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Introduction: It is significant for energy sharing to study the complementary utilization of multiple energy sources, such as water, electricity and gas, and the interaction among multiple stakeholders.
Methods: We propose a research on energy sharing between distribution network and multiple systems based on the mixed game strategy and water-electric-gas integrated energy complementation. Firstly, this paper describes the relationship and functions of all stakeholders under the research framework, and establishes the mathematical model of each unit in the water-electric-gas complementary IES. Secondly, the internal roles are layered based on the relationship between stakeholders in the system. Then a non-cooperative game model for the distribution network operator and multiple subsystems is established according to the theory of Stackelberg game, and a cooperative game model for multiple subsystems is further established based on the theory of Nash bargaining. In the next step, the complexity of the problem is analyzed, followed by the description of the specific algorithm and process of solving the model.
Results: Finally, the results of example analysis show that the model proposed in this paper not only balances the interests of stakeholders at the upper and lower layers of the system, but also allocates the interests of multiple subsystems at the lower layer.
Discussion: Thus effectively improving the energy utilization of the system.
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1 INTRODUCTION
Global climate change is one of the severe challenges facing human society. Under the background of pursuing “carbon peaking and carbon neutrality,” integrated energy system (IES), which can effectively facilitate the absorption of renewable energy through a variety of generalized storage effects, provides an effective solution to achieve the goal of “carbon peaking and carbon neutrality” (Hu et al., 2021). But nowadays the development of technologies such as efficient multi-generation system, lead to realizing the benefits of integrated energy infrastructure such as electricity, natural gas, and district heating (DH) networks, and thus a rapid movement toward multi-energy systems (MES). In such systems, different energy carriers and systems interact together in a synergistic way (Mohammadi et al., 2017). On the basis of IES modeling, (Zhou et al., 2020). examines the impact of coupling devices such as new energy electric generators, electric boilers and heat-electric cogeneration units, and establishes the objective function of minimizing the overall economic operation cost of IES, and carries out the analysis of optimal dispatching (Li et al., 2021). Li et al. (2017) conducts modeling and simulation analysis on regional IES, involving three kinds of energy sources: electricity, heating, and cooling. It also models a system composed of the energy storage devices and coupling devices corresponding to the three kinds of energy sources, for the purpose of minimizing the overall cost. In addition to analyzing the access situation, when different energy storage devices are connected, it also identifies the economic changes of the system and gives corresponding profit-making strategies. Hui et al. (2022) illustrates the physical background of the interaction of various energy systems. At the same time, the coupling constraint between the electric and heating systems is overcome by connecting energy storage devices. The comprehensive operation cost is obtained by coordinating the reasonable output of energy coupling devices and energy storage devices in the system. Finally, it is verified that the model could improve the operation flexibility and the ability of the system to absorb renewable energy. In summary, the existing research results show that there are few studies on the economic optimization of IES where electric, gas and water loads are performed simultaneously. However, in the actual operation optimization process, the IES operation plan should be formulated according to the characteristics of all energy loads. Coupling devices and energy storage devices often can break the coupling constraint between energy sources. Hence, the incorporation of these devices can not only improve the economic operation characteristics of the system, but also further promote the grid space and utilization efficiency of new energy.
The realization of carbon neutrality requires not only reducing carbon emissions from carbon emission sources, but also developing low-carbon technologies such as carbon capture and storage (CCS) from the perspective of carbon disposal, so as to achieve the balance between carbon emissions and carbon ab-sorption. Bao et al. (2023) describes the model of gas-electric energy system. Wang et al. (2023) extends the energy system modeling theory. In response, some scholars propose the introduction of the power-to-gas (P2G) converter into IES. P2G can not only be used as a coupling device to realize the mutual conversion between electric energy and natural gas energy, but can also be utilized for the peak shaving and valley filling of flexible load in IES. Additionally, it can work with the gas storage tank as an energy storage device and cooperate with energy storage batteries to improve the reliability of the energy storage system. Nonetheless, there are few existing researches on the sources of P2G raw materials. As an ideal supporting source of wind power, carbon capture power plants can use CO2 they have captured as a source of P2G raw materials to achieve the reuse of carbon in IES. Wang et al. (2020) shows the decarbonization potential of IES. Therefore, building a new type of IES which contains carbon capture and P2G has gradually be-come the current research focus. Wang et al. (2022) discuss the effect of carbon capture technology in reducing carbon emissions and propose a low-carbon eco-nomic operation strategy for IES based on demand response. Hu et al. (2019) examine the peak regulation characteristics of carbon capture power plants, integrate carbon capture thermal power plants, wind power heating devices, wind farms and photovoltaic power plants in a certain heating area into a virtual power plant, and establish a low-carbon economic dispatching model which incorporates the comprehensive and flexible operation mode of carbon capture power plants. Zhang et al. (2022) introduce the collaborative utilization framework covering carbon capture power plants, P2G and gas-fired units to achieve the supply and demand balance between source and load and perform peak shaving and valley filling.
The current research on the operation optimization of IES that contains CCS and P2G mainly focuses on the overall optimization of the system, Existing studies often use game models to deal with the complexities existing in transactions. Since the income from investment in P2G converters or CCS alone is low in actual scenarios, it is often necessary to build an energy sharing system. The cooperative alliance in energy sharing can give full play to the ability of P2G converters in absorbing renewable energy and the function of carbon capture devices in reducing emissions, and make a reasonable allocation of the income it yields. The key to the problem above is to ensure that benefits are distributed fairly and reasonably among the participants in the system. In this regard, game theory provides a reference for such interactive decision-making problems. Hence, this paper introduces the concept of game to analyze such problems. For example, (Duan et al., 2021) analyzes the electric energy transaction between IESs through Stackelberg game, and establishes a multi-IES optimal dispatching model with multiple IES systems as the leader and the load aggregator as the follower. Chis et al. (2017) established a multi-IES system optimization configuration model through Stackelberg game, where multiple IES operators act as the dominator body and distribution network acts as the subordinate. How-ever, both the leader and the follower in Stackelberg game aim to maximize their own interests, making it impossible to optimize the overall benefits (Chis and Koivunen, 2019). The electric energy interaction through cooperative game considers individual benefits and overall benefits, and improves the enthusiasm for inter-network electric energy trading. Nevertheless, cooperative game alone cannot measure the mixed behaviors of complex players. In the model built in Li and Ma (2020) through cooperative game, the IES alliance can only passively accept the decisions made by the distribution network, resulting in the failure of the distribution network and the IES alliance to interact effectively (Tushar et al., 2019). On the other hand, the IES alliance in the reference above exchanges electric energy with the grid at a fixed price, which leads to the reliance of the IES alliance on the grid to balance its own load and affects the enthusiasm of alliance members to participate in demand response and electric energy interaction across IESs. In some cases, purely cooperative or non-cooperative strategies may not be optimal. Mixed games provide a broader range of strategy choices for decision makers, which may lead to better solutions or results. The mixed game provides players with the flexibility to adjust their strategies in different interactive situations. In some situations, through the combination of cooperation and non-cooperation, players can achieve higher overall benefits or achieve Pareto efficiency. In general, the mixed game provides a richer and more flexible tool for the study and analysis of interactive decision-making by combining the advantages of cooperative game and non-cooperative game.
To sum up, this paper proposes a mathematical model for the active distribution network containing water-electric-gas integrated energy subsystems, which considers P2G, CCS, wastewater utilization devices, etc. Based on the relationship of stakeholders in the system, the internal roles are stratified, and then the non-cooperative game model between distribution network operators and multi-subsystems is established by using the master-slave game theory. Based on Nash negotiation theory, a multi-subsystem cooperative game model is established. This is a double-layer hybrid game model, with the distribution network operator at the upper layer and multiple integrated energy subsystems at the lower layer. The up-per-layer distribution network operator and the lower-layer group of subsystems constitute a Stackelberg game, and the energy sharing among lower-layer subsystems constitutes a cooperative game. The intelligent algorithm and solver are used iteratively to solve the problem. The feasibility and effectiveness of the method are verified through example simulation.
2 BASIC FRAMEWORK OF THE SYSTEM
The water-electric-gas integrated energy system (IES) energy sharing framework established in this paper is shown in Figure 1. Under the framework considered, the system stakeholders mainly include the large power grid operator, the distribution network operator and the multi-water-electric-gas IES group. In particular, the water-electric-gas IES is responsible for providing multiple energy sources to energy users. Mean-while, multiple adjacent subsystems can share multiple energy sources with each other, so as to achieve mutual power aid among multiple subsystems, further promote the local absorption of renewable energy, and thereby maximize the overall benefits of multi-subsystem alliance. The distribution network operator performs energy management at the upper layer and conducts energy transactions with the multi-subsystem group at the lower layer by setting reasonable purchasing and selling prices, with the purpose of maximizing its operating benefits.
[image: Figure 1]FIGURE 1 | Allowable framework for distribution network optimization considering energy sharing among multiple subsystems.
It can be seen from Figure 1 that water-electric-gas integrated energy subsystems, which are studied herein, can complement each other in terms of energy utilization. By coordinating the characteristics of net load in each subsystem, energy can be shared among and absorbed within the multi-subsystem group. The large power grid operator, the distribution network operator and the multi-water-electric-gas IES group are all equipped with information sharing devices, covering price information, energy sharing information, cost sharing information, etc.
A water-electric-gas integrated energy subsystem mainly consists of the photovoltaic electricity generation device, the wind power device, the carbon capture device, the gas-fired unit, the electric-to-gas converter, the water-electric cogeneration unit, the wastewater electricity generation device, the energy storage device and other devices. The basic frame-work of the system is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Framework of the water-electric-gas integrated energy subsystem.
In this system, the photovoltaic electricity generation device and the wind power device are renewable energy sources and use natural resources to generate electricity. The electric-to-gas converter can generate hydrogen (H2) and oxygen (O2). Hydrogen generated can be transmitted to the hydrogen refueling station for the use by fuel cell vehicles. It can also be used to further synthesize methane (CH4), which is directed to natural gas pipelines to promote the absorption of clean energy. The carbon capture device can absorb the carbon dioxide generated from electricity generation, thereby reducing the cost of treating carbon dioxide. The water-electric cogeneration unit can generate water power and electric power simultaneously, between which there is a strong constraint. The wastewater utilization device can generate electricity from surplus wastewater and produce electric power, thus realizing the conversion of water resources to electric energy. The energy storage device can perform the transfer of energy in time and effectively improve the flexibility of energy in the system. Meanwhile, flexible adjustment or efficiency reduction feasible for different energy loads within a day, rendering comprehensive demand response.
3 MATHEMATICAL MODEL FOR THE GAME OPTIMIZATION AND DISPATCHING OF ACTIVE DISTRIBUTION NETWORK WITH MULTIPLE WATER-ELECTRIC-GAS INTEGRATED ENERGY SUBSYSTEMS
In the framework of the system, there are mainly two stakeholders with game relations, namely, the distribution network operator and multiple water-electric-gas integrated energy subsystems. The specific model is as follows:
3.1 Distribution network operator
The decision variables of the distribution network operator are the internal purchasing price and the selling price, while the objective function is the profits made by trading electric energy with the large power grid and multiple subsystems, as follows:
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where [image: image] and [image: image] respectively represent the profits made by the distribution network operator through trading electric energy with the upper-layer large power grid and lower-layer users; [image: image] and [image: image] respectively represent the purchasing price and the selling price available to the upper-layer large power grid during the period [image: image]; [image: image] and [image: image] respectively represent the selling price and purchasing price available to the distribution network operator in the face of lower-layer users in the period [image: image]; [image: image] and [image: image] respectively represent the amount of electricity purchased by the distribution network operator and sold by the upper-layer large power grid during the period [image: image]; [image: image] and [image: image] respectively represent the amount of electricity sold by the distribution network operator and purchased by the group of users at the lower layer during the period [image: image].
In addition, in order to ensure the reasonableness of the prices set by the distribution network operator and prevent malicious price increases for prof-it-making, it is necessary to consider the price regulatory constraint from policy, as follows:
[image: image]
Considering the rationality of the profit-making de-mand of the distribution network operator, the internal electricity prices formulated should also meet the following requirement:
[image: image]
3.2 Multiple water-electric-gas integrated energy subsystems
Multiple water-electric-gas integrated energy sub-systems are interconnected through power lines or energy pipelines, so that it is possible to realize the transfer and absorption of energy among different subsystems during different periods. The objective function is the overall operating cost of the system cluster, which is specifically shown as follows:
[image: image]
where [image: image], [image: image], [image: image], [image: image], [image: image] and [image: image] respectively represent the cost of the gas-fired unit, the cost of water-electric cogeneration, the cost of power transaction with the distribution network operator, the cost of the energy storage device, the cost of the water pump and the cost of carbon emission in the subsystem [image: image].
Each factor considered in the system cluster is as follows:
3.2.1 Gas-fired unit
The specific cost of the gas-fired in the subsystem [image: image] is as follows:
[image: image]
where [image: image] is the price of gas purchased during the period [image: image]; [image: image] is the low calorific value of natural gas; [image: image] is the conversion efficiency of the [image: image] th gas-fired unit at the time [image: image]; [image: image] it is the output of the subsystem [image: image] in the period [image: image]. In the model of the gas turbine in this paper, we assume that its operating efficiency is a fixed value, that is, ignoring the operating efficiency changes with the operating state of the unit. In this scenario, LHV can be directly set as a constant factor that determines the operating cost, that is, we assume that the operating cost is linear with the unit output.
The operational constraint is as follows:
[image: image]
where [image: image] and [image: image] are the upper and lower limits of unit output in the subsystem [image: image].
3.2.2 Water-electric cogeneration
Similar to heat-electric cogeneration, water-electric cogeneration can generate water energy and electric energy simultaneously by consuming a certain amount of fuel. Generally, the cost of fuel consumed by the water-electric cogeneration unit is related to the output water power and electric power. The cost of fuel is shown as follows:
[image: image]
where [image: image], [image: image], [image: image], [image: image], [image: image] and [image: image] are respectively the fuel consumption characteristic coefficients of the water-electric cogeneration unit; [image: image] is the electricity generation rate of the water-electric cogeneration unit [image: image] in the period [image: image]; [image: image] is the water generation rate of the water-electric cogeneration unit [image: image] in the period [image: image]; [image: image] is a binary variable, which is 1 when the water-electric cogeneration unit [image: image] is started or 0 otherwise.
The operational constraint is as follows:
[image: image]
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where [image: image] and [image: image] are respectively the minimum and maximum electricity generation rate of the water-electric cogeneration unit [image: image]; [image: image] and [image: image] are respectively the minimum and maximum water generation rate of the water-electric cogeneration unit [image: image]; [image: image] and [image: image] are respectively the minimum water-electric ratio and the maximum water-electric ratio of the water-electric cogeneration unit [image: image]. In this paper, the water-electric ratio is taken as 1.5.
3.2.3 Transaction cost
The transaction cost of the subsystem [image: image] is:
[image: image]
where [image: image] and [image: image] respectively represent the amount of electricity sold by the distribution network operator and purchased by lower-layer subsystems during the period [image: image].
The operational constraint is as follows:
[image: image]
where [image: image] and [image: image] are respectively the limit on the amount of electricity traded between the subsystem [image: image] and the distribution network operator.
3.2.4 Wastewater utilization device
The wastewater utilization device, which adopts biological treatment process, can remove toxic sub-stances in organic wastewater and recycle organic wastewater. In view of the conversion characteristic of the wastewater utilization device, that is, the conversion efficiency should be considered in con-version by the device, the conversion cost is simplified in this paper through the conversion efficiency. The relationship between the water power output by the wastewater utilization device and the electric power consumed is as follows:
[image: image]
where [image: image] represents the output water power of the wastewater utilization device in the subsystem [image: image]; [image: image] represents the input power of the wastewater utilization device in the subsystem [image: image]; [image: image] represents the conversion efficiency of the wastewater utilization device in the subsystem [image: image].
3.2.5 Electric-to-gas converter
The electric-to-gas converter can generate hydrogen and oxygen. Hydrogen can be transmitted to the hydrogen refueling station for the use by fuel cell vehicles. It can also be used to further synthesize methane (CH4), which is directed to natural gas pipelines. On the one hand, the electric-to-gas converter can use surplus electric energy generated from clean energy in the case of abundant energy supply, to electrolyze water and generate a large amount of oxygen and hydrogen. On the other hand, it can also work as an electric-to-methane converter to absorb carbon dioxide and generate methane fuel and water.
The operational constraint is as follows:
[image: image]
where [image: image] is the output of the electric-to-gas converter; [image: image] and [image: image] are the upper and lower limits of P2G output.
3.2.6 Energy storage device
The energy storage system can realize the transfer of energy in time and effectively improve the flexibility of energy in the system. When participating in the coordination and optimization of operation in the access system, the energy storage device would incur the operating cost, as follows:
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The operational constraint is as follows:
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where [image: image] represents the storage capacity of the energy storage device during the period [image: image]; [image: image] is the energy storage and charging power of the energy storage device during the period [image: image]; [image: image] is the energy storage and discharging power of the energy storage device during the period [image: image]; [image: image], [image: image] and [image: image] are respectively the energy storage loss rate, charging efficiency and discharging efficiency of the energy storage device; [image: image] and [image: image] represent the upper and lower limits of the energy storage capacity of the energy storage device; [image: image] and [image: image] represent the charging and discharging state, which is a variable of either 0 or 1, with 1 indicating that the device is in the charging or discharging state and 0 indicating that the device stops the charging or discharging state; [image: image] and [image: image] are the maximum charging and discharging power of the energy storage device.
3.2.7 Water pump device
The water pump is an independent component in the water network, which only produces and supplies water. The operating cost of the water pump in the subsystem [image: image] is:
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where [image: image] represents the electric energy consumption characteristic coefficient of the electric-driven water pump [image: image]; [image: image] is the amount of water yielded by the electric-driven pump [image: image] in the period [image: image]; [image: image] is a binary variable, which is 1 when the electric-driven water pump [image: image] is started, or 0 otherwise.
3.2.8 Carbon capture device
The carbon capture device can capture carbon dioxide emitted and reduce the cost of exhaust emission from the system. The specific constraint is as follows:
[image: image]
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where [image: image] is the energy consumption of the carbon capture device in the subsystem [image: image] in the period t; [image: image] is the operating energy consumption of the carbon capture device, and [image: image] is the corresponding power of the carbon capture device; [image: image] and [image: image] are the maximum and minimum carbon capture rate, generally with [image: image] being 90% and [image: image] being 0.
3.2.9 Demand response
The electric-gas-water integrated energy demand load can be divided into rigid load not participating in demand response and flexible load participating in demand response. From the perspective of energy characteristics, electricity, gas and water have different energy consumption characteristics. Therefore, transfer is adopted for electricity and gas, and efficiency reduction is adopted for water. The electric, gas and water loads after participating in demand response are as follows:
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where [image: image], [image: image] and [image: image] respectively represent the electric, gas and water loads after participating in demand response; [image: image], [image: image] and [image: image] respectively represent the initial predicted values of electric, gas and water loads before participating in demand response; [image: image] and [image: image] respectively represents the changes of electric and gas load response, [image: image] and represents the change in efficiency reduction of water load.
The total amount of flexible load remains unchanged throughout the demand response process:
[image: image]
The percentage of decrease/increase in electric, gas and water load shall meet the following constraint:
[image: image]
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where [image: image], [image: image] and [image: image] are respectively the maximum allowable changes of electric, gas and water loads.
All kinds of factors in the general water-electric-gas IES are described in detail above. In addition, multiple energy sources including electricity, gas and water in each subsystem also need to meet the balance of energy, which is not repeated here.
4 ANALYSIS AND SOLUTION OF THE GAME RELATIONSHIP BETWEEN PLAYERS
4.1 Game relationship between players
On the basis of the model above, further analysis is made on the game relationship between the main players: the distribution network operator has priority in formulating electricity prices, and the multi-subsystem group at the lower layer need to respond to the amount of electricity traded according to the internal electricity prices set by the upper-layer distribution network operator. The amount of electricity traded determines the objective function of the upper layer. In addition, the strategies made by these two players are prioritized, that is, they are not equal in status. Therefore, the upper-layer distribution net-work operator and the lower-layer multi-subsystem group constitute a Stackelberg game model. For the lower layer, subsystems can engage in energy sharing, which belongs to the category of cooperative game. To sum up, the upper and lower layers constitute a hybrid game model, and the framework of the game relationship between stakeholders in the system is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Game relationship between stakeholders in the system.
What needs further discussion is that the respective benefits of multiple subsystems at the lower layer need to be shared and balanced. The common methods to solve this problem include Shapley value, Nash bargaining, nucleolus, etc. Among them, the method of asymmetric Nash bargaining is not affected by the number of participants, takes the contribution of each participant into careful consideration, and has been applied to multiple cooperation scenarios. The specific model is as follows:
[image: image]
where [image: image] is the bargaining power of the [image: image] th IES, which is specifically as follows:
[image: image]
where [image: image] and [image: image] are respectively the power provided by other participants to the [image: image] th IES and the power obtained by the [image: image] th IES from other participants when participating in the cooperative game, which are further expressed as:
[image: image]
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Formula (26) is mathematically converted, and the two convex sub-problems after conversion are shown in Formulas 30, 31 respectively:
[image: image]
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where [image: image] is the optimal value for the operation of the [image: image] th gas-electric IES after solution; [image: image] is the cost paid by the [image: image] th gas-electric IES after bargaining with other subsystems.
4.2 Solution method
The process of solving for the model is designed based on the previous analysis of the game relationship between players in the system framework. Generally, there are two methods for the issue of double-layer optimization: 1) using KKT conditions to transform a lower-layer problem into an optimization problem with only constraints and connecting to the upper layer for simultaneous solution; 2) using an intelligent algorithm and solver to solve the problem iteratively. It can be found that there are a large number of 0–1 variables in the lower-layer problem. Accordingly, the lower-layer problem is a mixed-integer problem that is non-convex, where KKT conditions cannot be used. Therefore, the second method is adopted. It should be noted that the upper layer of this model has strategy constraints, so that the algorithm needs to be modified before being applied to this model.
(1) Setting parameters: an intelligent algorithm with constraints is designed through modifying the genetic algorithm, setting relevant parameters in the modified genetic algorithm and initializing the system parameters;
(2) Optimizing the upper layer: an initial uncertainty set population is encoded and formed by randomly generating sets of internal electricity prices by the distribution network operator under constraints (4–5), and transferring the internal electricity price sets to the lower-layer sub-problem;
(3) Optimizing the lower layer: the CPLEX solver is used to optimize the solution of the lower-layer multi-subsystem group, obtain the dispatching plan of each device in the multi-subsystem group and the amount of electricity traded with the upper layer through coupling, and record the strategy and objective function value of each subsystem;
(4) Recursively calculating the upper-layer objective function: the amount of electricity traded with the upper layer is returned to the upper layer to calculate the current income of the upper layer;
(5) Updating internal electricity prices: the current optimal solution (i.e., the worst scenario) is updated and replaced with the largest [image: image]; new uncertainty sets are generated through random enumeration and mutation, followed by returning to Step 4;
(6) Determining convergence: If the convergent [image: image] is obtained in the calculation, the worst scenario and the optimization strategy results for the lower-layer problem are saved and the program is end; Otherwise, it is necessary to return to Step 5;
(7) Finishing optimum seeking
5 EXAMPLE ANALYSIS
5.1 Example setting
The scenarios considered cover three water-electric-gas IESs. The reference source for the scenario considered in this paper is the actual project data of a region in southern China (Mohammadi et al., 2017). The specific parameters are: the upper and lower limits of P2G output are 800 kW and 0 respectively, with the efficiency being 60%; the upper and lower limits of carbon capture output are 100 kW and 0 respectively, with the carbon dioxide capture rate being 90% and the emission intensity being is 0.2; the electric, gas and water loads can be adjusted within a certain range, with the total amount of electric and gas loads before and after adjustment remaining unchanged, the maximum allowable adjustment proportion of electric and gas loads in each period within a day being 5% and 3% respectively, and the upper limit of efficiency reduction of water load being 10%; the rated capacity and upper limit of charging and discharging power of the energy storage battery are 300 kW h and 60 kW respectively, with the maximum and minimum values of the state of charge being 0.9 and 0.1 respectively, the initial value of the state of charge being 0.2, and the charging and discharging efficiency coefficients both being 0.95; the rated capacity and upper limit of gas storage and discharging efficiency of the gas tank are 60 kW h and 12 kW respectively, with the maximum and minimum values of the state of charge being 0.9 and 0.1 respectively, the initial value of the state of charge being 0.5, and the charging and discharging efficiency coefficients both being 0.95; the electric-water ratio of the water-electric cogeneration unit is 1.5, with the electric-to-gas efficiency and wastewater electricity generation efficiency being 95% and 90% respectively; the cost coefficients of water-electric cogeneration unit 1 are 0.0004433 yuan/kW, 0.003546 yuan/kW, 0.007093 yuan, −1.106 yuan/kW, −4.426 yuan/kW and 737.4 yuan respectively, with the maximum and minimum electric outputs being 800 kW and 160 kW respectively, the maximum and minimum water outputs being 200 and 30 kW respectively, the upper and lower limits of the climbing rate being 9 kW/s and 4 kW/s; the cost coefficients of water-electric cogeneration unit 2 are 0.0007881 yuan/kW, 0.006305 yuan/kW, 0.01261 yuan, −1.475 yuan/kW, −5.901 yuan/kW and 737.4 yuan respectively, with the maximum electric output and minimum electric outputs being 600 and 120 kW respectively, the maximum and minimum water outputs being 150 and 23 kW respectively, and the upper and lower limits of the climbing rate being 9 kW/s and 4 kW/s; the cost coefficients of the water pump are 0.00018 yuan/kW2, 0.0374 yuan/kW, and 0 respectively, with the maximum and minimum outputs being 250 kW and 0 respectively. The predicted values of renewable energy output and load in the three subsystems are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Predicted values of renewable energy output and load in the three subsystems. (A): Predicted values of renewable energy output and load in Subsystems 1. (B): Predicted values of renewable energy output and load in Subsystems 2. (C): Predicted values of renewable energy output and load in Subsystems 3.
5.2 Example results
Under the compiling environment of MATLAB 2021a, Yalmip language is used in this paper to call CPLEX for solution.
To verify the effectiveness of the model proposed in this paper, the following three scenarios are set:
Scenario 1: Each subsystem operates independently and trades directly with the large power grid.
Scenario 2: Each subsystem operates cooperatively and trades directly with the large power grid.
Scenario 3: Each subsystem operates cooperatively and engages in a Stackelberg game with the distribution network operator.
Table 1 shows the income of the distribution network operator, the total operating cost of subsystems and the cost of carbon emission under the three scenarios.
TABLE 1 | Income of the distribution network operator, total operating cost of subsystems and total cost of carbon emission under the three scenarios.
[image: Table 1]It can be seen from Table 1 that the total operating cost of the multi-subsystem group is the highest un-der Scenario 1, and the total cost of carbon emission is also the highest. The reason is that under this scenario, the three subsystems cannot share energy with each other, resulting in the worst flexibility of the system and the highest operation cost. Compared with Scenario 1, the total cost of the multi-subsystem group is reduced under Scenario 2, and the total cost of carbon emission is reduced to 0. This is because the energy sharing between subsystems further consumes renewable energy within the system, reduces the cost of trading with the large power grid, and gives full play to the role of the electric-to-gas converter and carbon capture device in the system. Under Scenario 3, due to the participation of the distribution network operator in the mechanism of the Stackeberg game with the multi-subsystem group, they can both make profits under the effect of the internal electricity prices set by the upper-layer operator, which further reduces the total operating cost of the multi-subsystem group and creates prof-it-making space for the distribution network operator.
The modified method of Nash bargaining described above is used to redistribute the income of each subsystem to balance the income of all players involved in the cooperative game. In particular, multiple subsystems at the lower layer are in a cooperative mode under Scenario 2 and Scenario 3. Tables 2, 3 respectively show the process of allocating for the three subsystems.
TABLE 2 | Process of each subsystem bargaining under Scenario 2.
[image: Table 2]TABLE 3 | Process of each subsystem bargaining under Scenario 3.
[image: Table 3]Tables 2, 3 specifically show the process of the three subsystems bargaining over cost redistributing under Scenario 2 and Scenario 3. The contribution of each subsystem is specifically considered in the process of the three subsystems bargaining over cost redistributing. After bargaining, the cost of each subsystem is reduced compared with the cost under independent operation, which improves the stability of each subsystem participating in the alliance. As the cost redistributing process under Scenario 2 is similar to that under Scenario 3, the analysis is carried out based on the results in Table 3: under Scenario 3, the cooperation surplus of Subsystem 1, Subsystem 2 and Subsystem 3 is 342.41 yuan, 103.14 yuan, and 379.54 yuan respectively, which indicates that Subsystem 3 has the largest contribution in the process of energy sharing, followed by Subsystem 1, and finally by Subsystem 2. The redistributing result is determined by the mutual contribution of each subsystem in the process of energy sharing, to reasonably and orderly balance the operating costs of the three subsystems.
It can be seen from Figures 5, 6 that the distribution network operator determines the optimal internal electricity prices based on the boundary of the purchasing and selling prices offered by the large power grid and the response of the lower-layer multi-subsystem group to the amount of electricity. Within this framework of internal electricity prices, Subsystem 1 characterizes electricity sales at 3:00–7:00 and 11:00–16:00 in a day; Subsystem 2 mainly characterizes electricity sales at 12:00–16:00 in a day; meanwhile, Subsystem 3 mainly presents the state of electricity purchase. This is determined by the initial renewable energy and load characteristics of the three subsystems. The specific amount of electricity traded with the distribution network operator is determined by the internal electricity price game established by the upper-layer distribution network operator. For example, the distribution network operator sets a higher purchasing price during 12:00–15:00 to guide lower-layer multiple subsystems to sell electricity.
[image: Figure 5]FIGURE 5 | Optimized internal electricity prices set by the distribution network operator under game equilibrium.
[image: Figure 6]FIGURE 6 | Amount of electricity traded between the three subsystems and the upper-layer distribution network when the upper and lower layers reach equilibrium.
Subsystem 1 among the three subsystems is taken as an example and the focus in the analysis. Figure 7 shows the plan curve of dispatching the three energy sources for each device in Subsystem 1.
[image: Figure 7]FIGURE 7 | Plan of dispatching the three energy sources for each device in Subsystem 1. (A): Plan of dispatching for unit equipment. (B): Plan of dispatching for electric energy related equipment. (C): Plan of dispatching for gas energy related equipment. (D): Plan of dispatching for water energy related equipment.
Figure 8 shows the curve of changes of the response to electric, gas and water load demands in Subsystem 1 under Scenario 3.
[image: Figure 8]FIGURE 8 | Changes of response to electric, gas and water load demands in Subsystem 1. (A): Changes of response to electric load demands in Subsystem 1. (B): Changes of response to gas load demands in Subsystem 1. (C): Changes of response to water load demands in Subsystem 1.
According to Figure 8, the electric and gas loads in Subsystem 1 can be transferred at different times in a day. Specifically, electric load is taken as an example of transferable load: the efficiency of electric load is performed reduced at 18:00–24:00 of the day, but increased at 0:00–6:00 and 11:00–15:00 of the day to some extent. The reason is that Subsystem 1 needs to consider transferring the periods in which the operation of each unit, the amount of electricity traded and other items constitute a higher total cost to the periods incurring a lower cost, so as to improve the economic performance of the system. For water load of which efficiency can be reduced, decision-makers need to find a balance point between the cost of efficiency reduction and the economic benefits that can be brought by efficiency reduction, so as to optimize the economic performance of the system.
In order to further explore the influence of the uncertainty of the predicted values of photovoltaic power generation and wind power generation on the mathematical model of this paper, the method of positive distribution is used to set the initial 200 sets of uncertain scene sets. The results of the deterministic model and the uncertainty model are shown in Table 4.
TABLE 4 | Compares the results with the uncertainty model.
[image: Table 4]According to Table 4, it can be concluded that the income of distribution network operators is reduced and the total operating cost of subsystems is increased in the uncertain scenario. This is because the scheduling strategy of the system is more difficult to carry out in the uncertain scenario, that is, the external uncertainty interferes with the operating efficiency of the system.
In order to further explore the influence of static security constraints of power system (branch overload constraints and bus voltage over-limit constraints) on the mathematical model of this paper, static security constraints are added to the original mathematical model. The results before and after the addition are shown in Table 5.
TABLE 5 | Comparison of results before and after static security constraints are added.
[image: Table 5]According to Table 5, it can be obtained that the revenue of distribution network operators and subsystem group operators in the system is forced to decrease under the scenario of considering grid constraints. This is because considering the static security constraints of the power system will force the feasible region of the scheduling strategy variables in the system to decrease, and the optimal solution of the system will shift, that is, the operation of the system will become more demanding under this condition.
6 CONCLUSION
This paper examines the hierarchical relationship between multiple stakeholders in the system, and proposes a hybrid game model for distribution network and multiple systems based on cooperative and non-cooperative game strategies. The conclusion are as follows:
(1) In this paper, a Stackelberg game model is established for distribution network and multiple subsystems. By solving the Stackelberg equilibrium, the equilibrium points for both sides are obtained, so as to better measure the interest relationship between them and improve the energy sharing between upper and lower layers;
(2) Under the framework proposed, the energy sharing model for subsystems is established under the guidance of cooperative game theory, which is conducive to improving the capacity of local energy consumption among regional subsystems and reducing the economic losses caused by the status ad-vantage of the upper-layer distribution network operator;
(3) The model proposed in this paper takes into ac-count multiple factors including demand response, carbon capture, electric-to-gas, water-electric cogeneration and wastewater electricity generation, enriching the complexity of the model and providing decision-makers with dispatching plans in complex environments;
(4) The incorporation of energy sharing between the water system and multiple subsystems can maximize the use of energy in the system, improve the overall economic benefits, and achieve win-win benefits for multiple players in the system.
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