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In this paper, a two-layer optimization approach is proposed to facilitate the multi-energy complementarity and coupling and optimize the system configuration in an electric-hydrogen-integrated energy system (EH-IES). Firstly, an EH-IES with virtual energy storage is proposed to reduce the cost of physical energy storage equipment. Secondly, a two-layer optimal allocation method is proposed under a multi-timescale strategy to examine the comprehensive evaluation index of environmental protection and economy. The upper layer utilizes the NSGA-II multi-objective optimization method for system capacity allocation, while the lower layer performs economic dispatch at the lowest cost. Ultimately, the output includes the results of the equipment capacity allocation of the EH-IES that satisfies the reliability constraint interval and the daily scheduling results of the equipment. The results demonstrate that the electric-hydrogen-integrated energy system with the coupling of multiple energy equipment not only enhances the utilization of renewable energy sources but also reduces the usage of fossil energy and improves the system’s reliability.
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1 INTRODUCTION
The core of achieving the “dual carbon” goal is to reduce carbon dioxide emissions. The integrated energy system (IES) uses clean energy and improves energy efficiency while reducing carbon emissions through multi-energy coupling, which plays a vital role in realizing the “dual carbon” goal and constructing a new energy system in China (Shen et al., 2022).
Due to the widespread use of wind and solar resources, domestic and international scholars have proposed a comprehensive energy system based on power-to-gas (P2G) technology to improve the consumption rate of new energy due to its uncertainty and high volatility (Ma et al., 2021). P2G technology achieves peak shaving for large-scale power grids using electricity to produce hydrogen or natural gas to absorb renewable energy (Yang et al., 2017). In recent years, with the gradual reduction in the cost of electrolytic water hydrogen production technology, hydrogen equipment has rapidly developed and has broad application prospects (Dong et al., 2022). Compared to the technology of converting electricity to natural gas, the chemical reaction of converting electricity to hydrogen is easier to achieve (Li et al., 2022). Therefore, introducing hydrogen energy into the operation of IES—the technology of converting electricity to hydrogen—is beneficial for strengthening the multi-energy flow coupling of IES and consuming renewable energy (Chen et al., 2023). Research on hydrogen energy in energy systems mainly focuses on hydrogen production from electricity, hydrogen fuel cells, and hydrogen storage. Zhang et al. (2023) constructed an integrated hydrogen energy system that utilizes electrolytic cells to produce and store hydrogen during wind power generation. During peak load periods, hydrogen energy is converted into electrical energy supply through fuel cells to improve system energy utilization. Dong et al. (2023) proposed using wind power hydrogen production equipment in IES, which achieves hydrogen production by controlling the operation mode of the equipment.
The function of demand-side response (DR) is to guide users to change their original energy usage habits through electricity price signals or incentive mechanisms, which significantly promotes the operation of the integrated energy system in a more secure, reliable, economical, and efficient mode, improves the optimal allocation of resources, and is also a vital measure to fully integrate renewable energy, such as wind power, into the grid (Xang et al., 2020). Yang et al. (2020) established an integrated demand response (IDR) system based on detailed price-based and alternative response descriptions. Li et al. (2021a) started from the perspective of demand response, and based on the analysis of the interactive response characteristics of multi-energy loads, they introduced horizontal complementary substitution and vertical time-shift strategies of electricity–gas–heat–cold, as well as the collaborative complementation and flexible conversion of multi-energy sources. A stochastic, robust optimal operation model of a regional integrated energy system is established based on comprehensive demand response.
When planning and calculating the economic cost of an integrated energy system, it is essential to consider the system’s capacity, configuration, and operation (Li et al., 2021c). Failure to consider the system’s operation can result in an inaccurate calculation of the system’s financial results, leading to overinvestment in the design and wastage or underinvestment of previously independent resources, ultimately leading to resource shortages (Qiao et al., 2023). Therefore, the proper operation of IES is crucial for its configuration (Li et al., 2020). The first step in constructing IES is integrating and harmonizing the design of equipment capacities within the power grid, gas network, and heating network coupling system. Researchers in home and abroad have explored ways to optimize the configuration and operation of IES collaboratively (Xiong et al., 2022). Shen et al. (2022) aimed to minimize the total cost of the integrated energy system and annual carbon emissions. They considered the complementary coupling characteristics and distribution ratio of the integrated energy system’s capacity optimization allocation based on the principle that heat determines electricity and vice versa. This approach considers the interplay between different energy systems and their respective capacities to achieve a more efficient and sustainable operation of the integrated energy system (Yang et al., 2023).
In terms of optimizing planning objectives, domestic and foreign research mainly considers factors such as long-term system operation economy, reliability, and environmental protection to achieve optimization of system equipment capacity or model (Shen et al., 2022). Research on IES scheduling at multiple timescales is mainly aimed at improving the stability and economy of IES and ensuring the safe and reliable operation of the system through the prediction accuracy of high renewable energy generation, thereby improving the system’s ability to absorb renewable energy (Zhu and Gao, 2023). Mu et al. (2020) and Li et al. (2021b) adopted the bi-level programming method of distribution networks, wherein they constructed a capacity allocation model for IES in the upper layer and an operating model for IES in the lower layer. Economic optimization is taken as the objective function, and the configured equipment capacity is obtained by optimizing the upper and lower layers (Saberi et al., 2023).
Therefore, based on the existing work and the electric–hydrogen-integrated energy system (EH-IES) basic architecture model, this paper establishes a two-layer capacity allocation optimization model that combines EH-IES planning and operation based on NSGA-II algorithm-linear programming. The objective function of the upper-level configuration model is to minimize the total system cost and carbon dioxide emissions, and the accurate part of the lower-level operation model is to reduce the total cost. At the end of the iteration, the capacity configuration and total cost of the IES equipment are obtained. The configuration capacity results of the system in different scenarios are compared and analyzed, and then the economic scheduling of the lower layer runtime is studied. Finally, the effectiveness of the model proposed in the article is verified through a calculation example, which provides a basis and reference for the construction and operation of IES. The detailed contributions of this paper are as follows:
1) Incorporating demand-side response as a virtual energy storage system into EH-IES reduces the cost of physical energy storage equipment.
2) Considering both system economy and environment, a two-layer model is adopted for optimal scheduling.
3) To ensure the accuracy of upper-layer capacity configuration results, multi-objective NSGA-II is used for solving.
The remainder of this paper is organized as follows: Section 2 proposes the EH-IES framework, and a mathematical model for EH-IES is established. Section 3 presents the concept of virtual energy storage, shows the mathematical models for user-side demand response virtual energy storage, and establishes a two-level planning model. In Section 4, two cases are used to demonstrate the effectiveness of the proposed method. Finally, the conclusion of this paper is presented in Section 5.
2 EH-IES STRUCTURE AND EQUIPMENT MODEL
2.1 Structure of EH-IES
IES integrates multiple energy sources within the region through coordinated planning and optimized operation to meet the diverse energy demands within the system. The IES operating framework considering efficient utilization of hydrogen energy is shown in Figure 1. As shown in Figure 1, the leading manufacturing equipment for hydrogen is an electrolytic tank, which generates hydrogen and oxygen through the electrolysis of water, belonging to the first stage of the P2G process. The energy equipment directly utilizing hydrogen includes hydrogen fuel cells, gas turbines, and methane reactors. The methane reactor uses hydrogen and carbon dioxide to generate natural gas, which belongs to the second stage of the P2G process. Hydrogen and natural gas are mixed and transported into the gas turbine proportionally, and all the generated electrical energy is supplied to the electrical load. At the same time, a portion of the generated heat energy flows to the thermal load through the waste heat boiler. A small amount is generated through the waste heat recovery device for waste heat generation and then transmitted to the electrical load. Equipping gas turbines with waste heat power generation equipment, to a certain extent, decouples the constraint of “determining electricity based on heat,” making their energy supply more flexible. The system is also equipped with a hydrogen fuel cell, which can directly utilize hydrogen to generate electrical and thermal energy, achieving the coupling of hydrogen energy with electrical and thermal energy. The system has added energy storage equipment to each energy flow link, enabling the transfer of electricity, heat, gas, and hydrogen energy sources in a specific time sequence, solving problems such as large fluctuations in new energy output and difficulty in prediction, and ensuring the safe and stable operation of the system.
[image: Figure 1]FIGURE 1 | Structure of EH-IES.
2.2 Modeling of energy conversion equipment
2.2.1 Power supply equipment modeling
In the electric–hydrogen-integrated energy system, renewable energy, GT, HFC, and the power grid provide electricity to users. The mathematical model is shown in Eq. 1:
[image: image]
where [image: image] represents the electrical power generated by GT, [image: image] represents the electrical conversion efficiency of GT, [image: image] represents the natural gas power consumed by GT, [image: image] represents the electrical power generated by HFC, [image: image] represents the electrical conversion efficiency of HFC, and [image: image] represents the hydrogen power consumed by HFC.
2.2.2 Modeling of heating equipment
In the electric–hydrogen-integrated energy system, the waste heat generated by GT, the heat generated by HFC itself, and the heat generated by GB, EB, and WH provide heat to the user. The mathematical model is shown in the following equation:
[image: image]
where [image: image] represents the heat production of GT, [image: image] represents the heat conversion efficiency of GT, [image: image] represents the heat production of HFC, [image: image] represents the heat conversion efficiency of HFC, [image: image] represents the heat production of EB, ηeb represents the electric–heat conversion efficiency of EB, [image: image] represents the heat production of GB, [image: image] represents the gas–heat conversion efficiency of BG, and [image: image] represents the residual heat absorbed from GT.
2.2.3 Modeling of cooling equipment
In the electric–hydrogen-integrated energy system, AC and AR provide cooling power to users. The mathematical model is shown in the following equation:
[image: image]
where [image: image] represents the cooling capacity of AR, ηar represents the cooling conversion efficiency of AR, [image: image] represents the residual heat absorbed from WH, [image: image] represents the cooling capacity of AC, ηac represents the electrical cooling efficiency of AC, and [image: image] represents the electrical energy consumed by AC.
2.2.4 Modeling of gas equipment
In the electric–hydrogen-integrated energy system, MR and EL provide natural gas to users. The mathematical model is shown in the following equation:
[image: image]
where [image: image] represents the natural gas power generated by MR, ηmr represents the gas conversion efficiency, [image: image] represents the hydrogen power consumed by MR, [image: image] represents the hydrogen power generated by EL, ηrl represents the electric-to-hydrogen conversion efficiency, and [image: image] represents the electric power consumed by EL.
2.3 Virtual energy storage system
A virtual energy storage system is a theory that utilizes other devices or scheduling strategies to balance the power system’s energy. By transferring or transforming the energy emitted by various types of power sources, the system energy is adjusted to improve the reliability and quality of system operation and economic benefits (Chen et al., 2021). Virtual energy systems offset the lack of energy storage by managing and guiding energy demand interventions and realizing the effect of reducing energy storage capacity and costs. Utilizing virtual energy storage technology to optimize energy at different periods without adding new energy storage facilities, peak-to-low system capacity requirements for damaging backup can improve grid security while improving terminal energy utilization and reducing charging costs.
Demand-side controllable loads (such as air conditioners, water heaters, refrigerators, and electric vehicles) have the characteristics of flexible and controllable operation modes (Wang et al., 2019). The dispatch center can directly control them according to the system needs, or economic measures (such as real-time electricity prices) can guide users to change their energy consumption mode selectively, achieving the purpose of demand-side management.
[image: image]
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where ΔPi indicates the amount of electricity consumption change in the ith period, Pi indicates the power consumption of the ith period, ΔCi indicates the amount of electricity price change in the ith period, Ci indicates the price of electricity in the ith period, and R is a correlation matrix composed of self-elastic coefficients and mutual elastic coefficients.
[image: image]
where [image: image] is the maximum response of the IDR load in the period t and Lidr is the response rate of the IDR load.
3 DOUBLE-LAYER CAPACITY OPTIMIZATION CONFIGURATION MODEL
IES utilizes multiple energy sources for joint energy supply, which is a problem with the combination of the installed capacity of numerous energy sources during capacity configuration. When it comes to economic scheduling, the IES two-layer capacity configuration optimization model is established. The double-layer configuration model includes the upper-layer IES capacity configuration model and the lower-layer IES operation model. The upper-layer capacity configuration model takes the minimum daily investment construction cost and daily operation cost as the objective functions. In contrast, the lower-layer optimization operation model takes the minimum system operation cost as the objective function. The output results of the upper layer serve as the basis for the capacity of the lower-layer operating equipment, and the equipment capacity configured above the lower layer is the installed capacity. The equipment optimization operation strategy is solved using typical scenario daily load data. Figure 2 shows a schematic diagram of the dual-layer capacity configuration.
[image: Figure 2]FIGURE 2 | Building virtual energy storage structure.
3.1 Upper-level model
The decision variable of the IES upper-level model is the installed capacity of equipment within IES, and the objective function is a multi-objective function that includes the total cost of IES and the total carbon emissions of IES. The total price of IES consists of the equivalent equipment investment construction cost and system operation cost of IES.
[image: image]
where Fa indicates the cost of purchasing electricity and gas from the power grid and gas network and Fc indicates the maintenance and operation cost of each device.
3.2 Lower-level model
The lower model is mainly divided into two parts: day-ahead and intraday. The day before dispatching takes 1 hour as the timescale, and the execution period is 24 h. The day-ahead optimal operation status of each energy unit in IES, the real-time price of IDR, and the call plan of the first-type IDR resources are determined and substituted into the day-ahead dispatching. The optimization of intraday scheduling takes 15 min as the timescale and 4 hours as the execution cycle to revise the pre-day scheduling plan. At this stage, it is necessary to determine the call plan for the second type of IDR and the output plan for each energy unit.
[image: image]
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where [image: image] and [image: image] indicates the electricity price and gas price of the grid and gas network, respectively; [image: image] indicates the maintenance price of GT, GB, WH, AC, EL, MR, and HFC, respectively; Fda−idr indicates the invocation cost of the day-ahead incentive demand response; Kda−idr indicates the call coefficient of the day-ahead incentive demand response load; Fia−idr indicates the invocation cost of the intraday incentive demand response; and Pda−idr indicates the call volume of the day-ahead incentive demand response load period t.
[image: image]
Equation 13 represents the lower-level model constraints, mainly including the upper and lower limit constraints on the output of the equipment and the rate of climb constraints for specific equipment.
4 CASE STUDIES
4.1 Calculation example description
The system shown in Figure 1 is selected as the research object for the calculation example. The efficiency and other parameters of each energy conversion equipment are shown in Table 1. The time-of-use electricity price curve corresponding to typical days and the renewable energy and ambient temperature curves of the selected system on specific days in winter and summer are shown in Figure 3.
TABLE 1 | Equipment parameters.
[image: Table 1][image: Figure 3]FIGURE 3 | Wind- and photovoltaic-predicted power.
4.2 Capacity configuration results
Considering the economy and environmental protection of the system at the same time, the NSGA-¢ò algorithm is used to solve the system model. The obtained Pareto optimal solution set is shown in Figure 4. The final capacity configuration results of the system are shown in Table 2.
[image: Figure 4]FIGURE 4 | Upper-level optimization of the Pareto solution set.
TABLE 2 | Upper-layer capacity configuration results.
[image: Table 2]4.3 Day-ahead economic dispatch
Table 3 shows the cost comparison of current low-carbon dispatch under two options. Due to the significant increase in renewable energy output in Scenario 2, the system’s electricity purchase cost decreased by 29.88% compared to Scenario 1, and the natural gas power output of the methane reactor increased. The system’s gas purchase cost decreased by 25.86% compared to Scenario 1. Due to the decrease in demand for cooling, heating, and power loads on the user side, the IDR cost of the system has also decreased by 10.55% compared to Scenario 1, and the total cost of EH-IES has reduced by 25.16%.
TABLE 3 | Day-ahead cost.
[image: Table 3]Figure 5 shows the day-ahead dispatch optimization results of the integrated energy system, where the left image represents Scenario 1 and the right image represents Scenario 2. In the day-ahead optimization stage, the power, heating, and cooling systems jointly participate in energy dispatch. In terms of power supply, since the system incorporates electric boilers and refrigeration equipment, the electric energy generated by the system and the energy conversion equipment in the system must be provided to users. When the output of wind power and photovoltaic units exceeds the demand, the electrolyzer consumes the remaining electric energy to produce hydrogen. It is supplied to the methane reactor and fuel cell. The fuel cell is the leading power generation equipment of the electric–hydrogen-integrated energy system, and the gas turbine mainly provides electric energy to the system when the power supply is insufficient. In terms of heat supply, the heat generated by fuel cells and the thermal power caused by electric boilers serve as the leading heating equipment to provide thermal energy to users. At the same time, the absorption refrigerator absorbs part of the thermal power generated by the system for cooling. When the user’s heat demand is insufficient, the gas boiler and gas turbine work to provide heat power to the user.
[image: Figure 5]FIGURE 5 | Day-ahead dispatching results.
Regarding cold power supply, absorption refrigerators and electric refrigerators provide hard power to users. Electric refrigeration provides most of the mean power demand when the system has excess electric power. The absorption refrigerator offers maximum cooling capacity when the system has excess thermal power to meet partial cooling power requirements.
The comparison of Scenarios 1 and 2 reveals that the increase in renewable energy output in Scenario 2 also significantly increases the production of the electrolytic cell. Therefore, adding the electrolytic cell to the system helps eliminate the redundancy in renewable energy. Due to the increase in cooling load demand and decrease in heating load demand in Scenario 2, the electricity consumption of electric refrigeration equipment increases, and the thermal power absorbed by absorption chillers decreases. Electric refrigeration is the primary cooling equipment. Due to the reduced demand for electricity and heat loads, fuel cells, as the main power supply and heating equipment, have relatively reduced operating power. The analysis of device operation in Scenarios 1 and 2 shows that the demand-side response can reduce energy consumption, increase demand when energy is redundant, and reduce need when energy supply is insufficient, which helps reduce IES operating costs. The reduction in operating expenses is mainly due to decreased power exchange costs, benefiting from peak shaving.
4.4 Intraday economic dispatch
Table 4 shows the cost comparison of intraday scheduling under two schemes. Due to the significant increase in renewable energy production in Scenario 2, the system’s electricity purchase cost decreased by 25.48% compared to Scenario 1. Compared to Scenario 1, the natural gas power generation of the methane reactor increases, while the natural gas purchase cost in Scenario 2 decreases to 0. Due to the reduced demand for cooling, heating, and power loads from the user end, compared to Scenario 1, the IDR cost of the system has also decreased by 28.40%, and the total cost of EH-IES has reduced by 28.42%.The daily scheduling results of IES are shown in Figure 6. The output trend of each equipment in the daily plan is the same as the previous plan. Due to the use of data with higher prediction accuracy, it is closer to the actual situation. The output of coupling equipment and the interaction power between electricity, gas, and external networks have been corrected within the day. The interaction power curve with the power grid fluctuates with changes in electricity prices, and the purchase of electricity during peak hours significantly decreases to achieve economic optimization. Compared to natural gas, which has a longer power scheduling time, when the electricity price is high, it drives GT to generate electricity to maintain the system’s balance of supply and demand. However, when the price of natural gas is high, the output of GT is reduced. The optimization of cold/thermal energy within a day with a scheduling time of only hours is more accurate, and the production of the equipment may also change. The scheduling results before and during the day should be compared. Intraday scheduling can effectively track real-time power fluctuations on the demand side and new energy generation, improving the flexibility of system operation.
TABLE 4 | Intraday cost.
[image: Table 4][image: Figure 6]FIGURE 6 | Intraday dispatching results.
5 CONCLUSION
The collaborative planning of multiple EH-IES equipment, incorporating wind and light equipment, led to an increase in the investment and construction costs of the system equipment. However, the operating costs of the system were significantly reduced. When virtual energy storage devices were added to the system, the system’s flexibility was further increased, and system reliability improved, resulting in a reduction in total operating costs. Adopting a bi-level programming model ensured both the economic scheduling of the system and the rationality of capacity allocation. By adopting a multi-timescale strategy, the lower-level models were scheduled to adjust the production, conversion, and usage of energy, improving the system’s flexibility and allowing it to respond quickly to changes brought about by the energy market, ensuring the economic operation of the system. The article only considered system optimization scheduling in the absence of faults. However, in real life, the system’s function in the event of equipment failure was evaluated. The next step will be to consider multi-state deficiencies in the design and the system’s operation in faulty scenarios west of the equipment to improve its accuracy further.
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