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In the process of promoting energy green transformation, the optimization of regional integrated energy system faces many challenges such as cooperative management, energy saving and emission reduction, as well as uncertainty of new energy output. Therefore, this paper proposes a multi-agent game operation method of regional integrated energy system based on carbon emission flow. First, this paper establishes a carbon emission flow calculation model for each subject, and proposes a comprehensive tariff model based on the carbon emission flow, which discounts the carbon emissions from the power supply side to the power consumption side. Secondly, considering the interests of each subject, this paper establishes the decision-making model of each subject. And the new energy uncertainty, the cost of energy preference of prosumers, and the thermal inertia of buildings are considered in the decision model. Finally, the model is solved using differential evolution algorithm and solver. The case study verifies that the comprehensive electricity pricing model based on carbon emission flow developed in this paper can play a role in balancing economy and low carbon.
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1 INTRODUCTION
As greenhouse gas emissions continue to climb, it is required to fundamentally change the traditional way of production and life and promote the green and low-carbon transformation of energy (Tong et al., 2019). In this context, regional integrated energy system (RIES) has been developed significantly due to its advantages in meeting diversified energy demand and improving energy utilization efficiency (Zhu et al., 2022; Su et al., 2023; Wang et al., 2023). With the development of RIES, a system of multi-agent interaction is further formed, which provides a platform support for the sharing and mutual aid of dispatchable resources (Liu et al., 2020). Each subject within the RIES has different objectives and does not support other subjects “unconditionally” (Li et al., 2020). Therefore, it is very important to deeply study the operation of multi-agent game of regional integrated energy system.
The study of optimal operation schemes for integrated energy systems is one of the current hot issues. Ming et al. (2021) proposed an optimized scheduling scheme based on a multi-agent system composed of system layer, network layer, energy center layer and local layer. Ma et al. (2021) establishes a compact model of cogeneration system to solve the problem of uncoordinated energy supply flexibility and conversion efficiency of integrated energy system. Liu et al. (2019) considers the constraints of multi-energy systems and achieves the effect of improving clean energy consumption based on the optimization model of multi-demand response. The above studies focus on the perspective of IES optimization operation, but do not consider the conflict between multiple players in the operation process.
The introduction of the game idea in the optimized operation of integrated energy system provides a method for the study of solving the problem of interests among multi-agents. The method of game is an effective means to solve the conflict between different interest players (Liu et al., 2018). Zhou et al. (2019) combined the auxiliary service model and the economic operation model to construct the Stackelberg game model of users and operators, and proved the existence of a unique equilibrium solution of the model in the game process. Wang et al. (2020) proposed a Stackelberg game model based on the energy seller and load aggregator as players to obtain a RIES distributed cooperative optimized scheduling scheme, which led to a significant increase in both system and customer consumption surplus. Cong et al. (2018) constructed a two-tier optimization coalition game model with the upper layer on the energy supply side and the lower layer on the customer demand side, taking into account the demand response, which improves the economy and flexibility of the system’s energy hubs to collaborate with each other. Chen et al. (2022) considered the cooperative relationship between multiple microgrids and adopted Nash bargaining to accomplish the reasonable distribution of benefits among different players. Li et al. (2023) studied the master-slave game operation strategy with energy retailer, supplier and user as the players to improve the operational stability of the integrated energy system. Numerous explorations of game models have been conducted in existing research results, but little research has been conducted on the game interactions among distribution network operator, distributed energy station, and prosumer in RIES.
On the demand side of energy, the rational utilization of demand response resources of users such as prosumers is one of the hot issues in integrated energy system. Most of the existing studies are about a single type of demand response behavior (Cui et al., 2020; Chen et al., 2021). He et al. (2017) proposed mathematical models of demand response resources and methods for optimal operation. Yang et al. (2020) adjusts the integrated demand response by setting prices for multiple energy sources to get greater profit. Wang et al. (2020b) investigated the demand response evaluation of RIES based on an improved material-element model. In the above studies, there are fewer studies on the satisfaction requirements of prosumers in the multi-agent game in pursuit of maximizing the effectiveness of acquisition.
In addition, under low-carbon requirements, integrated energy system usually introduces carbon emissions as part of the model objective function or as a constraint to achieve emission reduction (Zhang et al., 2022). Li et al. (2012) proposes carbon capture power plant scheduling strategies to achieve emission reduction under the constraint of carbon emission reduction targets. Some studies introduced the carbon trading mechanism in the objective function and verified that the introduction of carbon trading mechanism can effectively reduce carbon emissions (Wei et al., 2016; Lu et al., 2017; Qu et al., 2018). From the perspective of promoting renewable energy consumption and thus reducing carbon emissions, Lu et al. (2018) and Wei et al. (2017) proposes scheduling strategies to smooth out net load fluctuations and increase new energy consumption for wind power consumption in electric and thermal integrated energy systems. However, the above studies only consider from the source side, based on the idea that demand generates supply, how to measure the demand-side carbon emissions and make full use of demand-side resources to participate in the system scheduling deserves attention.
As mentioned above, in the optimization operation problem of RIES, there are fewer researches that comprehensively consider the characteristics of multi-energy coupling, carbon emission flow, market mechanism, satisfaction of producers and prosumers, and multi-agent game problems. In this paper, a multi-agent game operation method of regional integrated energy system based on carbon emission flow is proposed in the context of multi-agent game, aiming at the reasonable benefit distribution among multi-agents, low-carbon operation, the influence of uncertainty factors, and the influence of users’ satisfaction of energy acquisition. First, the RIES structure and multi-agent game framework are constructed. Second, the integrated electricity price model based on carbon emission flow is established. After that, the interests of each player are considered and the decision-making model of each player is established. And the uncertainty of new energy, the satisfaction function of prosumer, and the virtual energy storage of buildings are considered in the decision model. Finally, the differential evolution algorithm (DE) and solver are utilized to solve the model, and the proposed model is verified through examples to be significant for improving the economy and low-carbon of the integrated energy system.
The main contributions of this paper are as follows:
1) This paper proposes a comprehensive electricity price model based on carbon emission flow. Integrating the carbon emission flow of each subject into the formulation of electricity price and establishing a price mechanism that takes into account carbon policies such as carbon tax and carbon emissions can better guide the energy use behavior of users.
2) This paper develops a two-layer Stackelberg game framework based on the distribution system operator, distributed energy stations, and prosumers. The distribution system operator, as a leader, has the objective of maximizing revenue and deciding the electricity price. The lower tier followers aim at maximizing their own interests and decide their own equipment output and energy use behaviors.
3) In the game model established in this paper, the satisfaction function is used in the objective function of the prosumer to describe the energy use preference of the prosumer. It reflects the impact of comprehensive electricity price on prosumer’s energy use behavior. In addition, since indoor temperature changes take a period of time, this paper employs the thermal inertia of buildings constraint to characterize the thermal demand of prosumers.
2 STRUCTURE OF THE RIES AND MULTI-AGENT GAME FRAMEWORK
2.1 Structure of the RIES
Regional integrated energy system is a multilevel complex coupled system of multiple energy inputs, transformations, and outputs (Wang et al., 2020c), consisting of the main bodies of distribution grids, distributed energy stations, and prosumers. The system involves the coupling of electrical energy, natural gas and thermal energy. The structure of RIES is shown in Figure 1. Among them, the energy station includes a variety of energy coupling devices, generally combined heating and power units (CHP), heat pump (HP), gas boilers (GB) electric energy storage (EES), thermal energy storage (TES), and renewable energy power generation equipment.
[image: Figure 1]FIGURE 1 | Structure of RIES.
2.2 Multi-agent game framework
The multiple players in the RIES studied in this paper are the distribution system operator (DSO), distributed energy station (DES), and the prosumer. The DSO seeks to maximize its own revenue, while the DES and the prosumer seek to optimize their performance according to their own demand for electricity and heat as well as their own satisfaction. These three parties constitute a competitive game relationship.
The RIES multi-agent master-slave game interaction framework is shown in Figure 2. DSO, DES and prosumer formulate trading strategies based on their own interests and environmental benefits, optimize the internal operation state and satisfy diversified load demands. DSO is the coordinator and the dominant player in the game, which is responsible for optimizing the electricity price and maintaining the power balance. The interaction between the DSO and the lower level players is a typical Stackelberg game. DES is a follower in the game, which contains various types of energy conversion equipment and wind turbines, and aims to maximize its own revenue. Prosumer is a follower in the game, and its load contains a portion of adjustable load. And the Prosumer is not sensitive to thermal induction, this paper uses virtual energy storage to describe its thermal load.
[image: Figure 2]FIGURE 2 | Multi-agent game framework.
3 COMPREHENSIVE ELECTRICITY PRICE MODEL BASED ON CARBON EMISSION FLOW
The integrated energy system multi-agent game can incentivize small energy consumer, prosumer to exchange energy with each other in a competitive market, and its optimal scheduling research has received widespread attention (Liu et al., 2018). One of the important issues in RIES operation research is how to rationalize pricing. In order to achieve the purpose of energy saving and emission reduction and rational utilization of energy, this paper proposes a comprehensive electricity pricing model based on carbon emission flow. This paper incorporates carbon emission indicators into the calculation of electricity price to better guide the energy use behavior of prosumers.
3.1 Carbon emission flow model
In order to model a comprehensive electricity price based on carbon emission flow, it is necessary to model the carbon emission flow of each player within its IES. Ac-cording to the literature (Kang et al., 2012), it is known that the carbon emission flow of each player is the weighted average of the carbon emission intensity of all injected electricity. Based on this theory, this paper models the carbon emission flows in RIES. In this paper, it is assumed that the grid power supply is generated from thermal power generation.
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where, [image: image] is the carbon emission flow of the grid, and [image: image] is the carbon emission flow of thermal power units.
If the energy demand of prosumer exceeds its own PV generation, the carbon emission flow of DSO at this time is as follows.
[image: image]
where [image: image] is the carbon emission flow of the DES, [image: image] is the electricity delivered from the grid to the DSO, [image: image] is the electricity sold by the DES to DSO, and [image: image] is the additional electricity needed by the prosumer.
If the energy demand of prosumer can be satisfied by its own PV, the carbon emission flow of the DSO is as follows.
[image: image]
At this point, the carbon emission flow from prosumer is 0 because the electricity produced by prosumer is generated by PV.
[image: image]
For the DES, it can sell the excess electricity to the distribution system operator after meeting its own electricity and heat demand. Therefore, the carbon emission flow of the energy station is calculated as:
[image: image]
where [image: image] is the carbon emission flow of CHP; [image: image], [image: image] are the power generation of CHP and WT, respectively, and [image: image], [image: image] are the electricity consumed by the HP and the electrical load in the energy station, respectively.
3.2 Comprehensive electricity price model
The process of electricity production, transmission and distribution needs to go through a series of complex processes, so it is difficult for prosumer and other users to sense the incentives of electricity price in a timely and accurate manner (Cheng et al., 2018). The key to the multi-agent game of IES lies in the transmission of price information. This paper first analyzes the carbon emission flow among the agents to lay the foundation for the establishment of a comprehensive electricity price model. The comprehensive electricity price consists of a basic electricity price and a carbon cost, where the DSO decides the basic electricity price. The comprehensive tariff model links the price of electricity in each time period to the carbon emission stream by considering carbon policy factors such as carbon emissions and carbon taxes. The method transmits information from the source side to the users, which can better guide the energy use behavior of prosumers.
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where [image: image], [image: image], [image: image] are the comprehensive electricity price for DSO, DES, and prosumer, respectively, [image: image], [image: image] are the base price of electricity for DSO to sell and buy electricity, respectively, and [image: image] is the carbon tax.
4 DECISION-MAKING MODEL OF EACH GAME PLAYER
4.1 Decision-making model of DSO
4.1.1 Objective function
In the proposed Stackelberg game model, the distribution system operator, as a leader, will decide the price of electricity and purchase electricity from the grid based on the energy demand to gain profit. The distribution system operator has profit maximization as its objective function.
[image: image]
where [image: image] is the profit from the DSO’s interaction with prosumer, [image: image] is the cost of purchasing electricity from the energy station, and [image: image] is the maintenance cost.
When the prosumer needs to purchase electricity externally, the profit from the interaction between the prosumer and the DSO is:
[image: image]
Prosumer sells additional electricity after satisfying its own demand. The profit of interaction between prosumer and DSO is:
[image: image]
where [image: image] is the excess electricity sold by prosumer.
The DES produces electricity through WT and CHP, and the excess electricity is purchased by the DSO after meeting the load demand in the energy station. The cost of purchasing electricity from the DES by the distribution system operator is:
[image: image]
The maintenance cost of the distribution system operator is calculated by multiplying the unit price of maintenance cost by the power of the superior grid, which is expressed as follows:
[image: image]
where [image: image] is the DSO maintenance cost unit price
4.1.2 Constraint condition

1) Power balance constraint
The DSO is responsible for the transmission and distribution of electrical energy, so the electrical power balance constraint is:
[image: image]
2) Security operational constraint
The DSO needs to satisfy the security constraint during operation, and the power interacting between the DSO and the grid cannot exceed the specified upper limit.
[image: image]
3) Other constraint
In order to ensure that prosumer is motivated to trade with the DSO, the purchase and sale price of electricity decided by the DSO should satisfy the following constraints:
[image: image]
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where [image: image] is the average value of the grid’s electricity sales price and [image: image] is the average value of the grid’s electricity purchase price.
4.2 Decision-making model of DES
4.2.1 Objective function
The energy station regulates the output of each equipment within the energy station according to the price set by the DSO. The energy station has the objective of maximizing the profit.
[image: image]
where [image: image] is the profit from the sale of electricity at the energy station, which numerically corresponds to the cost of electricity purchased by the DSO from the energy station. [image: image] is the cost of gas consumed by the energy station, and [image: image] is the cost of operating the equipment in the energy station.
The DES can produce electricity and heat through the use of gas, allowing for the inter-conversion of energy sources, while also reducing costs and pollution. In the DES, the equipment that uses gas are CHP and GB. The cost of gas consumption is calculated as follows:
[image: image]
where [image: image] is the calorific value of gas used in DES, [image: image] is the efficiency of CHP, [image: image] is the amount of gas used in GB, and [image: image] is the unit price of gas.
The operating cost of each equipment in the DES is calculated as follows:
[image: image]
where [image: image] is the unit price of the operating cost of device n, and [image: image] is the power of device n.
4.2.2 Constraint condition

1) Power balance constraint
The balance of electric and thermal power is to be satisfied inside the energy station with the following expression.
[image: image]
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where [image: image], [image: image] are the power of charging and discharging of the electric energy storage equipment in DES, [image: image], [image: image] are the power of charging and discharging of the thermal energy storage equipment in DES, respectively, [image: image], [image: image], [image: image] are the thermal power of CHP, HP and GB, respectively.
2) Security operational constraint
The security operational constraint of the equipment is to ensure the safe operation of all kinds of equipment, mainly considering the power upper limit and the maximum ramping rate constraints of each equipment in DES.
[image: image]
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where [image: image] is the maximum output power of the equipment, and [image: image] is the maximum ramping rate of the equipment.
4.3 Decision-making model of prosumer
4.3.1 Objective function
Prosumers aim to minimize their own energy costs. Based on the comprehensive electric pricing strategy and utilizing demand response and building thermal inertia, prosumers actively participate in the master-slave game to reduce their energy costs while meeting their energy requirements. Due to the existence of the thermal inertia of the building and the heat load of the prosumer is not large, the heat demand of the prosumer is satisfied through the conversion of electric energy.
The energy preference cost of the prosumer, the cost of interacting with the DSO and the operation cost of the PV are considered in the objective function.
[image: image]
where [image: image] is the energy preference cost of the prosumer and [image: image] is the operating cost of the PV.
The operating cost of the PV is proportional to its output, and the expression is as follows.
[image: image]
where [image: image] is the unit operating cost and [image: image] is the output power of the PV.
[image: image]
where [image: image] is the preference coefficient of electric demand by prosumer, [image: image] is the initial electric load of prosumer, and [image: image] is the electric load to be optimized by prosumer.
[image: image]
where [image: image] is the basic electrical load of the prosumer, [image: image] is the electrical power required for heating, and [image: image] is the electrical load that can be adjusted.
4.3.2 Constraint condition

1) Operation constraint
The sale and purchase of electricity between DSO and prosumer cannot be carried out at the same time. And the PV output needs to be less than the maximum output power.
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2) Electric load demand response constraint
The basic electric load requires high reliability to meet the basic production and living needs of users, and cannot be changed arbitrarily, so it does not participate in demand response. Adjustable electric loads participate in demand response.
[image: image]
3) Thermal inertia of buildings constraint
In integrated energy system, buildings have large thermal inertia. Due to the inherent thermal inertia of buildings, it takes a certain amount of time for the indoor temperature to change, and after a sudden interruption or increase or decrease in the thermal energy provided by the system, the indoor temperature of the building will not change immediately, but will reach a new temperature after a certain period of time. So the thermal load can be regulated within a comfortable temperature range.
Since buildings have thermal inertia of buildings, the thermal needs of prosumers can be met by maintaining the room temperature within the comfort range. In order to describe the indoor temperature variation in a building, this paper uses a building energy model based on a thermal resistance and thermal capacity network (Chen et al., 2021).
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where [image: image] is the electric power required for heating, [image: image] is the electric heat conversion efficiency, [image: image] is the heat output power of the heating equipment when the indoor temperature changes, [image: image] is the outdoor wind intrusion additive rate; [image: image] is the heat transfer coefficient of the exterior door; [image: image] is the area of the exterior door, and [image: image] is the number of air changes in time period t. [image: image] is the current indoor temperature, [image: image] is the current outdoor temperature, [image: image] is the specific heat of the outdoor air, [image: image] is the density of the outdoor air, [image: image] is the volume of the air in the building, [image: image] is the indoor air specific heat, and [image: image] is indoor air density.
The temperature variation constraints inside the prosumer’s room, and the comfortable temperature range expressions are as follows.
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where [image: image] is the heat capacity, [image: image] is the thermal resistance, [image: image] is the air conditioner operating efficiency, [image: image] is the minimum acceptable indoor temperature, and [image: image] is the maximum acceptable indoor temperature.
4.4 Uncertainty model transformation
During the actual energy station operation, there is uncertainty in the output of the wind turbines and photovoltaic equipment. And it is often difficult to obtain the exact probability density function in real system decision-making, while it is relatively easy to obtain the range of values of uncertain variables (Wang et al., 2014; Bai et al., 2017). Interval mathematical programming (IMP) methods are capable of handling uncertain information in the form of intervals, with interval linear programming methods being the most widely used in energy planning under complex and uncertain conditions.
The general form of IMP model is:
[image: image]
where [image: image], [image: image] denote the coefficient matrices of [image: image] in the objective function, inequality constraints, respectively, whose elements are [image: image], [image: image] [image: image] is a n-dimensional decision variable, whose elements are [image: image]. [image: image] is the interval value of the constraint condition, whose elements are [image: image].
Interval mathematical programming method generally transform a model containing an uncertain problem into two sub-models of a deterministic problem to be solved, so that the objective value [image: image] and the decision variable [image: image] can be obtained.
In this paper, the IMP is used to deal with the WT and PV output uncertainty problem, which represents [image: image] and [image: image] in the form of interval numbers. The decision variable [image: image], [image: image] and the objective function [image: image], [image: image] are also represented in the form of interval numbers. After performing the solution, the objective function will change to the interval value [image: image] and [image: image].
This paper uses [image: image] and [image: image] to denote the return intervals for DES and prosumer respectively. The mean value [image: image], [image: image] are the expected optimal value under the influence of uncertainties, and [image: image], [image: image] describe the uncertainty of the optimal solution.
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where [image: image] and [image: image] are obtained from the worst sub-model, and [image: image] and [image: image] are obtained from the best sub-model. The impact of WT and PV output uncertainty on the benefits of each subject is reduced by determining value substitution intervals values [image: image] and [image: image], while maximizing DES benefits and minimizing energy use costs for prosumers.
[image: image]
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where [image: image] and [image: image] are weighting coefficient.
4.5 Stackelberg game model
The Stackelberg game model is developed based on the competitive relationship between DSO, DES and prosumer. where DSO acts as the leader, DES and prosumer act as the follower. In the game process, the upper level leader sets the price of each electric energy with the goal of obtaining its own maximum net profit, and the lower level followers will take into account the maximum comprehensive efficiency and their own satisfaction to formulate a suitable energy demand program.
The strategy of the DSO is [image: image], and the strategy of the followers is the output of each equipment in DES [image: image], and the adjustable load of prosumer [image: image]. The utility of each player is the objective function as described above. In Stackelberg equilibrium solution, there is no participant who can unilaterally change its strategy to make the profit bigger or the cost smaller. The expression that satisfies the conditions for the equilibrium solution is as follows.
[image: image]
[image: image]
[image: image]
5 SOLUTION METHOD
Considering the privacy problem of each player, this paper adopts the differential evolution algorithm as well as the CPLEX solver to solve the multi-agent game model. Figure 3 shows the flowchart of the algorithm. The DE algorithm designs the computational factors by simulating the hybridization and mutation in the genetic process, and optimizes the updating of the offspring population by using the difference between the parent vectors, which leads to the optimal solution of the given problem after several iterations (Zhang et al., 2023). The basic steps of DE can be summarized into 4 steps: selection, variation, crossover and selection.
[image: Figure 3]FIGURE 3 | Solving flow chart.
The decision of the upper level leader DSO is a nonlinear optimization problem. The DE algorithm can solve it quickly and accurately. Among the followers, the objective functions of energy station and prosumer can be solved directly using the CPLEX solver. During the solving process, the optimization results of the followers are passed to the upper level leader, who makes decisions based on the information and passes them to the lower level. The final result can be solved through continuous iteration (Liu et al., 2017).
6 CASE STUDY
6.1 Basic data
The data of the cases in this paper are selected from a typical regional integrated energy system. The multi-agent game model established in this paper is applied to simulate the operation optimization of this regional integrated energy system to verify the effectiveness of the method proposed in this paper. According to the load characteristics and geographical characteristics of the region, the energy station is equipped with CHP, GB, WT, HP, and energy storage devices; the prosumer is equipped with PV. The basic parameters required for the case include equipment parameters, load parameters, and new energy output parameters. The variation curves of wind speed and light intensity in the region are shown in Figure 4, the parameters of each equipment are shown in Table 1, and the electric and thermal load demand in the region is shown in Figure 5.
[image: Figure 4]FIGURE 4 | Wind speed and light intensity.
TABLE 1 | Types and parameters of equipment.
[image: Table 1][image: Figure 5]FIGURE 5 | Electrical and thermal loads on a typical day.
Based on the above data, the following scenarios are set up for comparison in order to analyze the impacts of comprehensive electricity price, wind power output uncertainty, and demand response on the regional integrated energy system.
Scenario 1: Considering demand response, no comprehensive electricity price and no uncertainty.
Scenario 2: Considering demand response and comprehensive electricity price of electricity, carbon tax [image: image] = 0.1 CNY/kgCO2, no uncertainty.
Scenario 3: Demand response is not considered, comprehensive electricity price is considered, carbon tax [image: image] = 0.1 CNY/kgCO2, no uncertainty.
Scenario 4: Considering demand response and comprehensive electricity price of electricity, carbon tax [image: image] = 0.2 CNY/kgCO2, no uncertainty.
Scenario 5: Considering demand response and comprehensive electricity price of electricity, carbon tax [image: image] = 0.1 CNY/kgCO2, uncertainty is considered.
6.2 Analysis of comprehensive electricity price based on carbon emission flow
In order to demonstrate the effect of the comprehensive electricity price model based on the carbon emission flow theory on the energy station and distribution system operator in the region in terms of carbon reduction, Table 2 shows the data comparison before and after the application of the comprehensive electricity price model with different carbon tax prices.
TABLE 2 | Effectiveness of comprehensive electricity price model.
[image: Table 2]Comparing scenario 1 and scenario 2, the effectiveness of the comprehensive electricity price model developed in this paper in terms of energy saving and emission reduction benefits is analyzed. The DES’s benefit increases by 14.5%, which is due to the higher price of electricity sold by the distribution system operator after taking into account the carbon emission and carbon tax, thus increasing the benefit. However, DES and prosumer experience a slight decrease in their revenues due to the additional costs associated with the carbon tax. The carbon emissions of scenario 2 decreased by 12.1% compared to scenario 1, proving the effectiveness of the method of the invention for reducing carbon emissions.
The sensitivity of RIES to carbon tax price is analyzed comparing scenario 2 and scenario 4. After the carbon tax price is raised to 0.2 CNY/kgCO2, the revenue of the energy station further decreases and the cost of prosumer increases. However, there is a significant reduction in carbon emissions. It can be seen that the method proposed in this paper can reduce the system carbon emissions by sacrificing part of the economy.
In order to accurately analyze the effect of the comprehensive electricity price, this paper compares the change in electricity price before and after considering the carbon emission flow. Figure 6A shows the price of electricity sold by this DSO during a typical day, and Figure 6B shows the price at which the DSO purchases excess electricity from the energy station. The variation of electricity price over time reflects the time-varying characteristics of the load and the carbon emission characteristics of the energy producing equipment. When the load is large and in the peak period of electricity consumption, the purchase and sale price of electricity is higher; when the load is small and in the trough period of electricity consumption, the purchase and sale price of electricity is lower. When the new energy equipment output of the DES is large enough, the carbon emission intensity of each node in the system decreases, at which time the price of electricity sales is lower and the price of electricity purchases is higher; when the new energy equipment output of the DES is lower, the carbon emission intensity of each node in the system is larger, at which time the price of electricity sales is higher and the price of electricity purchases is lower.
[image: Figure 6]FIGURE 6 | DSO electricity price comparison. (A) price of electricity sales (B) price of electricity purchase.
6.3 Operational analysis of DES
6.3.1 Analysis of operational results
The effect of the comprehensive electricity price shows that the operational status of the equipment within the energy station and the comprehensive electricity price in-fluence each other. Therefore, it is necessary to analyze the operating state of the DES. The operation simulation is carried out for the electric and thermal loads and wind power data in this paper, and the electric power balance scheduling results and thermal power balance scheduling results are obtained, as shown in Figures 7, 8, respectively.
[image: Figure 7]FIGURE 7 | Electric energy scheduling results on a typical day.
[image: Figure 8]FIGURE 8 | Thermal energy scheduling results on a typical day.
First of all, during the period from 23:00 to 07:00, electricity prices are in the valley due to the low electrical load, and the profits from the sale of electricity by the energy station are also lower. The electric load is first supplied by WT, and the shortfall is then replenished by other devices. In addition, in order to obtain more profit, the energy station will store the excess electricity in the storage equipment, and then sell the stored electricity at a high price during the peak period. During this period, the heat load demand is high, and then GB, CHP and HP work together to meet the thermal energy demand of the users; if they cannot meet the demand, the thermal energy shortage is supplemented by the thermal storage device of the energy station. Secondly, during 08:00–10:00 and 14:00–18:00, the demand of electric load rises gradually, and the comprehensive electricity price tends to increase, and when WT cannot meet the demand of load, the output of CHP also increases. The heat load is still supplied by GB, CHP and HP, and the shortfall is then supplemented by the heat storage equipment. Finally, the electrical load is at its peak during the 18:00–23:00 h, when the comprehensive electricity price is the highest, and the energy station, driven by profit, will increase its internal generation significantly to avoid using electricity with too much carbon price attached. At the same time, the storage device discharges and sells the rest of the electricity to the DSO while meeting its own load demand, thus obtaining a high profit. Due to the operating characteristics of the CHP, the CHP also produces more heat during this time period, and the excess heat energy will be stored by the thermal storage device and then released during the peak heat use period.
6.3.2 Analysis of uncertainty
Under the actual conditions, the output of new energy equipment is greatly affected by natural conditions and there is a certain degree of uncertainty, so it is necessary to further study the impact of uncertainty factors on the operation of energy stations. In this paper, we consider the uncertainty of wind power equipment output and compare scenario 5 and scenario 2 according to the interval mathematical programming method, and the results are shown in Table 3.
TABLE 3 | Uncertainty analysis of wind power output.
[image: Table 3]Comparing the results of scenario 2 and scenario 5, it can be seen that the revenue of the energy station under scenario 5 is affected by the uncertainty of wind power output in the system, and the average value of the profit is slightly decreased. This is due to the fact that after considering the wind power output uncertainty, the energy station will sell less power to the distribution network in order to cope with the situation of insufficient wind power output while meeting the load demand, which in turn leads to a lower profit from power sales.
6.4 Optimized results of prosumer
6.4.1 Analysis of operational results
In order to analyze the effect of the comprehensive electricity price on the energy use behavior of prosumer in the game process, the following conclusions are drawn by comparing scenarios 1, 2 and 3. Table 4 shows the comparison of optimization results of prosumer.
TABLE 4 | Analysis of prosumer costs.
[image: Table 4]Scenario 2 considers the cost of additional carbon tax on electricity purchased by prosumer compared to Scenario 1. The introduction of the additional carbon tax not only encourages the energy station to prioritize the production of clean electricity, but also guides prosumer to adjust their own energy use behavior to reduce the overall carbon emissions in the region. By comprehensively weighing the carbon emissions and the costs to prosumer, it can be argued that all players can gain more profit after considering the comprehensive electricity price.
Comparing scenario 2 and scenario 3, the impact of considering the demand response of prosumer on the operation status is analyzed. The system carbon emission of scenario 3 is further reduced, but at the same time the cost of prosumer increases by 25.6%. This is due to the fact that scenario 3 does not consider the demand response of prosumer, and prosumer does not adjust its energy use behavior when the comprehensive electricity price is higher.
To further illustrate the effectiveness of the comprehensive electricity price model proposed in this paper in guiding prosumer to adjust their electricity consumption strategies, this paper compares the electricity consumption of prosumer with and without the comprehensive electricity price mechanism. The comparison results are shown in Figure 9. Prosumer adjusts its electricity consumption strategy with the goal of minimizing the total cost while ensuring that the basic electric load is satisfied. From the figure, it can be seen that based on the comprehensive electricity price model, prosumer will take the initiative to regulate the energy use behavior and reduce the electricity consumption during the peak period.
[image: Figure 9]FIGURE 9 | Comparison of electricity use by prosumer.
6.4.2 Analysis of uncertainty
Compare scenarios 2 and 5 to analyze the impact of uncertainty. The results are shown in Table 5. Compared with Scenario 2, Scenario 5 is affected by PV uncertainty, and the energy cost of prosumers fluctuates greatly and the average value of the cost increases slightly. This is because when considering the uncertainty of PV plant output, prosumers need to cope with the situation of insufficient PV plant output and need to buy more electricity from the distribution network operator or adjust their energy use behavior in order to satisfy their own electricity demand.
TABLE 5 | Uncertainty analysis of wind power output.
[image: Table 5]7 CONCLUSION
This paper proposes an optimization operation strategy of integrated energy system based on carbon emission flow for RIES multi-agent game. The paper constructs a body Stackelberg game mechanism with DSO as the leader and distributed energy stations and prosumers as the followers. The conclusions are drawn by setting up multiple scenarios for comparison and analysis. The comprehensive electricity price model based on carbon emission flow can well guide the equipment output and energy use behavior of the lower level followers. In the game process, the energy station optimizes the operation state according to the comprehensive electricity price and gains more revenue. Prosumers optimize their energy consumption strategies under the incentive of demand response after obtaining the comprehensive electricity price. Each agent is able to transform its low-carbon resources into economic benefits after participating in the game, indicating that the carbon market environment can motivate the participating agents to further save energy and reduce emissions.
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