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Given the recent escalation of the energy and environmental crises, it is crucial to consider the evolution of various energy systems from a macro perspective in order to increase the overall efficiency of energy use and improve the environment. In order to tackle this issue, a wide-area integrated energy system planning method that takes into account consumers' comprehensive energy consumption behavior (CECB) and policy recommendations is provided in this study. First of all, according to the analysis of users’ CECB, the decision-making model of regional users' energy supply transformation is established. A game model is constructed to explore cooperative planning of an integrated electricity-natural gas energy system based on the profit models of various market participants. The government is considered as the main body of planning and decision-making, and the evaluation model of government’s pollution emissions from both supply and demand sides is established. A two-level dynamic game planning model for the wide-area IES is then created as a result of the examination of the game mechanism between users, the government, the integrated energy system (IES), and other market players. Finally, the model is solved using an iterative search approach. Results from simulations are used to validate the suggested method’s accuracy and efficacy.
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1 INTRODUCTION
The development of various types of energy systems from to improve the overall energy efficiency has become an unanimous opinion of all nations in the world in recent years as the energy and environmental crises become worse (Zhu, 2003; Li et al., 2021a; Dai et al., 2021; Zhang et al., 2021; Li et al., 2023a). In this context, the traditional idea of planning different energy systems separately has become unable to meet the needs of today’s energy development. It is of great academic and engineering significance to break the barriers between heterogeneous energy systems and study the joint planning theory for wide-area various heterogeneous energy systems (Yang et al., 2022a; Zhang et al., 2022; Li et al., 2023b).
The IES planning methodology is currently the subject of some works, which primarily consider the coupling characteristics of various energy sources in the IES (Li et al., 2020; Chen et al., 2021; Shen et al., 2021). By studying the conversion relationship among various energy sources and focusing on minimizing the investment and operation cost or maximizing the income (Wang et al., 2017; Qu et al., 2018; Zhang and Lv, 2018), planning models that consider the mutual influence among various energy systems are built, and the related algorithms are used to solve them (Yang et al., 2018a; Hao et al., 2018; Liu et al., 2018). The regional integrated energy systems are the main focus of this type of planning models (Yang et al., 2018a; Liu et al., 2018; Zhang and Luo, 2018; Yang et al., 2021a). On the one hand, integrated energy systems involve relatively small range of energy supply, mostly industrial parks or towns, and generally does not involve large-scale energy transmission between provinces, and on the other hand, its energy coupling nodes are generally concentrated on the energy supply side, such as gas turbines, gas boilers, air energy heat pumps, etc., and there is a physical coupling between different energy types (Yang et al., 2019; Ding et al., 2021; Ma et al., 2021; Wang et al., 2022). Therefore, its energy conversion relationship is clear and explicit and it can be considered that the existing IES planning methods are more for rigid and strong coupling regional IES.
In fact, from the macro point of view of the whole society, in the process of energy consumption, people can choose more and more energy forms, such as natural gas, electricity, coal and so on (Yang et al., 2018b; Fang et al., 2022). In a larger time scale, influenced by market environment, policy orientation, and other factors, users’ choice of different forms of energy is not unchanged, and users’ energy consumption demand tends to be relatively stable (Xu et al., 2023; Yu et al., 2023). Therefore, from the standpoint of energy demand, the energy load may be distributed among various forms of energy over the course of the medium and long term. Additionally, this implies that several heterogeneous energy source types will be connected on the user side (Yu et al., 2022). Therefore, it is different from the traditional regional IES that emphasizes the rigid strong coupling of physical nodes on the energy supply side. From a macro point of view, the energy system of the whole society is based on the comprehensive energy consumption behavior of users on the demand side, and has flexible weak coupling between different forms of energy, which can be called flexible weak coupling wide area IES. For this kind of energy system, the traditional planning method of regional IES that is oriented to rigid and strong coupling is no longer applicable, which mainly displays in the following two aspects:
(a) The research objects in the wide-area integrated energy system consist of two main bodies: users and integrated energy systems. This is in contrast to the traditional regional IES, which can directly construct its energy conversion model based on the physical characteristics of the coupling nodes on the energy supply side (Yang et al., 2022b). Not only the strong coupling relationship between source sides in traditional IES is considered, but also the correlation between source charges is considered (Yang et al., 2020; Gao et al., 2021). In other words, a flexible weak coupling relationship between different energy forms is formed by the comprehensive energy consumption behavior (CECB) on the user side. At present, most of the works on regional IES are based on the analysis of strong coupling between different energy systems on the supply side (Wang et al., 2021). However, there are limited research findings on the investigation of weak coupling mechanisms between supply and demand sides from the perspectives of source and load combined with the CECB of users. A joint optimization strategy for both the supply and demand sides is presented in reference (Zheng et al., 2018). It considers the behavior analysis of demand-side customers. The joint planning of users and energy systems has not been well investigated. To this end, this study mainly focuses on addressing the joint planning between the supply side and the demand side from the standpoint of system operation optimization.
(b) The CECB of demand-side users and the investment and construction of various energy companies on the supply side are affected by the government’s policy guidance. Especially in projects such as power supply transformation and electric energy substitution, the role of the government is particularly significant. Many of the existing works also adequately account for the impact of various environmental policies. As is shown in reference (Zheng et al., 2018), a decentralized scheduling model of multi-regional IES in account of carbon trading costs is built. Reference (Zhou and Zhao, 2013) considers environmental protection as one of the indicators for the evaluation of the microgrid in the park and establishes a multi-criteria evaluation system for the IES. The above studies simply deal with the relevant policy standards formulated by the government as the basic parameters in the model, and then evaluate the social and environmental benefits of the planning scheme (Liao et al., 2018; Wang et al., 2023; Zhang et al., 2023). There are limited works consider the government as an independent decision-making body, giving full play to the initiative of the government, and optimize the planning of various policy standards (Yang et al., 2021b; Fu et al., 2023; Zhu et al., 2023).
To sum up, this paper deeply analyzes the comprehensive energy use behavior of users, and considers the government as the decision-making body into the planning model, and proposes a wide-area IES planning method based on game theory, which considers the comprehensive energy use behavior of users and policy guidance (Li et al., 2021b). Firstly, by analogy with the regional IES with rigid and strong coupling characteristics, a wide-area IES with users' integrated energy consumption behavior as weak coupling nodes is proposed, and the users' integrated energy consumption behavior is analyzed. Then, the planning benefit models of various market players in the IES are constructed respectively, and the government’s assessment model of pollution emissions from both supply and demand sides is established based on the environmental benefits of energy supply transformation. On this basis, a two-level dynamic game planning model for wide-area IES is created based on the analysis of the game mechanism involving users, the government, IES, and various market players. Finally, the model is solved using the iterative search approach. In comparison to current studies, this paper’s primary contributions are as follows:
(a) The concept of wide-area IES is proposed, which reveals a weak coupling relationship between various forms of energy based on the link of integrated energy consumption behavior of users. It is based on research of traditional regional IES and the analysis of integrated energy consumption behavior of demand-side users.
(b) A wide-area IES planning method considering users' integrated energy use behavior is proposed, and the utility model of users' energy use decision-making is used to evaluate the level of all kinds of new load in the region, so as to guide the planning and construction of IES.
(c) In the planning of wide-area IES, the government should be considered as the main body of planning and decision-making, and users should be guided to carry out energy supply transformation by adjusting the energy subsidy standards of users, so as to effectively improve the environmental benefits in the region.
2 WIDE AREA INTEGRATED ENERGY SYSTEM
The wide-area integrated energy system couples many energy types, including electric, heat, and natural gas energy, in the production and consumption of energy. This system not only has strong coupling characteristics of various energy systems on the source side based on various energy conversion equipment, but it also includes various energy systems on the source-load side based on users. As shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram of weak coupling relationship of wide-area integrated energy system.
2.1 Analysis of strong coupling characteristics of integrated energy system
At present, the analysis of the coupling relationship of the system containing electricity, gas and heat has been widely used in the related research of various integrated energy systems, and the concept of energy hub is introduced to depict the coupling relationship between different forms of energy at the source side, reflecting the static relationship between energy transmission and conversion. The energy hub can be equivalent to an energy multi-input and multi-output conversion structure. The input end is the energy vector [image: image], the output is the load vector [image: image], and C is the energy conversion matrix:
[image: image]
Because the coupling coefficient matrix C depends on the parameters of various energy conversion elements, once the coupling elements are selected, the energy conversion relationship is uniquely determined. Therefore, this paper calls it a strong coupling relationship between various forms of energy in the IES.
2.2 Analysis of weak coupling characteristics based on user’s comprehensive energy consumption behavior
The CECB of users, which displays the connection between the source and load sides, is the foundation upon which the coupling relationship between various kinds of energy is built in the wide-area integrated energy system. Because the CECB of users is affected by the energy price, there is a certain game relationship between the CECB of users and the pricing behavior of the energy system. Therefore, this coupling characteristic in the wide-area IES reflects the steady-state relationship between the production and consumption of energy.
By analogy with the energy conversion relationship in the IES, in the wide-area IES, since the total load of various users on the user side is relatively stable, the load demand of various types in the region depends on the proportional coefficient x of various energy supply modes selected by users.
[image: image]
In (2):
[image: image]
In (3): M is the number of user types; [image: image] represents different user types; [image: image] indicates different modes of energy supply and can be taken as [image: image]、 [image: image]、 [image: image], which indicates that the energy is supplied by electric energy, natural gas and coal respectively when representing the energy supply mode, and indicates that the load is electric load, natural gas load and coal load respectively when representing the load; [image: image] is the proportion of selecting the energy supply mode [image: image] from the users of [image: image] type.
Because the user’s behavior of choosing the way of energy supply is influenced by the user’s own characteristics and external factors such as energy prices, policy guidance and so on, and there is a game behavior between the user and the energy system, the proportional coefficient has a certain volatility, and this paper calls different forms of energy as a flexible weak coupling relationship linked by the user’s comprehensive energy use behavior.
2.3 Analysis of comprehensive energy use behavior of users
When selecting the energy supply mode, the user usually hopes to use the energy supply mode with the minimum energy cost and the maximum utility value while ensuring the user’s comfort. Therefore, this section makes a quantitative analysis and calculation of the energy cost and comfort under various energy supply modes, so as to calculate the deterministic utility value of each energy supply mode, and then incorporate the ambiguous usefulness in the user’s behavior in making choices. The utility model for deciding how much energy to utilize is established.
2.3.1 Economic indicators
The cost of various energy supply modes, including investment costs and energy consumption costs, as well as energy prices, government subsidies, and user energy consumption levels, are all included in the economic index.
[image: image]
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In (5): [image: image]、 [image: image]、 [image: image] can be used, which means that the energy is supplied by electric energy, natural gas and coal respectively when it represents the energy supply mode, and the load is electric load, natural gas load and coal load respectively when it represents the load; [image: image]、 [image: image]、 [image: image] are respectively the total cost, investment cost and energy consumption cost of various energy supply modes in the total demand of class k load the region [image: image]; [image: image] is the present value of investment cost; [image: image] is the service life of various energy supply equipment; [image: image] and [image: image] are the market price and government subsidy of fuel used by various energy supply modes respectively; [image: image] is energy consumption; [image: image] is the discount rate.
2.3.2 Comfort index
This section uses an exponential function that takes into account environmental elements to characterize the comfort of various energy supply modes for the user:
[image: image]
In (6): [image: image] is the user’s comfort income; [image: image] is the coefficient of user’s comfort income; [image: image] is the energy utilization coefficient of the user; [image: image] is a random quantity related to external factors.
The energy utility of users is modeled using the analytical hierarchy process (AHP). According to their own energy preferences, different types of users score the importance of various factors to obtain the weight value of each index (Zhang et al., 2021), so as to calculate the deterministic utility value of various energy supply modes selected by various types of users, and set the modified utility [image: image] for the uncertain factors in user selection behavior. It reflects the random preference of decision makers and represents a contingency of user’s choice behavior. Then the utility value function [image: image] of the user of type p for the energy supply mode q is:
[image: image]
In (7): [image: image] and [image: image] are respectively the normalized values of the economic index and the comfort index after dimensionless treatment.
According to the utility maximization decision criterion, combined with the Logit model, the calculation method of probability distribution function can be used to deduce and calculate the probability of p-type users choosing energy supply mode q. The specific derivation process is detailed in literature (Ma et al., 2021). In this paper, [image: image] is used to characterize the proportion of energy supply mode q in p-type users.
[image: image]
Based on the above analysis of energy consumption behavior of users, the proportional coefficient x of various energy supply modes selected by various users is determined, and then various load levels are determined in combination with the basic load in the region, so as to guide the planning and construction of the IES.
3 PLANNING MODEL
This paper views the government as an independent decision-making body and collaborates on wide-area integrated energy system planning with the two main groups of users and integrated energy systems because the subsidy standard of government decisions will significantly influence the user’s choice of energy supply mode, further affecting the user’s load level and the planning and construction of various energy systems.
3.1 Integrated energy system planning model
The market investors in the IES will renovate, expand, and build new facilities for the energy supply system against the backdrop of energy substitution by demand-side users, to meet the demand of new electricity load and natural gas load in the region and respond to the requirements of energy saving and emission reduction. Power generation firms, grid firms, and natural gas firms are among the major IES investors taken into account in this study. To get the most out of gas-fired units, power production businesses want to minimize their investment, operation, and environmental expenses while maximizing their revenue from electricity sales. For grid firms, minimizing network loss of lines and investment costs will maximize benefits. In order to lower pipeline investment expenses and system operating costs, boost gas sales revenue, and maximize revenue are the goals of natural gas firms.
The revenue function of the generation company is as follows:
[image: image]
In (9): [image: image] is the total revenue of the generating company; [image: image] is the power generation company’s revenue from selling electricity; [image: image] is the price of new gas-fired units as an investment; [image: image] is the price of buying gas for the gas-fired units; [image: image] is the operating cost of the unit; [image: image] is the environmental cost of unit sewage discharge; [image: image] represents the planning cycle; [image: image] is a set of power system nodes; [image: image] is the electrical power at node i at time t; [image: image] is the gas purchasing power at node i at time t; [image: image] is the duration of the new gas-fired units' service life; [image: image] is the set of gas-fired units to be selected; [image: image] is the 0-1 variable for the construction of the gas-fired unit [image: image] to be selected; [image: image] is the investment costs of the gas-fired unit [image: image] to be selected; [image: image] and [image: image] are running expenses for coal- and gas-fired units under unit power; [image: image] and [image: image] are the output of both the coal-fired and gas-fired units at time t; [image: image] and [image: image] are the environmental cost of gas-fired units and coal-fired units under unit power; [image: image] and [image: image] refer to the both the operational set of coal-fired units and the set of gas-fired units.
The revenue function of the grid company is as follows:
[image: image]
In (10): [image: image] is the total revenue of the power grid company; [image: image] is the income of the grid company; [image: image] is the set of transmission lines; [image: image] is the operation cost of line l in time period t; [image: image] is the reliability cost of line l in time period t; [image: image] is the upfront expense of installing new transmission lines; [image: image] is the operation cost of power grid company; [image: image] is maximum power value flowing through line l; [image: image] is the capacity of line l; [image: image] represents unit outage losses; [image: image] is the expected value of the power shortage of the line l in the time period t; [image: image] is the transmission line’s useful life; [image: image] is the set of transmission line to be selected; [image: image] is the construction 0-1 variable for the construction of the transmission line b to be selected; [image: image] is the transmission line b’s investment cost that will be chosen.
The natural gas company’s revenue function is as follows:
[image: image]
In (11): [image: image] is the total revenue of the natural gas company; [image: image] is the income of the natural gas company; [image: image] is the expense of maintaining the natural gas network; [image: image] is the investment cost of new gas transmission pipeline; [image: image] is a node set of the natural gas network; [image: image] is the natural gas power at node J at time t; [image: image] is a collection of air source points; [image: image] is the operating cost per unit power at source point h; [image: image] is the natural gas power at time t at gas source point h. [image: image] is the gas transmission pipeline’s lifespan; [image: image] is a set of gas transmission pipeline to be selected; [image: image] is the investment variable 0-1 of gas transmission pipeline [image: image]; [image: image] is the price of the chosen gas transmission pipeline as an investment.
Power balance constraints, power flow constraints, transmission capacity limitations for lines and pipelines, and output restrictions for units and gas source points are the main constraints of each subsystem in the IES. For more information, see reference (Yang et al., 2019). The relevant restrictions of gas-fired units serving as IES coupling nodes must also be taken into account.
(a) Gas-fired unit output constrain
[image: image]
In (12): [image: image] and [image: image] indicates the upper and lower limits of the output of the gas-fired unit g;
(b) Coupling node power balance constraint
[image: image]
In (13): [image: image] is the electric current entering the coupling node; [image: image] is the coupling node’s natural gas power input; [image: image] is the conversion coefficient of the gas-fired unit; [image: image] is the electrical power flowing out of the coupling node; [image: image] is the load of the coupling node.
3.2 Government decision-making model considering environmental benefits
Users and integrated energy systems focus on economic benefits when making planning decisions, while the government pays more attention to social and environmental benefits. Taking the government as the main body of decision-making can comprehensively evaluate the environmental benefits brought about by the transformation of users' energy supply mode, so as to make planning decisions more reasonable. In this paper, a government planning model considering environmental benefits is constructed, which takes the minimum emission of user side and supply side as the optimization objective, and takes the transformation subsidy and the scale of energy supply transformation of user side affected by construction conditions as the constraints.
[image: image]
In (14): R is the total emission of the user and the energy system in the formula; [image: image] and [image: image] are decision-making variables for the government: electricity price and gas price subsidy standards; [image: image], [image: image], [image: image] and [image: image] are the amount of pollution d emitted by the unit gas consumption of gas-fired units, the unit coal consumption of coal-fired units, the unit gas consumption of gas-fired units, and the unit coal consumption of gas-fired units, respectively; [image: image], [image: image], [image: image] and [image: image] are respectively the consumption of coal and gas by users who use coal and gas, as well as the consumption of coal and gas by coal- and gas-fired units in power plants. [image: image] is the emission weight factor of the pollutant d; [image: image] is the type of pollutant.
The constraints to be considered when the government decides on the subsidy standard are as follows:
(a) Government subsidy constraint
[image: image]
In (15): [image: image] and [image: image] are respectively the upper and lower limit of electricity price subsidy; [image: image] and [image: image] are respectively the upper and lower limit of gas price subsidy.
(b) Constraints on the scale of energy supply transformation at the user side
[image: image]
In (16):
[image: image]
In (17): [image: image] is the proportion of energy supply transformation completed in the region; [image: image] and [image: image] are respectively the upper and lower limits of the scale of energy supply transformation for users in the region.
3.3 Wide-area integrated energy system joint planning model based on two-level game
3.3.1 Game relationship analysis
The user, the government, and the IES are the decision-making subjects in the collaborative planning of a wide-area integrated energy system taking the influence of the government into consideration. The user can decide the way of energy supply transformation, the IES can decide the topology of each energy network and various energy prices, and the government can decide the subsidy standard for transformation. They include several power generation corporations, power grid companies, and natural gas companies, as well as other investors in the energy market. The transitive relationship of each subject in planning and decision-making is shown in Figure 2. In the planning and decision-making process of the outer wide-area IES, the user decides the energy supply transformation scheme according to the energy price determined by each energy company and the energy price subsidy of the government, and transmits the transformation result to the government, and feeds back various load increments to each energy company at the same time. According to various load data from the user side, each energy company in the IES determines the expansion, new construction, and pricing scheme of each energy system, transmits energy price information to the user, and reports to the government the pollution discharge situation of each energy company. The decisions of the new units of the power generating company and the new lines of the grid company in the source side and the grid side of the power system immediately affect each other during the inner IES decision-making process. The decision of the natural gas company to build a pipeline may have an impact on the new construction scheme of the gas-fired unit of the power generation company. Additionally, the node marginal gas price set by the IES’s economic and safe dispatch may have an impact on the power generation company’s plan to purchase gas. On the other side, the choice of the natural gas company to build a pipeline may be influenced by the newly constructed gas-fired unit of the gas generation company. The mixed power flow data sent by gas units has an indirect impact on the decision-making of power grid enterprises and natural gas corporations. As a result, the three energy market investors in the IES make their own decisions on their own, independently of one another, and have an influence on one another.
[image: Figure 2]FIGURE 2 | Transfer relationship diagram.
According to the pollution discharge of users and energy systems in the region, the government makes a comprehensive evaluation of the environmental benefits of the renovation project, and revises the subsidy standard to guide users and energy systems to make more reasonable planning decisions. The environmental benefits of the renovation project are comprehensively evaluated and the subsidy standards are revised to guide the users and the IES to make more rational planning and decision-making. Therefore, the user, the IES and the government make decisions independently and influence each other, which also constitutes a game relationship. Therefore, in this paper, the multi-agent in the wide area IES planning considering the influence of the government constitutes a two-level game framework.
3.3.2 Game behavior analysis
In the planning process, the electricity generating company, the grid company, and the natural gas company can all understand all of the strategic information of other firms. The user, the government, and the IES can all understand the strategic information of each other. This is because the planning and decision-making of the wide-area IES must be completed jointly under the premise of independent decision-making. In the planning of energy supply transformation project, the government should first formulate the subsidy standard, then the user decides the way of energy supply transformation according to the current energy price and policy, and finally the energy company decides the planning and construction of the system based on the load level, so the main body of the outer layer gives the decision-making scheme successively.
The electricity-gas mixed power flow is computed using the sequential solution approach in this study for the IES planning. Before calculating the natural gas network power flow based on data from gas-fired units and natural gas businesses, the power network power flow is first computed using data from power generation companies and grid companies. As a result, each investor makes their decisions in the inner IES one at a time. Therefore, all participants in the wide-area IES in this paper constitute a two-tier complete information dynamic game pattern. The game behavior diagram is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Schematic diagram of game behavior.
In an outer game round, the government first evaluates the environmental benefits of the current renovation project, adjusts the subsidy standard for energy supply renovation, and gives a decision [image: image] to reduce the discharge of pollutants in the area; Then the information is transmitted to the user, and the user determines the energy supply transformation mode according to the energy price and its subsidy standard, and gives a decision [image: image], which makes the expenditure cost of the user side minimum; Next the load information is transmitted to the IES. In an inner game round, the power generation company selects the location and capacity of the new power source according to the power load demand of the user and the natural gas network information at the coupling node, and gives a decision [image: image], to maximize the revenue of the power generation company; Then according to its own planning scheme, the power grid company determines the new construction scheme of the transmission line and gives a decision [image: image], to maximize the revenue of the its own company; After that, the power flow information on the coupling node is transmitted to the natural gas company, which adjusts the new construction scheme of the gas transmission pipeline according to the natural gas load demand of the user side, and gives a decision [image: image], to maximize the profits of its own company; The decision-making scheme of the three investors makes the topology of the IES update and enter the next inner game round. The inner layer dynamic game equilibrium state forms and the decision [image: image] of the comprehensive energy system is made when neither the power generation company, the power grid company, nor the natural gas company can increase their profits by modifying their business models. At this time, the decision-making scheme of the three outer subjects updates the planning information of the wide-area IES and enters the next outer game round. When any party of the government, users and IES changes its strategy, it can not improve its own income, and an outer game equilibrium state is formed.
Among them, the game equilibrium state of each investor in the inner IES is described as follows:
[image: image]
The game equilibrium state of each participant in the outer wide-area IES is described as follows:
[image: image]
4 MODEL SOLVING
The planning problem in multi-agent game environment is an independent optimization problem for each participant based on their own objectives, and it is hard to solve the problem by a unified optimization method. This study employs the iterative search approach to resolve the Nash equilibrium for the aforementioned game model, and Figure 3 illustrates the precise solution procedure. The following is a detailed presentation of the solution steps:
Step 1: Add the settings and raw data. Set up the necessary data, such as the load data, unit output data, and energy supply equipment data (price, energy consumption parameters, and sewage parameters).
Step 2: Generate the strategy space of the players in the inner and outer layer game. Wherein, strategy space of each participant in the outer layer: the government generates its planning strategy space according to the set of transformation subsidies to be selected; The user generates an energy supply transformation strategy space according to the user energy supply transformation candidate set in the whole region; The IES generates the system planning strategy space according to the set to be selected of new facilities construction and pricing of each energy company. Strategy space of each participant in the inner layer: the power generation company generates its strategy space according to the set of new units to be selected; Power grid company generates its strategy space according to the set of new transmission lines to be selected; The natural gas company generates its strategy space according to the set of the newly-built gas pipelines to be selected. [image: image], [image: image], [image: image], [image: image], [image: image] and [image: image] are, in turn, the total number of elements in the strategy set of government, user, IES and generation company, grid company, gas company as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Solution flow chart.
Step 3: Set the initial value. Randomly pick a set of values [image: image] and [image: image] from the inner and outer strategy spaces, respectively, as the iterative initial values of the inner and outer layer game.
Step 4: Participants refine the plan. The government, the users, and the IES make decisions on their own planning schemes once more in the outer game round, and they calculate the ultimate benefits using the data from other players in the earlier round. The investors of the three companies alter the planning scheme in the inner game round based on information from other companies in the previous round and recalculate the final income based on the combined information on power flow and energy price.
Step 5: judge whether equilibrium state is reached. Outer equilibrium state: in the wide-area IES, the benefits of government, users and the IES are the same in two consecutive game rounds, that is, [image: image]; Inner game equilibrium state: all energy investment companies in the IES have the same returns in two consecutive inner game rounds namely, [image: image].
Step 6: Output the final decision-making scheme [image: image] and its benefits of the three main bodies of the users, the government and the IES.
5 EXAMPLE ANALYSIS
5.1 Parameter setting
A regional IES is made up of a modified IEEE24 power system (Ding et al., 2021) and a modified 17-node natural gas system (Wang et al., 2022), with the majority of the geographical overlap between the nodes of the two systems. And node 5′, 6′, 10′, 11′, 14′ of that natural gas network cover a plurality of electric pow network nodes as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Topological structure diagram of integrated energy system.
The power system has three gas-fired units, and Tables A1, A2 in the appendix, respectively, provide specific information on the gas-fired units and transmission lines to be chosen; 15 traditional natural gas loads and 4 natural gas sources make up the natural gas system. Table A5 in the Appendix displays the natural gas network’s parameters. Table A3 in the appendix displays the information regarding the gas transmission pipeline that needs to be chosen as well as the pertinent natural gas network parameters. Among them, the transmission line’s unit investment cost per km is 680,000 yuan, and the gas transmission pipeline’s unit investment cost per km is 1.02 million yuan. If the area is divided into power nodes, the energy supply loads to be modified in each zone are shown in Table A4 of the Appendix. The electricity subsidy for users is 0.1 yuan/kw⋅h, and the gas subsidy is 1 yuan/m3. Different types of users have different preferences for the economy and comfort of energy supply modes. Based on the hierarchical structure of user utility, the judgment matrix is constructed, and the weights of various indicators for different types of users are obtained as shown in Table 1. The construction of judgment matrix and the determination of weight are analytic hierarchy process. The key to applying to the evaluation system. The steps of judgment matrix construction and weight solution are divided into. For the following sections:
TABLE 1 | Weight coefficient of each type of user for each index.
[image: Table 1]Step 1: The problem is decomposed and combined to establish a hierarchical knot. Structure, clearly shows the relationship between the various levels.
Step 2: The three-scale method is used to compare the elements of the same layer. A comparison matrix A is established.
[image: image]
Using the three-scale method, we can get:
[image: image]
Step 3: Calculate the ranking index of the importance of each element of the comparison matrix. The comparison matrix is transformed into a judgment matrix.
In this paper, three scenarios are set up to solve the problem of wide-area IES planning considering the comprehensive energy use behavior of users and government participation in decision-making: scenario 1 is the IES planning without considering the analysis of comprehensive energy use behavior of users; Scenario 2 is the joint planning of wide-area IES considering the analysis of users' integrated energy consumption behavior; Scenario 3 is a wide-area IES planning that considers the analysis of users' integrated energy consumption behavior and the government’s participation in planning and decision-making.
5.2 Planning results
Under the three scenarios, the planning results of the outer participant users, the IES and the government are shown in Table 1, and the planning results of the inner energy investor power generation companies, power grid companies and natural gas companies are shown in Table 2.
TABLE 2 | Planning results of each market investor in the integrated energy system.
[image: Table 2]The planning outcomes for each investment company in the IES under the three scenarios are different, as shown in Table 1, and there are several reasons for this. The CECB of customers is not taken into account in Scenario 1, only the strong coupling properties between various energy sources in the total energy system. Scenario 2 and Scenario 3 plan the wide-area IES based on the CECB of users. On the basis of Scenario 1, the weak coupling characteristics between different forms of energy sources formed by the CECB of users are further considered. However, the planning schemes in scenario 2 and scenario 3 are also different. The reason is that compared with scenario 2, scenario 3 considers the government as the main body of planning and decision-making to participate in the planning of wide-area IES. In order to maximize the environmental benefits of energy supply transformation, the company guides users to carry out coal-fired transformation by adjusting the subsidies for electric energy and natural gas energy consumption. The planning decisions of each company in the IES are adjusted with the changes of various loads on the user side.
5.3 Necessity analysis of considering user’s comprehensive energy use behavior
In order to validate the necessity of considering the CECB analysis of users in the wide-area IES planning, it is assumed that the total new load on the user side is the same in scenario 1 and scenario 2. In scenario 2, the analysis of customers' energy consumption patterns can be used to determine the new load for each zone, as shown in Table 3. A comparison of the benefits of the IES in Scenario 1 and Scenario 2 is shown in Table 4.
TABLE 3 | Newly increased load of each area.
[image: Table 3]TABLE 4 | Scenarios 1 and 2 integrated energy system benefits.
[image: Table 4]It can be seen from Table 3 that there is little difference among all kinds of new loads in each region, because compared with coal-fired energy supply, after considering government subsidies, the index values of electric energy and natural gas are more similar, and their comfort is better than coal-fired, but the economy is poor. Therefore, the proportion of electric energy and natural gas chosen by all types of users in each region is not much different. On the other hand, the new load in some areas is relatively high, such as node areas 3, 8 and 16, which is mainly due to the high coal load to be transformed, and is also affected by the energy price of each node to a certain extent.
The IES planning results under the two scenarios in Table 2 are further compared and analyzed in combination with Table 3. In Scenario 1 and Scenario 2, most of the new lines and pipelines are connected with gas-fired units, because the coupling characteristics of gas-fired units are considered, which effectively promotes multi-energy complementarity. Compared with Scenario 1, in Scenario 2, the power generation company adjusts Unit 23 to Unit 16, and the electrical load of Node 16 is higher; Some new lines 1-2, 7-8, 12-13 and 14-16 of the power grid company are connected with the new gas-fired units, and the natural gas company builds an additional pipeline 4′-5′ to connect with Unit 16, which is the result of source-network coordination planning and is more conducive to the realization of economic dispatch of the IES. Scenario 2 takes into account the user’s CECB analysis, fully considers the user’s own characteristics, energy prices, subsidies and other factors, so as to make a reasonable assessment of the load level of each region, which can improve the effectiveness of guiding the planning and decision-making of the IES.
Table 4 illustrates how little has changed between scenario 2 and scenario 1 in terms of overall income and investment costs for the two power firms. This is due to the fact that the total demand for power is the same in both scenarios, despite an increase in the natural gas company’s overall revenue of 1.24 × 109 yuan and an increase in investment costs of 5.82 × 107 yuan.
In Scenario 2, the gas purchases by the power production firm are increased, increasing the natural gas company’s revenue from gas sales. In Scenario 2, a new gas transmission pipeline is built concurrently due to an increase in the demand for natural gas. This results in an increase in the investment cost for the natural gas firm, and the operation cost also rises as the supply of gas grows. The operating cost of the power generation company increased by 107 yuan. This is due to the fact that the cost of purchasing coal has decreased for the power generation firm, and some thermal power unit power generation jobs have also been transferred to gas power units, while the operating costs of gas units are greater than those of thermal power units. The environmental cost of power generation firms is also decreased because gas-fired units have a lower environmental cost than thermal power units. As far as the reliability cost of the grid company is concerned, although the new transmission distance in scenario 2 is slightly increased from the perspective of investment cost, the reliability cost is reduced because the planning of gas-fired units and lines in scenario 2 is more reasonable. From the overall income point of view, the income of all investors has improved.
To sum up, comparing the planning results and the benefits of various subjects in scenario 1 and scenario 2, different from the traditional IES planning in scenario 1, which only considers the interaction of the source side and lacks the correlation analysis of source and load side, scenario 2 combines the CECB of users and takes into account the game behavior between users and various energy investors. In scenario 1, various loads on the demand side are reasonably evaluated and predicted, so as to guide the IES to carry out more refined planning and construction, and effectively enhance the income of each investor.
5.4 Analysis on the necessity of government participation in planning and decision-making
In order to validate that the method proposed considers the influence of the government’s participation in the planning as a game subject in the wide-area IES planning considering the analysis of users' energy consumption behavior, the planning results of scenario 2 and scenario 3 are compared and analyzed in this paper. The planning results of each subject in scenario 2 and scenario 3 are shown in Table 5, and the benefits of the IES are shown in Table 6. The government’s environmental benefits are shown in Table 7.
TABLE 5 | Planning results of each participant in the outer layer.
[image: Table 5]TABLE 6 | Scenarios 2 and 3 integrated energy system benefits.
[image: Table 6]TABLE 7 | Total user and government benefits for scenarios 2 and 3.
[image: Table 7]It can be seen from Table 5 that in Scenario 2 and Scenario 3, the energy supply transformation decisions of the main users, the pricing strategies of the IES and the government’s subsidy standards are different. This is because Scenario 3 considers the government as the main body of planning and decision-making, which leads to the adjustment of the user’s energy subsidy standards, thereby affecting the decision-making of users and energy systems.
According to Table 6, the total revenue in scenario 3 increases by 7.7 × 108 yuan in terms of IES compared to scenario 2, with the revenue of two power companies increasing, the revenue of the power generation company rising by 1.29 × 109 yuan, the revenue of the power grid company rising by 3.1 × 108 yuan, but the revenue of the natural gas company falling by 8.3 × 108 yuan. The reason is that, as shown in Table 5, the electricity price subsidy decided by the government is increased by 0.008 yuan/kw⋅h, and the gas price subsidy is reduced by 0.03 yuan/m3. Under this energy supply transformation subsidy policy, all energy companies choose the planning scheme that maximizes their gains or minimizes their losses in the equilibrium game process. The proportion of natural gas energy supply transformation only decreases by 0.54% as far as natural gas companies are concerned, and at the same time, it can also increase the demand of power generation companies for natural gas, as can be seen from the significant increase in the purchase cost of power generation companies. This decision is made on the basis of the decline of natural gas subsidies. Therefore, the income of natural gas companies increased by 9.6 × 108 yuan, but due to the expansion of investment and production, the corresponding increase in investment costs and operating costs, the overall income of natural gas companies has declined. As for the power companies, the costs of investment and operation of power generation businesses as well as the revenue from electricity sales have increased due to the increase in subsidies for the transformation of the power supply as well as the increase in power load demand on the user side. The cost of coal purchase decreased by 4.13 × 108 yuan while the cost of gas purchase increased significantly by 1.282 × 109 yuan after the natural gas company reduced the price of gas. As a result, the cost of coal purchase decreased while the cost of gas purchase increased significantly. At the same time, more gas-fired units are used to undertake the task of power generation, which can also effectively control the environmental cost. However, due to the increase of total power generation, the environmental cost still increases slightly. Therefore, on the whole, the income of power generation companies is further improved. As far as the grid company is concerned, due to the increase of power users, the level of electricity load has been improved, and the grid company needs to improve the transmission capacity of the power network, so the investment cost of transmission lines has increased by 2.45 × 107 yuan, and the transmission income has also increased by 5.2 × 108 yuan. Because the increase of transmission distance also increases the reliability cost by 1.89 × 108 yuan, the overall income of power grid companies has increased.
Table 7 shows that in the government’s case, in comparison to scenario 2, the total pollutant discharge in the area in scenario 3 is reduced by 1.97 × 107 tons, with the pollutant discharge on the user side being reduced by 2.27 × 107 tons and the pollutant discharge on the supply side being increased by 3 × 106 tons. The reason is that the proportion of user-side electric energy supply and total energy supply transformation has increased, and more users choose pollution-free electric energy supply mode. On the other hand, from the environmental cost analysis of the above power generation companies, it can be seen that the increase in emissions on the supply side is not large, so the total emissions in the region can be reduced.
To sum up, Scenario 3 considers the government as the main body of the game to participate in the wide-area IES planning, and fully takes into account the impact of government policy guidance, which can effectively guide users to carry out energy supply transformation, thus improving the environmental benefits of user-side energy supply transformation. As far as the IES is concerned, under the adjustment of government subsidies, the investors effectively guarantee their own benefits or minimize losses through overall planning.
6 CONCLUSION
This article proposes a planning method for wide area IES, which considers the user’s integrated energy consumption behavior and policy guidance. The income optimization models are built separately for the users, the government, and various market participants in the large-area IES. This serves as the foundation for the establishment of a two-level game model for the joint planning of the wide-area IES, and the iterative search approach is used to solve the model. Finally, the model is validated using a simulation example. The simulation’s findings indicate that:
(a) Based on the correlation analysis of source and load side, this method fully considers the user’s CECB in the wide area IES planning, reveals the flexible weak coupling relationship between different forms of energy based on the user’s CECB as a link, and can realize the coordinated planning of users and IES. Based on the analysis of user’s CECB, the various loads on the demand side are reasonably evaluated and predicted, so as to guide the IES to carry out more refined planning and construction, and effectively enhance the income of each investor.
(b) This method fully takes into account the initiative of the government in the wide area IES planning, and considers the government as the main body of planning and decision-making, which can effectively guide users to carry out energy supply transformation, thus enhancing the environmental benefits of energy supply transformation on the user side. In the IES, joint planning among the investors can ensure their own interests.
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APPENDIX
TABLE A1 | Data of gas turbine units to be selected.
[image: Table A1]TABLE A2 | Data of transmission lines to be selected.
[image: Table A2]TABLE A3 | Existing and candidate pipeline data.
[image: Table A3]TABLE A4 | Coal-fired load (MW) to be renovated for various types of users in each region.
[image: Table A4]TABLE A5 | Relevant parameters of natural gas network.
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