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With the rapid development of hydrogen production by water electrolysis, the coupling between the electricity-hydrogen system has become closer, providing an effective way to consume surplus new energy generation. As a form of centralized management of distributed energy resources, virtual power plants can aggregate the integrated energy production and consumption segments in a certain region and participate in electricity market transactions as a single entity to enhance overall revenue. Based on this, this paper proposes an optimal scheduling model of an electricity-hydrogen coupling virtual power plant (EHC-VPP) considering hydrogen load response, relying on hydrogen to ammonia as a flexibly adjustable load-side resource in the EHC-VPP to enable the VPP to participate in the day-ahead energy market to maximize benefits. In addition, this paper also considers the impact of the carbon emission penalty to practice the green development concept of energy saving and emission reduction. To validate the economy of the proposed optimization scheduling method in this paper, the optimization scheduling results under three different operation scenarios are compared and analyzed. The results show that considering the hydrogen load response and fully exploiting the flexibility resources of the EHC-VPP can further reduce the system operating cost and improve the overall operating efficiency.
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1 INTRODUCTION
Optimizing the energy structure based on fossil energy and developing clean energy networks have become one of the important ways to solve energy depletion and environmental problems in the world (Rafique et al., 2018). However, the large-scale integration of new energy power generation has brought a severe test to the power system security and stability (Li, 2022; Wang et al., 2023). On the one hand, the output of renewable energy has great uncertainty, which puts forward higher requirements for the regulation ability of the power grid (Zhao et al., 2023). It is an urgent problem to stabilize the volatility of renewable energy power generation. On the other hand, with the increasing installed capacity of renewable energy, the problem of abandoning wind and light is becoming more and more serious. It is also one of the challenges to fully absorb renewable energy and improve energy efficiency.
As an independent subject of aggregating distributed flexible resources, virtual power plant (VPP) has the characteristics of bidirectional power flow (Gholami et al., 2022; Li et al., 2022). It can not only be used as a controllable power source to intensify the power supply capacity and provide peaking services for the power grid (Li et al., 2023), but also as a controllable load to boost the consumption of power, cooperate with the system to realize valley filling, moderate the output and demand of the system, and ensure the power system stability. In addition to protecting the operation of the power system to earn compensation benefits, VPP can also engage in the power market at all levels such as capacity and electricity as an independent subject, and obtain economic benefits through market transactions (Wu et al., 2022). Tan et al. (2023) added operation constraints considering demand response to VPP operation constraints, and constructed a VPP cost model considering the influence of uncertainty, which effectively reduces the charging cost of users using VPP to participate in reverse power supply. Priyanka et al. (2022) proposed a multi-stage stochastic programming method to simulate the participation of VPPs in the intraday power market transactions.
However, most of the above studies focus on the operation regulation of power system resources, while ignoring the flexible resources of hydrogen energy systems. As a clean energy, hydrogen energy has the characteristics of high energy density, large capacity, easy storage, and transmission (Zhou et al., 2023). With the speedy development of hydrogen production by water electrolysis technology, the coupling between electric-hydrogen systems is closer, which provides an effective way to absorb surplus new energy power generation (Ma et al., 2023). Pei et al. (2022) proposed the modeling method of electrolytic cells under various hydrogen production systems and considered the operation constraints and static and dynamic characteristics of hydrogen energy storage systems in DC microgrids. BAN et al. (2017) proposed an energy center with both electrolytic cell and gas power generation facilities and verified the feasibility of the operation mode and its effectiveness in wind power consumption.
At present, hydrogen, as an important chemical raw material, plays an indispensable role in ammonia synthesis (Miao et al., 2022) and other chemical fields. The hydrogen chemical industry park with hydrogen as the main raw material is widespread in northern China (Lin and Cai, 2023). At the same time, the load characteristics of the chemical industry determine that it has the potential to participate in the demand side response (Wang et al., 2023), which can provide adjustable flexibility resources for the power system. Therefore, it is necessary to study the electricity-hydrogen coupling virtual power plant (EHC-VPP) to aggregate the electricity-hydrogen coupling resources in the region to achieve renewable energy consumption.
In summary, this paper models a detailed model of the whole process of the hydrogen energy system. Regarding hydrogen fuel cell (HFC) and hydrogen to ammonia (H2A) as dispatchable resources, an EHC-VPP economic dispatch model considering hydrogen load response is proposed to fully exploit its flexibility. To minimize the cost of the EHC-VPP, the model considers the operational constraints of the power system and hydrogen system, and simulates the optimal scheduling of the coupling system. A carbon emission penalty is also added to realize the green development of energy saving and emission reduction.
2 OPERATIONAL FRAMEWORK OF EHC-VPP CONSIDERING HYDROGEN LOAD RESPONSE
The operation architecture of the EHC-VPP studied in this paper is shown in Figure 1, which is composed of wind turbine (WT), photovoltaic (PV), coal to hydrogen (C2H), hydrogen production by water electrolysis (HWE), hydrogen storage tank (HST), H2A, HFC, and other equipment. Among them, the hydrogen energy system can realize the mutual conversion of electricity and hydrogen through the coupling of electrolytic cells, HFC, and other equipment with the power grid. As a load-side resource that can be flexibly adjusted, H2A can provide demand response to achieve peak shaving and valley filling, which helps to improve system flexibility. At the same time, the EHC-VPP participates in the day-ahead market for electricity trading in the form of price recipients (Zhao et al., 2021).
[image: Figure 1]FIGURE 1 | The operational framework of EHC-VPP.
3 HYDROGEN ENERGY SYSTEM MODEL OF EHC-VPP
3.1 Model of hydrogen source
In this paper, C2H and HWE are used as hydrogen sources at the same time. HWE can not only consume surplus electricity in the EHC-VPP but also replace part of the coal to hydrogen, realizing the organic synergy between coal and renewable energy.
3.1.1 Hydrogen production by water electrolysis
The commonly used water electrolysis technology mainly includes alkaline electrolysis and proton exchange membrane electrolysis. Because the alkaline electrolytic cell has the characteristics of stable operation under high voltage, high current density, and low voltage, the unit hydrogen production cost of the alkaline electrolytic cell is lower than that of the proton exchange membrane electrolytic cell (Gambou et al., 2022). Therefore, the alkaline electrolytic cell is selected as one of the hydrogen sources in this paper.
HWE requires first converting the alternating current of the power grid into direct current by rectification, and then decomposing the water into hydrogen gas using an electrolytic cell. The aforementioned method can be stated as follows Eq. 1:
[image: image]
where, [image: image] and [image: image] represent the power of DC and AC power used for the jth HWE at time t, [image: image] represents the efficiency of the rectification process, [image: image] is the mass flow rate of the jth HWE at time t, [image: image] is the production efficiency of the electrolysis cell, [image: image] denotes the density of hydrogen in the standard state, [image: image] is the low calorific value of hydrogen, [image: image] is index set of nodes of power distribution system (PDS). [image: image] is the scheduling time period.
3.1.2 Coal to hydrogen
C2H refers to the process in which coal combines with water vapor at high temperature and high pressure to create carbon dioxide and hydrogen, and the amount of hydrogen produced is linearly related to the amount of coal used, so it can be expressed as Eq. 2:
[image: image]
where, [image: image] is the mass flow rate of the hydrogen output at time t, [image: image] is the conversion rate of the feedstock coal to hydrogen, [image: image] is the mass flow rate of the feedstock coal inflow for coal-to-hydrogen production at time t, [image: image] is index set of nodes of hydrogen energy system.
In the process of C2H, the CO2 in the exhaust gas is mainly formed by the oxidation of the carbon components in the coal. Therefore, based on the oxidation rate [image: image], average low-level heating value [image: image] and carbon content per unit calorific value of coal [image: image], the CO2 emissions from the hydrogen production process of coal gasification can be analyzed as follows Eq. 3:
[image: image]
where, [image: image] is the relative molecular mass ratio of CO2 to elemental carbon.
3.2 Model of hydrogen pipeline network
For hydrogen pipelines, the relationship between pipeline airflow and node pressure is described by the Weymouth equation as Eq. 4:
[image: image]
where, [image: image] is the hydrogen flow rate flowing through the pipeline at the endpoints of node i and node j during time t, [image: image] and [image: image] respectively represent the node pressure at both ends of the pipeline. [image: image] is the Weymouth coefficient of the pipeline, which is determined by factors such as the length, diameter, roughness, gas density, and temperature of the pipeline. Normally, the gas temperature and density during hydrogen transmission do not change in the short term.
[image: image] is a symbolic function, with its physical meaning defined as Eq. 5: natural gas flows from node i to node j as the reference direction. If [image: image], the pressure at node i is greater than that at node i, the actual flow direction of natural gas is the same as the reference direction. If [image: image], the pressure at node i is less than that at node j, the actual flow direction of natural gas is opposite to the reference direction:
[image: image]
In addition, it is necessary to satisfy the node equilibrium equation, which means that the algebraic sum of any node flow rate is zero, and the inflow of hydrogen gas is equal to the outflow of hydrogen gas, which can be expressed as Eq. 6:
[image: image]
3.3 Model of hydrogen load
In real hydrogen chemical parks, hydrogen is often used as a feedstock for ammonia synthesis as well as power generation. Therefore, H2A and HFCs are considered as hydrogen loads for the EHC-VPP in this paper.
3.3.1 Hydrogen to ammonia
H2A utilizes the reaction between hydrogen and nitrogen at high temperature and pressure to generate ammonia, and the process also consumes a large amount of electrical energy. In this paper, a linear model of H2A established by Li based on Braun axial three-beds insulation reactor (BATIR) is used (Li et al., 2020), which are expressed as follows Eq. 7:
[image: image]
where, [image: image] denotes the mass flow rate of ammonia out of the product at time t, [image: image] is the amount of electricity needed to produce ammonia by hydrogen at time t, and [image: image] is the mass flow rate of hydrogen into the feedstock at time t.
3.3.2 Hydrogen fuel cells
HFCs can utilize hydrogen stored in hydrogen storage tanks for power generation, and their output power is expressed as Eq. 8:
[image: image]
where, [image: image] denotes the output power of the jth hydrogen fuel cell at time t, [image: image] is the energy conversion efficiency, [image: image] is the mass flow rate of hydrogen entering at time t, [image: image] is the calorific value of hydrogen, and [image: image] is the density of hydrogen in the standard state.
3.4 Model of hydrogen storage tank
The HST is used to store hydrogen produced by the electrolysis of water in an alkaline electrolytic cell (Liu et al., 2023). It can also provide hydrogen for hydrogen fuel cells. The mathematical model can be expressed as follows Eq. 9:
[image: image]
where, [image: image] is the total mass of hydrogen in the ith hydrogen storage tank at time t, [image: image] and [image: image] are the mass of input and output hydrogen of the ith hydrogen storage tank at time t, [image: image] is the time step.
4 OPTIMAL SCHEDULING MODEL OF EHC-VPP CONSIDERING HYDROGEN LOAD RESPONSE
4.1 Objective function
To minimize the operating costs of the EHC-VPP and decrease carbon emissions, this article establishes the following objective function as Eq. 10:
[image: image]
where, [image: image] denotes the amount of electricity traded between the EHC-VPP and the external grid at time t. When [image: image], it means that the EHC-VPP buys electricity from the grid, otherwise the EHC-VPP sells electricity to the grid. the coefficient [image: image] is the time-of-day price of electricity at time t. [image: image] is the price of purchasing coal and [image: image] is the carbon emission penalty coefficient. [image: image] denotes the yield coefficient of hydrogen-to-ammonia production.
4.2 Constraints
4.2.1 Hydrogen system operation constraints
4.2.1.1 Hydrogen source constraints

[image: image]
[image: image]
Eq. 11 specifies the upper limit [image: image] and lower limit [image: image] of its coal usage. Eq. 12 specifies the maximum value [image: image] and minimum value [image: image] of the electrical energy input to the electrolytic cell.
4.2.1.2 Hydrogen pipeline network constraints

[image: image]
[image: image]
where, [image: image] and [image: image] are the pressure setting values of the hydrogen source, [image: image] and [image: image] are the upper and lower limits of node pressure.
Eq. 13 assumes that the pressure of the pipeline at the hydrogen source node is a constant value. Eq. 14 represents the pressure range to which the pipeline is subjected.
4.2.1.3 Hydrogen load constraints
To realize the demand response by treating H2A as a shiftable load, the input hydrogen quantity at each moment is regarded as a variable, which should satisfy the constraints of H2A capacity expressed in Eq. 15. Eq. 16 represents the total daily ammonia production constraint.
[image: image]
[image: image]
where, [image: image] and [image: image] are the upper and lower limits of the mass flow rate of hydrogen into the raw material, [image: image] and [image: image] represent the maximum and minimum values of the total daily ammonia production.
Eq. 17 specifies the upper bound [image: image] and lower bound [image: image] for HFC power generation.
[image: image]
4.2.1.4 Hydrogen storage tank constraints

[image: image]
[image: image]
Eq. 18 specifies the maximum capacity [image: image] and minimum capacity [image: image] of the hydrogen storage tank, and Eq. 19 limits the rate of hydrogen charging [image: image] and discharging [image: image].
4.2.2 PDS operation constraints

[image: image]
[image: image]
[image: image]
where, [image: image] denotes the active power on line ab. [image: image] is the power generated by distributed new energy units, [image: image] is the electrical loads in the EHC-VPP.
Eq. 20 is the power balance constraint for the EHC-VPP (Du et al., 2024), Eq. 21 limits the line capacity, and Eq. 22 gives the upper and lower power limits for the power units.
5 CASE STUDIES
5.1 Test system description
The optimal scheduling model presented in this article is an optimization problem with nonlinear constraints. All tests are executed using IPOPT interfaced through MATLAB (Jones and Gerogiorgis, 2023), and the experimental computer environment is 11th Gen Intel(R) Core (TM) i7-1165G7 @2.80 GHz dual-core processor, 16 GB RAM, and Windows 10 system.
The topology of the EHC-VPP is shown in Figure 2, which contains an 8-node power system and a 7-node hydrogen energy system. The EHC-VPP trades power with the external power grid through a substation at node 1, and the distributed new energy units are located at node 4 of the power system, and nodes 3, 6, and 8 are equipped with a HWE, a HFC, and a H2A, which are coupled with nodes 1, 7, and 6 of the hydrogen energy system, respectively. In addition, node 3 in the hydrogen energy system is provided with one HST, and node 4 is provided with a C2H. Among them, the distributed new energy unit output data, the total power supply of the EHC-VPP, and the user electricity load data are shown in Figure 3. The time-of-use electricity price adopted in this paper is shown in Table 1. The operating parameters of the H2A are shown in Table 2.
[image: Figure 2]FIGURE 2 | Topology of the P8H7 system.
[image: Figure 3]FIGURE 3 | Renewable energy output and load data in the EHC-VPP.
TABLE 1 | Time-of-use electricity price.
[image: Table 1]TABLE 2 | The operating parameters of the H2A.
[image: Table 2]5.2 Scenarios setting and result analysis
The following three cases are considered as shown in Table 3.
TABLE 3 | Test case.
[image: Table 3]The operation results of the EHC-VPP under three cases are shown in Figure 4, Figure 5, and Figure 6, respectively, including the amount of electricity used and generated by the units in the power system, and the amount of hydrogen used and produced in the hydrogen system.
1) Case 1: In this case, the demand response of H2A is considered, i.e., its operating power is adjustable. Meanwhile, the effect of the carbon emission penalty is considered in the objective function.
[image: Figure 4]FIGURE 4 | Operation results of Case 1: (A) Units in the power system. (B) Units in the hydrogen system.
[image: Figure 5]FIGURE 5 | Operation results of Case 2: (A) Units in the power system. (B) Units in the hydrogen system.
[image: Figure 6]FIGURE 6 | Operation results of Case 3: (A) Units in the power system. (B) Units in the hydrogen system.
When the electricity price is in the off-peak hours, purchasing electricity from the external grid to provide more power for the HWE can result in more ammonia sales proceeds through the H2A. Moreover, the C2H is not activated during this period because of the carbon penalty added to the objective function; When the electricity price is in the shoulder hours, the EHC-VPP can sell the surplus power generation to the power grid for profit. At this time, the power generation of new energy is far more than the internal load of the EHC-VPP, and it is not economical to provide power through the HFC. Therefore, the HWE and H2A are operated at the lowest power, and the C2H is still not started; When the price of electricity is in the peak hours, the EHC-VPP should sell as much electricity as possible to the grid and reduce the internal electricity consumption. Therefore, the C2H is run at higher power during this period, while the HWE and H2A are still run at minimum power, and most of the hydrogen produced is used to generate electricity in the HFC.
2) Case 2: In this case, the demand response of H2A is not considered, i.e., it operates at a constant power operation state. At the same time, the impact of carbon emission penalties is also considered in the objective function.
When the electricity price is in the off-peak hours, the power required for the HWE is reduced because the operating power of the H2A is fixed and cannot be operated at a large power. The C2H is also not started; When the electricity price is in the shoulder hours, the HWE and H2A run at the lowest power and the C2H still does not start similar to Case 1; When the electricity price is in the peak hours, compared with the lower power of the H2A in Case 1, the power generation of the HFC in Case 2 decreases due to the fixed power operation of the H2A, resulting in a significant reduction in the electricity sales of the EHC-VPP. As can be seen in Table 4, when the demand response of H2A is not considered, the overall revenue of the EHC-VPP decreases by 9.1%.
3) Case 3: In this case, the demand response of H2A is considered, but the impact of carbon emission penalty is not considered in the objective function.
TABLE 4 | Costs and revenues in Case 1 to Case 3.
[image: Table 4]Since carbon penalties are not considered, the EHC-VPP chooses to use the more economical C2H during each dispatch period, while the HWE is always operated at the lowest power level. Although the coal consumption increases significantly, the EHC-VPP gains more revenue by purchasing less power and buying more power.
Figure 7 depicts the coal usage of Case 1 and Case 3 respectively. It can be seen that the total coal consumption in Case 3 is 33326.63 Kg, which is an increase of 84.15% compared to 18096.99 Kg in Case 1.
[image: Figure 7]FIGURE 7 | Quantity of coal consumed in Case 1 and Case 3.
Table 4 shows the various costs and revenues for Case 1 to Case 3. The final total cost is negative, indicating that the EHC-VPP will ultimately gain revenue. When considering the demand response of H2A, its operating power can follow the real-time changes in power supply and electric load to respond to the time-of-use electricity price, to achieve the effect of minimizing the overall operating cost of the EHC-VPP as well as maximizing the revenue. Comparing Case 1 with Case 2, although the ammonia production revenue remains largely unchanged, the addition of adjustable flexibility resources further reduces the cost of purchasing electricity, coal, and carbon penalty costs, which in turn improves the total revenue of the park by about 10.0%.
6 CONCLUSION
In this paper, the whole chain of the hydrogen energy system is modeled in a refined way, and a virtual power plant economic dispatch model considering hydrogen load response is proposed. The proposed model involves distributed new energy units as well as a hydrogen energy system includes a hydrogen production unit, a hydrogen storage unit, and a hydrogen use unit. In addition, to practice the green development concept of energy saving and emission reduction, this paper also considers the impact of the carbon emission penalty. From the case study, it can be seen that considering the demand-side response on the hydrogen load side and fully exploiting the flexibility resources of the park can further decrease the system operation cost and increase the overall operation efficiency of the park.
In future studies, we plan to model the virtual power plant in a more refined way and consider various types of uncertainties that may be encountered during operation.
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