ϕ)ητ=0(25)

According to the first-order optimality conditions, the optimal solutions for the level of incentive subsidy of the electricity-selling company and the carbon abatement rate of the power producer are, respectively:

Jccc=jtRt(1−ω)μ(26)

τccc=(Et+Ed)λ+e0p[N0−2λ+(jt+jd)J](1−γ−ϕ)η−4λe0p(27)

When the generator and the electricity-selling company achieve equilibrium in the game, the optimal solution can reach the level of the ideal solution for centralized decision-making, there are Jccc=J∗, τccc=τ∗, and then the optimal carbon abatement cost-sharing ratio of the electricity-selling company is obtained:

ϕccc=[(1−γ)η−4λe0p]τ∗−(Et+Ed)λ−e0p[N0−2λ+(jt+jd)J∗]ητ∗(28)

The incentive subsidy cost-sharing ratio for generators is:

ωccc=μJ∗−jtRtμJ∗(29)

5  Example Analysis

5.1 Example Hypothesis and Parameter Settings

This paper assumes that the potential demand for electricity (N0) in a stable local electricity market is 8000 MW·h. The government’s subsidy ratio (γ) for the carbon abatement input cost of power producers is 40%, and the free carbon allowance given by the government to power producers is 5000 t. The percentage of consumers prefer direct power supply (α) is 50%. According to the “Baseline Emission Factors for China’s Regional Power Grids for the 2019 Emission Reduction Project” issued by the Ministry of Ecology and Environment, the initial unit emission (e0) before the power producer implements carbon abatement technologies is taken to be 0.79 t CO2·(MW·h)−1. Based on relevant statistical reports, such as the 2022 Annual Tracking Rating Report of China’s Major Power Generating Enterprises and the 2022 Annual Report on China’s Carbon Market issued by the International Institute of Green Finance of the Central University of Finance and Economics (CUFE), the average price of the carbon emission allowances (CEA) transacted in 2022 is taken to be 55.3 RMB·t−1 CO2 as the unit carbon price (p). Based on the relevant power sector supply chain and green supply chain literature, take jt = 700 MW·h, jd = 300 MW·h, μ = 5 × 105 RMB, η = 8 × 106 RMB, and λ = 500 MW·h. Referring to the annual tracking and rating report of China’s major power-generating enterprises in 2022 and the annual report of the Guangdong electricity market in 2022, take Et = 330 RMB·(MW·h)−1, Ed = 170 RMB·(MW·h)−1, and Rt = 23.3 RMB·(MW·h)−1. The selection and establishment of the relevant parameters take into account the actual situation and can reflect, to a considerable extent, the development and dynamic changes in the power industry.

5.2 Analysis of Results

Under the relevant parameter settings, the profit and carbon abatement rate of each subject of the power supply chain under five scenarios are solved, and the optimal solution results are shown in Table 1.
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Table 1 shows that without incentive cost sharing, the government’s sharing of the cost of carbon reduction by power producers has a significant effect on the increase in the rate of carbon emission reductions by power producers, which shows that the government’s subsidy measures play a positive role in reducing carbon emissions. In the meantime, the profitability of all supply chain actors has increased. When the government subsidizes carbon reduction, adopting incentive cost-sharing measures significantly increases the optimal level of incentive subsidies, while the optimal carbon abatement rate and the profits of the electricity-selling company and the power producer increase. In the decentralized decision with government subsidies and incentive cost-sharing, the optimal carbon reduction rate, optimal incentive subsidy level, and overall profit are not as good as in the centralized decision. However, they are higher than in the other decentralized decisions. The main reason is that power sales companies and power generators do not aim to maximize the overall profit of the power supply chain when they make their own independent decisions, and the optimality of each subject does not achieve the overall optimality. With government low-carbon subsidies and incentive subsidy mechanisms in place and viewing the electricity-selling company and the power producer as an integral part of the electricity supply chain, the optimal carbon abatement rate, the optimal level of incentive subsidies, and the total profit of the electricity industry are all maximized by information exchanging and joint participation in decision-making between the parties. Power sales companies and power producers engage in cooperative gaming. In the case of maximizing the overall benefits of the supply chain, they can further obtain the proportion of carbon emission reduction costs that both parties share.

5.3 Sensitivity Analysis

5.3.1 Impact of Each Parameter on Total Profit

It can be seen from (a) in Fig. 2 that the total profit of power producers and electricity-selling companies is inversely related to the market carbon trading price. The production operations of power producers mainly cause the cost of carbon emission expenditure. When the carbon emissions of power producers exceed the free carbon credits issued by the government, they must purchase additional carbon credits. The increase in carbon trading price in the market leads to a rise in carbon expenditure cost and a decrease in overall profit. Therefore, power producers should improve the carbon reduction rate and reduce carbon emissions by increasing investment in technology research, development, and other initiatives.
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Figure 2: Impact of each parameter on total profit. (a) Effect of p on total profit; (b) Effect of λ on total profit; (c) Effect of jt on total profit; (d) Effect of jd on total profit; (e) Effect of γ on total profit; (f) Effect of μ on total profit; (g) Effect of η on total profit

As seen from (b) in Fig. 2, the total profit of power producers and electricity-selling companies are positively related to the low-carbon preference of users. With the establishment and development of the mandatory renewable energy consumption mechanism for high energy-consuming enterprises, power users are required to increase the proportion of green power consumption. At the same time, industrial and commercial users are actively improving their consumption of green electricity to create a green corporate brand image, enhance the export competitiveness and international competitiveness of their products, and eliminate their carbon footprint with green certificates. Therefore, the government should further improve the mandatory consumption mechanism of renewable energy and actively publicize the green, low-carbon concept to enhance users’ awareness of low-carbon production and life. The increase in profit is conducive to power producers increasing carbon abatement investment and realizing a virtuous cycle.

As seen from (c) and (d) in Fig. 2, when the electricity-selling company expands the demand of ordinary customers and large industrial and commercial customers through the adoption of incentive and subsidy measures, it significantly increases the total profit. Among them, incentives and subsidies to regular users of demand caused by profit growth than the Impact of large commercial and industrial users of demand caused by profit growth. The reason is that the time of production activities and electricity consumption of large commercial and industrial users is more fixed than that of regular users, and changes in production activity plans are more complicated. Regular users have substantial flexibility.

As seen from (e) in Fig. 2, the total profit is positively related to government subsidies to power producer’s research and development (R&D) investment in carbon abatement technologies, and the growth of total profit becomes more prominent with the increase of subsidies. The government subsidizes the carbon abatement initiatives of power producers, which, on the one hand, reduces the carbon abatement cost expenditures of power producers. On the other hand, the carbon abatement initiatives increase the supply of green power and promote users’ consumption of green energy. The total profit increases significantly under the combined effect of cost reduction and revenue increase.

As seen from (f) in Fig. 2, the total profit is inversely related to the carbon abatement cost coefficient. When μ increases in the interval (0, 3×105 RMB), the total profit decreases more, and when the cost coefficient of carbon abatement increases further, the decline in total profit flattens out. Under the current level of technology, there is a phenomenon of diminishing marginal utility of carbon abatement initiative inputs. When the carbon abatement cost coefficient is significant, the motivation of power producers to further increase carbon abatement initiatives declines. Government subsidies and policy guidance are needed to reduce the cost pressure on power producers.

As seen from (g) in Fig. 2, the electricity-selling companies’ total profit and the cost coefficient of incentive subsidies become an inverse change relationship. Similar to the trend in the role of carbon abatement cost coefficients on total profits, the decline in total profit flattened from a significant decrease as the incentive subsidy cost coefficient increased. When the users’ green power consumption capacity tends to be saturated, the electricity-selling company needs to pay more to incentivize users to consume green power, making the total profit decline.

In summary, total profit is lowest without government low-carbon subsidies and without cost-sharing of incentive subsidies. Government low-carbon subsidies to power producers, power producers’ share of the cost of incentive subsidies to electricity-selling companies, and electricity-selling companies’ share of the cost of power producers’ R&D investment in carbon-emission-reducing technologies are all practical measures to increase total profits, with the first two having a more significant effect on total profits. The government can provide economic subsidies and other favourable policies to support the power sector in realizing a low-carbon transition, which will help the electric power industry to improve total profits. When the power producer shares the cost of incentive subsidies from the electricity-selling company, the level of incentive subsidies from the electricity-selling company increases significantly, which promotes the consumption of green electricity by users, thus enabling the power producer to realize profit growth. At the same time, power producers realize profit growth, increase carbon abatement investments, and increase the supply of green power, resulting in a virtuous cycle. The initiative of power sales companies to share the carbon emission reduction costs of power producers has not been particularly effective due to the low profitability of power sales companies.

In contrast, the carbon abatement costs of power producers are enormous, and the ability of power-selling companies to share them is limited. Analysis of the three ways to help the power industry increase its total profit shows that, with government subsidies and policy support, it should expand users’ demand for green power through incentives to subsidize users, low-carbon environmental protection publicity for users, and other initiatives. The profits should be invested in carbon reduction initiatives such as technology research and development, thus realizing a virtuous cycle of profit growth.

5.3.2 Impact of Each Parameter on Carbon Reduction Rates

It can be seen from (a) in Fig. 3 that the carbon abatement rate is positively correlated with the market carbon trading price in each case. That is, as the market carbon trading price rises, the carbon abatement rate of the power producer also rises. On the one hand, as the market price of carbon trading increases and the government provides limited free carbon emission credits, power producer needs to pay more for carbon emissions beyond the credits, and the fundamental way to reduce the cost of carbon emissions is to increase the rate of carbon reduction. On the other hand, with the relaunch of China’s certified emission reductions (CCERs) and the launch of the “Specialized Study on Expanding the Industry Coverage of the National Carbon Market”, carbon quota trading will become more flexible and efficient. Power producers will be able to increase their carbon abatement rates and sell excess carbon allowances for profit. The increase in the rate of change in the carbon abatement rate with the growth of the market price of carbon trading is more considerable and more effective after the government subsidizes power producers to provide carbon abatement technology inputs. The electricity-selling company shares the carbon abatement costs of the power producer, and the power producer shares the incentive subsidy costs of the electricity-selling company; both measures also contribute to further increasing the rate of change.
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Figure 3: Impact of each parameter on carbon reduction rate. (a) Effect of p on carbon reduction rate; (b) Effect of λ on carbon reduction rate; (c) Effect of jt on carbon reduction rate; (d) Effect of jd on carbon reduction rate; (e) Effect of γ on carbon reduction rate; (f) Effect of μ on carbon reduction rate; (g) Effect of η on carbon reduction rate

It can be seen from (b) in Fig. 3 that the carbon abatement rate is positively correlated with the coefficient of influence of users’ low-carbon preference on demand in all five cases. The larger the coefficient of influence of users’ low-carbon preference on demand, the higher the carbon abatement rate of power producers. The enhancement of low-carbon and environmental protection awareness of power users, the establishment of the mandatory consumption mechanism of renewable energy for high-energy-consuming enterprises, and the creation of a green corporate brand image by industrial and commercial users have all put forward higher requirements for the proportion of green power consumption. It will force power producers to increase the carbon reduction rate and reduce carbon emissions.

It can be seen from (c) and (d) in Fig. 3 that when the electricity-selling company does not incentivize subsidies to power users, the growth of the demand impact factor of the electricity-selling company’s incentive subsidies to power users does not change the power producer’s carbon reduction rate. When the electricity-selling company provides incentive subsidies to power users, the carbon abatement rate of the power producer increases as the demand impact coefficient of the electricity-selling company’s incentive subsidies on users grows. The electricity-selling company provides incentive subsidies to users, increasing their green electricity consumption. It increases the power producer’s profit, providing more funds for investment in carbon abatement initiatives and resulting in lower carbon emissions.

It can be seen from (e) in Fig. 3 that government subsidies positively affect increasing carbon reduction rates. When the proportion of government subsidies for low-carbon technology R&D investment of power producers rises, the carbon reduction rate also increases, and the magnitude of change is apparent. Carbon abatement initiatives have problems with significant investment, long cycles, and slow effects, leading to power producers’ low willingness to invest entirely on their own. The government’s increased subsidies for power producers’ carbon abatement input costs in the early stage can increase the motivation of power producers to reduce carbon emissions and increase the carbon abatement rate. Due to the low carbon preference of the users, the power producer to improve the carbon abatement rate can promote the consumption of green power, thereby increasing profit. Then, increase the carbon abatement input, forming a virtuous cycle.

It can be seen from (f) in Fig. 3 that when the electricity-selling company does not take incentive subsidies for users, the carbon abatement rate is independent of the incentive subsidy coefficient. When the electricity-selling company gives incentive subsidies to users, carbon abatement first rapidly declines with the increase of the incentive subsidy cost coefficient. Then, the decline rate tends to level off. The rise in the incentive subsidy cost coefficient leads to the increase in the cost of the power-selling company, the willingness of the electricity-selling company to take incentive subsidy measures decreases, the green power consumption of the user decreases, and the profit of the power producer decreases, which reduces the carbon abatement input. At this time, the power producer shares the cost of incentive subsidies of the electricity-selling company, which can reduce the cost pressure of the electricity-selling company and increase the green power consumption of users. The electricity-selling company needs to explore more efficient and lower-cost incentive subsidy methods to reduce the cost factor of incentive subsidies, to increase the profit of the electricity-selling company and power producer, and thus increase the rate of carbon reduction.

It can be seen from (g) in Fig. 3 that the carbon reduction rate and carbon reduction cost coefficient become inverse relationship. As the carbon abatement cost coefficient increases, the carbon abatement rate decreases, and the rate of change shows a trend of first fast and then slow. The increase in the carbon abatement cost coefficient will increase the abatement cost of power producers and reduce the willingness to invest in carbon reduction. The government’s policy guidance and cost subsidies and the sharing of carbon abatement costs by power companies are conducive to reducing the costs of power producers, which in turn maintains the continuous investment in carbon reduction and improves the carbon abatement rate.

To summarize, the inverse factor that causes the enormous change in carbon abatement rate is the coefficient of carbon abatement cost of power producers. The government subsidizes the carbon abatement cost of the power producers, the power producer shares the cost of incentive subsidies from the electricity-selling companies to power users, and the electricity-selling company shares the carbon abatement cost of the power producers are All practical measures to increase the carbon abatement rate. And the government’s subsidy to the carbon abatement cost of power producers has the most pronounced effect. Therefore, the most effective way to increase the carbon abatement rate is to improve the investment in innovation and effectively reduce the carbon reduction cost coefficient with the support of government subsidies.

5.3.3 Impact of Parameters on Cost-Sharing Ratios

It can be seen from (a) in Fig. 4 the proportion of carbon abatement cost shared by the electricity selling company to the power producer changes negatively with the carbon trading price. As the carbon trading price rises, the abatement cost of the power producer increases, and the proportion of costs shared by the electricity-selling company that the power producer can bear decreases significantly.
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Figure 4: Impact of parameters on cost-sharing ratios (a) Effect of p on the share of carbon abatement cost; (b) Effect of γ on the share of carbon abatement cost; (c) Effect of jt on the share of carbon abatement cost; (d) Effect of jd on the share of carbon abatement cost; (e) Effect of η on the share of carbon abatement cost; (f) Effect of λ on the share of carbon abatement cost; (g) Effect of jt on incentive subsidy cost-sharing ratio; (h) Effect of μ on incentive subsidy cost-sharing ratio

It can be seen from (b) in Fig. 4 that the proportion of carbon abatement cost shared by electricity-selling companies with power producers is negatively related to the proportion of low-carbon subsidies provided by the government to power producers. The government’s increase in the proportion of low-carbon subsidies for power producers reduces the pressure of carbon emission reduction subsidies on power producers. Accordingly, the weighting of the power-selling company in sharing the pressure of emission reduction costs on power producers decreases.

It can be seen from (c) and (d) in Fig. 4 that when the demand impact factor of the incentive subsidy on the customer increases, the share of the carbon abatement cost of the electricity selling company to the electricity producer decreases. When the incentive subsidy to the customer increases the company’s cost, the company will reduce its share of the carbon abatement cost of the power producer in order to ensure its interests.

It can be seen from (e) in Fig. 4 the proportion of carbon abatement cost shared by the electricity selling company to the power producer changes positively with the carbon abatement cost coefficient. When the carbon abatement cost coefficient of the power producer increases, the carbon abatement cost of the power producer increases. The carbon reduction cost-sharing ratio first rises rapidly to reduce the pressure of carbon abatement costs on power producers. Then, it tends to flatten out because it gradually approaches the maximum value that the electricity-selling company can bear.

It can be seen from (f) in Fig. 4 that the proportion of carbon abatement costs shared by electricity-selling companies with power producers varies positively with the coefficient of influence of users’ low-carbon preference on demand. When users prefer to consume more green power, the electricity-selling company can make a profit from it and then hope that the power producer can increase the carbon reduction rate. The electricity-selling company’s incentive to share the power producer’s carbon reduction cost will increase.

It can be seen from (g) in Fig. 4 that the generator’s share of the cost of incentive subsidies to the electricity-selling company decreases when the coefficient of Impact of incentive subsidies on customer demand increases. When the incentive subsidy initiative has a significant effect, the electricity selling company increases the subsidy, which leads to an increase in the cost of the incentive subsidy, and the generator reduces its share of the cost of the incentive subsidy.

It can be seen from (h) in Fig. 4 that when the incentive subsidy cost factor increases, the generator’s share of the cost of the incentive subsidy to the selling company decreases, but to a lesser extent. Thus, the effect of incentive subsidies on customer demand plays a significant role in the decline in the incentive subsidy cost share.

5.3.4 Impact of Carbon Abatement Cost-Sharing Ratio on Profitability

As seen in Fig. 5, the profit of the electricity-selling company is negatively correlated with the proportion of the electricity-selling company’s share of the power producer’s abatement cost (ϕ), and positively correlated with the proportion of the power producer’s share of the electricity-selling company’s incentive subsidy cost (ω). When ω is in the interval (0%, 100%) and ϕ is in the interval (0%, 10%), the optimal profit of the electricity-selling company decreases with the increase of ϕ, and the ability of the electricity-selling company to share the carbon abatement cost of the power producer is limited. When ω increases in the interval (0%, 90%), the increase in the profit of the electricity-selling company is slight, and when ω is in the interval (90%, 100%), the increase in the profit of the electricity-selling company is steep. The power producer’s share of the incentive subsidy to users by the electricity-selling company dramatically reduces the cost of the electricity-selling company, which allows the electricity-selling company to increase the incentive subsidy to users and raise the level of the incentive subsidy, thus promoting the consumption of green power by users and increasing the profit of the electricity-selling company.
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Figure 5: Impact of ω and ϕ on the profitability of electricity-selling company

As seen from Fig. 6, with the increase of the share of incentive costs from the power producer to the electricity-selling company and the share of carbon abatement costs from the electricity-selling company to the power producer, the profit of the power producer, in general, shows a tendency of increasing and then decreasing. The incremental profit of the power producer mainly comes from the increase in green power consumption brought about by the rise in the incentive level. When ω is taken within the interval (93%, 94%), the profit of the power producer achieves the maximum value, and the profit of the power producer begins to decline rapidly when it exceeds 94%. To analyze the reason, when the power producer bears most of the cost of incentive subsidies, the level of incentive subsidies for electricity-selling companies is significantly increased. However, because of diminishing marginal utility for power users, further increases in incentive subsidies at this point are costly and do not substantially expand green power consumption, and generator profits begin to decline. Therefore, power producers should help the electricity-selling company share the cost of the incentive subsidy at an appropriate rate to ensure that profits from increased green power consumption exceed the cost of the shared incentive subsidy.
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Figure 6: Impact of ω and ϕ on the profitability of power producer

As seen in Fig. 7, the total profit has the same trend as the optimal profit of the power producer, showing a trend of increasing first and then decreasing because the power producer occupies a dominant position in the market and obtains the main profit. When the power producer shares 93.70% of the incentive subsidy cost of the electricity-selling company, and the electricity-selling company shares 1.20% of the carbon abatement cost of the power producer, the total profit reaches the maximum value of RMB 2,121,962.70. The total profit is RMB 2,062,565.80 when there is a government carbon abatement subsidy, but the power producer and electricity-selling company do not share their respective costs. The initiative of sharing carbon abatement costs brings an increase of about 2.90% to the total profit, which verifies the initiative’s effectiveness.
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Figure 7: Impact of ω and ϕ on total profit

6  Conclusions

This paper constructs a cooperation game model between power producers and electricity-selling companies, taking into account the government’s low carbon subsidies for power producers and incentive subsidies for power users by electricity-selling companies, and derives the optimal carbon abatement rate and optimal incentive subsidy level in different scenarios. It analyzes the Impact of factors such as market carbon trading price, carbon abatement cost coefficient, and users’ low-carbon preference on the power supply chain’s total profit and carbon abatement rate. The influence of relevant parameters on the cost-sharing ratio is explored, and the cost-sharing ratio of carbon emission reduction between the two parties is further clarified to put forward suggestions for carbon emission reduction cooperation among various subjects of the power supply chain.

The study results show that subsidies provided by government authorities to electricity providers and the sharing of carbon abatement costs between power producers and electricity-selling companies are effective measures to increase the carbon abatement rate, which can reduce carbon emissions and increase the total profit of the electricity supply chain. Therefore, on the one hand, the government can adjust the market carbon trading price and subsidy ratio to encourage power producers to increase carbon abatement investment and further improve the mandatory consumption mechanism of renewable energy and the green certificate to eliminate the carbon footprint mechanism. On the other hand, power producers and electricity-selling companies can increase the carbon abatement rate and profit by reasonably sharing the cost of carbon reduction. The government and the power industry should strengthen low-carbon and environmental protection publicity so that power users can understand and improve the consumption of green power.

When power generators and electricity sales companies cooperate under the carbon emission reduction cost-sharing cooperation mechanism, the government should supervise and coordinate. For example, many emerging electricity sales companies are private enterprises facing insufficient capital strength and credit; the government should investigate and manage them and adopt policies to support well-run electricity sales companies, such as credit endorsement and financial support, to ensure that the cost-sharing agreement is fair and mutually beneficial. In addition, the carbon emission reduction cost-sharing cooperation mechanism also faces related risks and challenges. The actual power generation and consumption of market players generally deviate from the contracted amount of power, and the medium- and long-term market cannot accurately and clearly define the carbon emission reduction responsibilities of market players in the context of the still imperfect power spot market mechanism. Due to livelihood policy constraints, such as supporting general industrial and commercial users and maintaining the primary stability of residential electricity prices, there is still room to explore the potential for the user side to assume responsibility for carbon emission reduction.

Currently, this paper has not further subdivided the power generators into conventional power generators and renewable energy generators in the modelling, has not studied the green certificate trading mechanism among the power supply chain, and has not considered the competition and cooperation between multiple power generators and power selling companies, nor has it considered the participation of cross-province and cross-region foreign power in the power market trading. Therefore, using the green certificate trading mechanism, our following research explores the involvement of multiple power generators, power sales companies, and external power suppliers in the electricity market. We will consider as many primitive factors as possible when constructing the model equations to be closer to reality, such as the increased cost of new energy installation, equipment upgrading and modification costs, etc. At the same time, the change in users’ demand is not well considered when constructing the model. The following research step will build a user demand function closer to reality to solve the problem. After considering many factors, we will further explore each subject’s carbon emission reduction cost-sharing strategy in the electricity supply chain.
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