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Hydrogen is considered a promising alternative to fossil fuels in an integrated energy system (IES). In order to reduce the cost of hydrogen energy utilization and the carbon emissions of the IES, this paper proposes a low-carbon dispatching strategy for a coordinated integrated energy system using green hydrogen and blue hydrogen. The strategy takes into account the economic and low-carbon complementarity between hydrogen production by water electrolysis and hydrogen production from natural gas. It introduces the green hydrogen production–storage–use module (GH-PSUM) and the blue hydrogen production–storage–use module (BH-PSUM) to facilitate the refined utilization of different types of hydrogen energy. Additionally, the flexibility in hydrogen load supply is analyzed, and the dynamic response mechanism of the hydrogen load supply structure (DRM-HLSS) is proposed to further reduce operating costs and carbon emissions. Furthermore, a carbon trading mechanism (CTM) is introduced to constrain the carbon emissions of the integrated energy system. By comprehensively considering the constraints of each equipment, the proposed model aims to minimize the total economic cost, which includes wind power operation and curtailment penalty costs, energy purchase costs, blue hydrogen purification costs, and carbon transaction costs. The rationality of the established scheduling model is verified through a comparative analysis of the scheduling results across multiple operating scenarios.
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1 INTRODUCTION
In order to cope with the increasingly serious shortage of fossil energy and climate problems, wind power generation, photovoltaic energy generation, and other renewable power generation systems have been widely used (Xu et al., 2023). However, due to the intermittent and uncertain output of renewable sources, a reliable replacement of power supply has not been formed yet, resulting in great challenges in the safe and reliable supply of electricity (Pan G S et al., 2023), and the phenomenon of abandoning wind power and photovoltaic power generation also occurs from time to time. While clean and pollution-free hydrogen energy can be stored on a scale, the storage of hydrogen produced from renewable energy generation provides a new idea to solve the problems of power supply and consumption of renewable energy under the new power system (Zuo et al., 2023).
An integrated energy system (IES) coupled with multiple energy forms for joint supply can meet the demand for multi-energy loads with low-carbon emissions (Li et al., 2023). A hydrogen-containing integrated energy system (HIES) coupled with hydrogen energy based on traditional IES further promotes the consumption of renewable energy and carbon emission reduction (Pan et al., 2020a).
At present, most studies on HIESs mainly focus on green hydrogen production by electrolytic water. For example, based on hydrogen production by electrolytic water, Fang et al. (2022) established an optimal scheduling model of integrated energy microgrids including multiple subsystems of electricity and hydrogen that can be traded with each other. Fang et al. (2023) established a two-stage scheduling model of an IES based on green hydrogen considering the electro-hydrogen hybrid replenishment station. However, under the current background of high cost and low energy conversion efficiency of green hydrogen (Zhang, 2022) and the prominent price and low carbon emission advantage of blue hydrogen (Zhao et al., 2022), the production of blue hydrogen from natural gas has research value. In this regard, Pan et al. (2020b) argued that the current development of the electric hydrogen energy system should be fully combined with the price advantages of traditional fossil energy. Chang (2021) pointed out that currently hydrogen production from natural gas is the most widely used method of hydrogen production in the world. Wu et al. (2022) combined hydrogen production from natural gas and hydrogen energy storage configuration, built an IES model of a park with multi-energy complementation of electricity, heat, and gas, and carried out hydrogen energy storage capacity configuration. The aforementioned studies considered the production and utilization of a single form of hydrogen energy, and some studies also considered the complementary coordination between gray hydrogen production from coal and green hydrogen production from electricity. The carbon emission of blue hydrogen production is much lower than that of gray hydrogen production; however, few studies consider the coordinated utilization of green hydrogen and blue hydrogen production.
In HIES based on green hydrogen, the hydrogen load is completely supplied by green hydrogen. For example, Fang et al. (2023) used green hydrogen to supply hydrogen load of a hydrogenation station. Li et al. (2017) used green hydrogen to supply the overall hydrogen load of a microgrid system. In a gray hydrogen and green hydrogen complementary IES, Pan Z N et al. (2023) established a virtual hydrogen plant model including hydrogen production from coal, hydrogen production from electrolytic water, and hydrogen storage equipment so as to supply hydrogen load required by transportation, industries, and other fields. Li et al. (2023) supplied hydrogen load in chemical parks with complementary gray hydrogen and green hydrogen. However, the hydrogen utilization of different production methods is not precise enough, and the resulting scheduling scheme is prone to the extreme situation that hydrogen load is completely supplied by gray hydrogen with a lower economic cost, leading to a low utilization rate of green hydrogen, and the mass production of gray hydrogen will cause an increase in carbon emissions. The hydrogen load supply of the Beijing Winter Olympics is a typical coordination system of blue hydrogen and green hydrogen (Wen and Tian, 2022). The supply of blue hydrogen and green hydrogen always maintains a 1:1 proportional structure, but this proportional structure ignores the complementary characteristics between blue hydrogen and green hydrogen, reducing the flexibility of system scheduling.
In addition, direct carbon emissions are generated in the production process of blue hydrogen, while indirect carbon emissions are generated in the power grid as a result of the electricity consumption of green hydrogen (Cui et al., 2020). If this is not taken into account, the IES may have a high carbon footprint. Therefore, the carbon emissions of hydrogen production should be included in HIES, and a carbon trading mechanism (CTM) should be introduced. In this regard, Xiao et al. (2022) believed that introducing a CTM into scheduling is a new approach for the research on low-carbon IES. Chen et al. (2021) proved that introducing a CTM into IES containing hydrogen can exert its great potential for carbon emission reduction. However, the aforementioned HIESs ignored carbon emissions in the process of hydrogen production, and the scheduling schemes were not environmentally friendly.
To deal with the aforementioned issues, this paper considers the refined coordination and complementarity of green hydrogen and blue hydrogen and proposes the dynamic response mechanism of hydrogen load supply structure (DRM-HLSS) by optimizing the supply ratio of green and blue hydrogen in hydrogen load. We take the CTM into account and aim to minimize the total cost of the sum of wind power operation and wind abandoning penalty cost, energy purchase cost, blue hydrogen purification cost, and carbon trading cost. The low-carbon scheduling model of HIES with refined and coordinated utilization of green hydrogen and blue hydrogen was constructed, and the economic and low-carbon nature of the proposed scheduling strategy was verified by comparing the day-ahead scheduling results under different scenarios. The main contributions are summarized as follows:
(1) In this work, an HIES is established, including GH-PSUM for electrolytic water hydrogen production and BH-PSUM for natural gas hydrogen production. This allows for refined coordination and complementarity of multiple hydrogen sources, making the energy management mechanism of the system more flexible.
(2) CTM and DRM-HLSS are implemented to restrict the carbon emissions of the system, fully leveraging the flexibility of coordination and complementarity of multiple hydrogen sources in terms of economy and environmental protection. This leads to a reduction in the daily operation cost of the units.
(3) The proposed energy management solution (EMS) is evaluated through a case study in several operational scenarios. The proposed EMS is compared against three benchmark scenarios: no BH-PSUM, no DRM-HLSS, and no CTM. The numerical results confirm the economic and environmental benefits of the proposed EMS.
The remainder of this paper is organized as follows: Section 2 describes the structure of the HIES and the DRM-HLSS. Section 3 presents the low-carbon optimal scheduling model of the system. Section 4 contains the case studies conducted to verify the effectiveness. The conclusions are given in Section 5.
2 HIES STRUCTURE
2.1 Overview of the proposed system
According to the carbon emissions associated with hydrogen production, hydrogen energy can be categorized into three types: gray hydrogen, blue hydrogen, and green hydrogen. Gray hydrogen production has high carbon emissions but low cost. Blue hydrogen production has lower carbon emissions and higher energy conversion efficiency but a slightly higher cost. Green hydrogen production does not result in direct carbon emissions but has a higher cost. Given the goal of promoting the widespread use of hydrogen energy, this research focuses on the coordination between green hydrogen and blue hydrogen. The refined coordinated comprehensive energy system built with these two types of hydrogen includes three main components: energy distribution, energy coupling, and energy consumption. This system integrates various energy sources, energy conversion, and power supply equipment. The energy structure of the system is illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | Energy structure of HIES.
The energy distribution side of HIES consists of the utility grid, wind power, and natural gas sources. The energy coupling side consists of GH-PSUM, BH-PSUM, an electric boiler (EB), and a heat storage system (HSS). The energy consumption side includes electrical, hydrogen, and heat loads. GH-PSUM consists of an electrolyzer (EL), green hydrogen storage (GHS), and green hydrogen fuel cell-based combined heat and power (GHFC-CHP). BH-PSUM includes gas-to-hydrogen (G2H), blue hydrogen storage (BHS), and blue hydrogen fuel cell-based combined heat and power (BHFC-CHP). The configuration of these two modules enables the refined coordination and complementation of green hydrogen and blue hydrogen. The electrical load of HIES is supplied by wind power, the grid, GHFC-CHP, and BHFC-CHP. The hydrogen load is supplied by GHFC-CHP and BHFC-CHP. The heat load is supplied by EB, GHFC-CHP, and BHFC-CHP. The energy storage devices in HIES ensure the balance of supply and demand by implementing time-shifting energy supply.
2.2 Models of hydrogen production–storage–use modules
The setting of GH-PSUM and BH-PSUM in the system makes the production, storage, and utilization of green hydrogen and blue hydrogen completely separate, and the whole chain of hydrogen energy from production to use can be tracked so as to achieve the purpose of refined utilization of hydrogen energy and facilitate the coordination and complementary optimization of green hydrogen and blue hydrogen.
GH-PSUM includes EL, GHS, and GHFC-CHP. EL converts electric energy into hydrogen energy without carbon emission in the whole process but consumes a lot of electric energy and water. The model of EL is shown in (1) and (2).
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where [image: image] represents the green hydrogen production volume of EL in the t period; [image: image] represents the electrical energy to hydrogen energy efficiency of the conversion of EL; [image: image] represents the power consumed by EL in the t period; [image: image] represents the length of each scheduling period; [image: image] represents the low calorific value of hydrogen; [image: image] represents the water consumption mass of EL in the t period; and [image: image] represents the water consumption coefficient of EL.
GHS is used to store green hydrogen, but the storage technology of current high-pressure gaseous hydrogen storage tank has a certain energy loss during the process of hydrogen energy from input to output, which can be measured by storage efficiency. The state of green hydrogen charge (SOGHC) can be described as expressed in (3).
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where [image: image] represents the SOGHC of GHS in the t period; [image: image] and [image: image] represent the efficiency of the hydrogen energy storage and output process, respectively; [image: image] represents the input amount of GHS in the t period; [image: image] represents the output of GHS in the t period; and [image: image] means the maximum hydrogen storage capacity of GHS.
GHFC-CHP uses fuel cells to convert hydrogen into electricity while collecting waste heat for storage or heat load to improve energy efficiency. The model of the GHFC-CHP is shown in (4) and (5).
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where [image: image] and [image: image] are the power generation and heating power of GHFC-CHP in the t period, respectively; [image: image] represents the hydrogen electric conversion efficiency for fuel cells; [image: image] represents the hydrogen heat conversion efficiency for fuel cells; and [image: image] represents the hydrogen consumption of GHFC-CHP in the t period.
BH-PSUM includes G2H, BHS, and BHFC-CHP. This work uses the currently mature hydrogen production method of natural gas steam reforming combined with pressure swing adsorption (PSA) on G2H to produce blue hydrogen through natural gas, and its main process is as follows: after pressure desulfurization, raw natural gas is mixed with steam at high temperature and then cracked and reformed into conversion gas containing H2, CO, and CO2 under catalytic action. After the conversion, gas is absorbed by the waste heat boiler, and CO in it reacts with water vapor to produce the conversion gas mainly containing H2 and CO2. The conversion gas can be purified by PSA to obtain finished blue hydrogen with a purity of 99.99%, and the PSA tail gas is reused as a fuel. In the whole process of hydrogen production, the mixed conversion requires the mixed fuel composed of burning fuel, natural gas, and analytic gas to supply high temperature, so the process involves CO2 emission and electric energy consumption in the operation of the equipment. The model of G2H can be described as follows:
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where [image: image] represents blue hydrogen production in the t period; [image: image] represents gas-to-hydrogen efficiency; [image: image] represents the low calorific value of natural gas; [image: image] represents the gas consumption in the t period; [image: image] represents the G2H power consumption in the t period; [image: image] is the power consumption coefficient of G2H; [image: image] represents the water consumption of G2H in the t period; [image: image] is the G2H water consumption coefficient; [image: image] represents the carbon emissions of G2H in the t period; and [image: image] represents the G2H carbon emission coefficient.
The BHS principle is the same as that of GHS, and (10) represents the state of blue hydrogen charge (SOBHC). Similarly, the principle of BHFC-CHP is the same as that of GHFC-CHP, and its model is shown in (11) and (12).
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where the symbols in (10)–(12) are defined as same as those in (3)–(5).
2.3 Models of other devices
EB converts electric energy into heat energy to supply the heat load in the HIES, which is described in (13).
[image: image]
where [image: image] and [image: image] represent the power consumption and heat production power of EB in the t period, respectively; and [image: image] is the electricity-to-heat conversion efficiency of EB.
HSS is used to store heat energy, and (14) represents its state of green heat charge (SOGHC).
[image: image]
where the symbols in (14) are defined as same as those in (3).
2.4 Dynamic response mechanism of the hydrogen load supply structure
Hydrogen load is the terminal energy directly supplied to the user. In the green hydrogen- and blue hydrogen-coordinated IES, it is supplied by both green hydrogen and blue hydrogen. In this work, the ratio of green hydrogen to blue hydrogen in the hydrogen load supply structure at each time is set as a variable to make the rigid hydrogen load supply structure flexible so that the hydrogen load supply structure can dynamically respond to the changes in hydrogen supply capacity and hydrogen production economy of GH-PSUM and BH-PSUM and further optimize the operation efficiency of the system. The DRM-HLSS is shown in (15)–(19):
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where [image: image] and [image: image] are the supply of green hydrogen and blue hydrogen in the hydrogen load in the t period, respectively; [image: image] and [image: image] are the proportions of green hydrogen and blue hydrogen in the hydrogen load supply structure in the t period, respectively; and [image: image] is the lowest limit of the minimum proportion of green hydrogen, whose setting significance ensures the continuous operation of GH-PSUM, so as to promote the utilization of green hydrogen and the development of related technologies and policies and avoid the extreme of hydrogen supply structure. Here, the extreme of hydrogen supply structure means that the hydrogen load is completely supplied by blue hydrogen, which has a low economic cost but brings more carbon emissions and is not conducive to the realization of the goal of “carbon neutrality.”
After the DRM-HLSS is introduced, because the cost of producing green hydrogen by purchasing electricity is much higher than that of blue hydrogen, the priorities of hydrogen production in the system depend on wind abandonment, natural gas, and purchasing electricity. In the supply of hydrogen load, if the wind abandonment used for hydrogen production cannot meet the minimum supply of green hydrogen, the minimum supply ratio of green hydrogen should be satisfied by purchasing power from the grid and outputting hydrogen from GHS, and the rest of the supply should be produced from natural gas. If this requirement can be met, but the wind abandonment is not enough to supply the whole hydrogen load, green hydrogen is produced by wind abandonment and output by GHS, and the remaining part of the hydrogen load is supplied by blue hydrogen. If wind abandonment is sufficient to supply the whole hydrogen load, the whole hydrogen load is supplied by green hydrogen, and the excess hydrogen produced is stored. The hydrogen supply mechanism of the system is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Hydrogen supply mechanism of HIES.
3 MATHEMATICAL MODEL OF HIES OPERATION
3.1 Scheduling model
This work constructs the objective function to minimize the cost, as shown in (20).
[image: image]
Eq. 20 is the objective function of the total cost, including wind power operation and wind abandon penalty cost, energy purchase cost, blue hydrogen purification cost, and carbon trading cost. Eq. 21 represents wind power operation and wind abandonment penalty cost:
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where T is the total number of scheduling periods; [image: image] is the penalty coefficient for wind curtailment; [image: image] and [image: image] are the maximum output of wind power and the actual output of wind power in the t period, respectively; and [image: image] is the operating cost factor for wind power.
The energy purchase cost includes electricity, water, and gas purchase, as shown in (22).
[image: image]
where [image: image] represents the time-of-use electricity price; [image: image] represents electricity purchase in the t period; [image: image] represents the price of natural gas; and [image: image] represents the price of water.
The utilization of the PSA technology increases blue hydrogen purity and lowers carbon emissions, but its use is also accompanied by the purification cost, resulting in an increase in the total cost. The purification cost is shown in (23):
[image: image]
where [image: image] represents the cost coefficient of blue hydrogen purification.
Carbon emissions will be generated in the operation of HIES, including carbon emissions generated by power generation from the utility grid and hydrogen production from natural gas. Therefore, it is necessary to quantify the cost of carbon emissions and measure the cost of carbon emissions under CTM. Under CTM, system operators need to purchase corresponding carbon quotas in the carbon trading market according to the actual carbon emissions of HIES so as to carry out reasonable and legal carbon emissions in the process of supplying users’ load demands. Enterprises with large-scale carbon emissions generally have free carbon allowances, but the carbon emissions generated by the system constructed in this paper are not large during operation. Therefore, assuming that the system does not have initial free carbon allowances, all the carbon emissions generated must be purchased in the CTM. The calculation of carbon trading costs is described in (24).
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where [image: image] represents the basic price of carbon trading and [image: image] represents the carbon emission factor of the grid.
3.2 Constraints
To ensure that the supply and demand of energy are always in balance, as well as to avoid energy wastage and shortage of energy supply, the operation of the HIES should always maintain the energy balance, including electric energy, heat energy, and hydrogen energy, as shown in (25)–(28). Among them, green hydrogen and blue hydrogen in the system are independently refined utilization, which are modeled as shown in (27) and (28), respectively, under the constraints of hydrogen energy balance.
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where [image: image] represents the electrical load power in the t period and [image: image] represents the heat load power in the t period. Meanwhile, after considering the DRM-HLSS, corresponding constraints in (15)–(19) should also be satisfied. Equations 3, 10, and 14 show that the models of GHS, BHS, and HSS devices are similar, and the constraints of the three energy storage devices are described uniformly in (29)–(33). The main constraints that energy storage devices should meet include the following: the single charge quantity should not exceed the limit as shown in (29) and (30), the device cannot be charged and discharged at the same time as shown in (31), the limit of an equivalent state of charge should not be exceeded as shown in (32), and the equivalent state of charge in each scheduling cycle should be equal from the beginning till the end as shown in (33).
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where [image: image] and [image: image] are the input and output of the ith energy storage device in the t period, respectively; [image: image] and [image: image] are the input and output states of the ith device in the t time period. Both are 0–1 variables, where 0 means that the device is in the input state and 1 means that the device is in the output state; [image: image] and [image: image] are the capacity and single charge and discharge limit coefficients of the ith equipment, respectively; [image: image] is the equivalent state of charge of the ith device in the t period; [image: image] and [image: image] are the upper and lower limits of the equivalent state of charge of the ith energy storage device, respectively; and [image: image] and [image: image] are the equivalent state of charge of the ith device at the beginning and end of a dispatch cycle, respectively.
The actual output of wind power cannot exceed the maximum output limit, as shown in (34).
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The operation of each device must not exceed the upper limit, as shown in (35)–(39).
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where [image: image] represents the maximum power consumption of EL; [image: image] represents the maximum power generation of GHFC-CHP; [image: image] represents the maximum hydrogen production of G2H; [image: image] represents the maximum power generation of BHFC-CHP; and [image: image] represents the maximum power consumption of EB.
Wind power has significant randomness and volatility. To reduce the pressure of the main network, this paper does not consider the system selling electricity to the main network, but the purchased power must not exceed the port limit, as shown in (40).
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where [image: image] represents the upper limit of the power exchanged with the grid.
4 CASE STUDY
To evaluate the effectiveness of the proposed scheduling strategy considering CTM and DRM-HLSS, cases are set under different operating scenarios for analysis. The problem is implemented in the YALMIP modeling language as linear programming and solved using the CPLEX optimizer. In this work, the i5-1035G7 CPU @1.20 GHz and 8.00 GB RAM are used for computation hardware, and the optimization is performed in MATLAB (version 2022a).
The scheduling period is 24 h, and the simulation step is set to 1 h to optimize the solution. The prediction curves of electrical load, heat load, hydrogen load, and wind power output inside the system are shown in Figure 3, while the prices of electricity, natural gas, and water are shown in Table 1. The energy storage capacities of GHS, BHS, and HSS devices are set to 100 Nm3, 100 Nm3, and 300 kWh, respectively. The maximum operating power of EB and EL is 600 kW and 500 kW, respectively. The maximum hydrogen production rate of G2H is set to 80 Nm3/h. The maximum power of the GHFC-CHP and BHFC-CHP is set to 150 kW and 50 kW, respectively. The upper limit of the switching power with the grid is set to 600 kW. The corresponding parameters of the HIES are shown in Table 2.
[image: Figure 3]FIGURE 3 | Prediction curves of (A) electrical load, heat load, and wind power output; (B) hydrogen load.
TABLE 1 | Purchasing tariffs of the HIES.
[image: Table 1]TABLE 2 | Required parameters for modeling the HIES.
[image: Table 2]4.1 Analysis of considering the refined coordinated utilization of multiple hydrogen sources and the DRM-HLSS
To assess the effectiveness of the coordinated utilization of green hydrogen and blue hydrogen, as well as the DRM-HLSS proposed in this study, three different operating scenarios were set for comparative analysis. HIES1 represents a single green hydrogen scenario focused on GH-PSUM. HIES2 represents a traditional hydrogen supply scenario considering the coordinated utilization of green hydrogen and blue hydrogen, with a hydrogen supply structure set at a 1:1 ratio. HIES3 represents a flexible scheduling scenario that considers the coordinated utilization of green hydrogen and blue hydrogen, as well as the DRM-HLSS. The minimum proportion of green hydrogen is set at 0.4. To ensure comparable scheduling flexibility, the capacities of GHS and GHFC-CHP devices in HIES1 are set to equal the combined capacities of green hydrogen and blue hydrogen devices in HIES2. Furthermore, HIES2 and HIES3 have identical device capacities.
Table 3 presents the scheduling results for the three HIESs. The data reveal that in terms of environmental impact, HIES2 demonstrates a 31.78% decrease in carbon emissions compared to HIES1. Additionally, HIES3 achieves a carbon emission reduction of 39.84% relative to HIES1 and 11.80% relative to HIES2. Concerning renewable energy consumption, the curtailment rate of HIES2 is 2.25% higher than that of HIES1. For HIES3, the curtailment rate increases by 0.48% compared to that of HIES1 but decreases by 1.77% compared to that of HIES2. In relation to the total cost, HIES2 has a lower total cost compared to HIES1. Furthermore, HIES3 exhibits a further cost reduction of $31.2 compared to HIES2 and $80.9 compared to HIES1. These findings indicate that the comprehensive consideration of the coordinated utilization of multiple hydrogen sources and the DRM-HLSS leads to significant carbon emission reduction and a relatively balanced utilization of renewable energy. Although the renewable energy utilization rate is lower than that of a single green hydrogen scenario, it has increased compared to the traditional hydrogen supply scenario with a fixed proportion, while also achieving lower total costs, demonstrating improved economic feasibility.
TABLE 3 | Comparison of scheduling results of HIESs.
[image: Table 3]According to the wind curtailment situation of each HIES in Figure 4 and the analysis of carbon emissions and costs associated with hydrogen production, it can be estimated that the carbon emissions of green hydrogen from electricity purchase are 3.738 kg/Nm3, while the carbon emissions of blue hydrogen from natural gas are 0.889 kg/Nm3, implying that under the current carbon emission factor of the grid, the actual carbon emissions from producing green hydrogen by purchasing power from the grid are higher than those from producing blue hydrogen using natural gas through PSA. Additionally, the cost of producing green hydrogen is also higher than that of producing blue hydrogen. In the scenario of solely relying on green hydrogen, the system can only use electrolytic water to produce green hydrogen for the hydrogen load, as the system’s own wind power cannot meet the demand for hydrogen production. Therefore, electricity needs to be purchased from the grid, resulting in a certain amount of carbon emissions and high hydrogen supply costs. By considering the coordinated utilization of green hydrogen and blue hydrogen, a portion of the hydrogen load is replaced by the supply of blue hydrogen, which has lower carbon emissions and costs. As a result, the electricity purchased from the grid is reduced, leading to a reduction in carbon emissions and costs. However, due to the fixed proportion of hydrogen supply, some of the wind power initially allocated for hydrogen production cannot be consumed during periods of low load at night, leading to an increase in wind curtailment. With the inclusion of the DRM-HLSS, the dispatching scheme is further optimized, allowing the system to fully utilize the internal wind power and reduce external hydrogen production, gas purchases, and grid electricity purchases. For this reason, HIES3 is able to achieve a low wind curtailment rate while maintaining lower carbon emissions and operating costs. However, compared with scenario 1, scenario 3 introduces blue hydrogen, whose production cost is much lower than that of green hydrogen. In order to reduce operating costs, part of green hydrogen in the hydrogen load will be replaced by blue hydrogen, and the wind power used to produce this part of green hydrogen will not be able to be absorbed, so the wind curtailment in scenario 3 is slightly higher than that in scenario 1.
[image: Figure 4]FIGURE 4 | Wind power output in each HIES.
Under the HIES3 model, Figure 5 depicts the operation of each device in a system dispatching cycle, while Figure 6 shows the dynamic supply structure of hydrogen load. During the low-load period from night to morning, wind power is sufficient to meet the demand for electric load and electric boiler heat load. Excess wind power is then used to produce green hydrogen, with the whole hydrogen load being supplied by green hydrogen and any remaining excess being stored. Additionally, a small amount of blue hydrogen is produced using low-cost electricity for storage. During the high-load and flat-load stages from morning to night, wind power alone cannot satisfy the electric heating load. Therefore, electricity purchasing, hydrogen cogeneration operation, and wind power are combined to achieve the electric and heating balance. During this period, green hydrogen generation is absent, so blue hydrogen is primarily used to supply the hydrogen load, while the hydrogen storage tank continuously outputs green hydrogen to meet the minimum demand. It is evident that by considering the DRM-HLSS, the flexibility of system scheduling improves, allowing for dynamic optimization of the hydrogen load supply structure based on wind power output. This approach also reduces wind power output fluctuations and enhances wind power absorption capacity through flexible adjustment of each device’s output.
[image: Figure 5]FIGURE 5 | Results of (A) electricity, (B) heat, and (C) hydrogen balance considering the refined coordinated utilization of multiple hydrogen sources and the DRM-HLSS.
[image: Figure 6]FIGURE 6 | Hydrogen load supply structure in HIES3.
4.2 Analysis of considering the CTM
To analyze the effectiveness of the CTM after careful consideration, HIES4 was configured to include the coordinated utilization of green hydrogen and blue hydrogen, as well as the DRM-HLSS system, excluding the CTM. The scheduling results of HIES4 and HIES3 mentioned previously are presented in Table 4. As shown in the table, the carbon emissions of HIES3 are 113.5 kg lower than those of HIES4, representing a reduction of 11.4%. This demonstrates that considering the carbon trading mechanism can effectively achieve the goal of carbon reduction.
TABLE 4 | Comparison of scheduling results of the HIESs.
[image: Table 4]Further analysis reveals that without considering the carbon trading mechanism, power purchased from the grid has no restrictions on carbon emissions. In such cases, the cost of directly using electric energy is lower than that of hydrogen energy. Due to the anti-peak regulation characteristic of wind power, the load of wind power is low, its output is high during periods of low electricity prices, and, during the remaining periods, the output is small and even insufficient to meet the demand for electric heating load. To address this, the system chooses to increase the purchase of parity electricity during the flat-load stage to supply electricity and heating load, thereby reducing the operation of the hydrogen cogeneration device, which only runs during periods of high load. Additionally, the supply of green hydrogen produced by electricity in the hydrogen load is also increased. When considering the carbon trading mechanism, not only the hydrogen load but also the conversion and utilization of hydrogen energy are increased, resulting in higher costs but lower carbon emissions. The operation of all devices takes into account the requirements of low cost and low carbon emissions, ultimately obtaining a low carbon dispatching scheme with slightly higher costs but less carbon emissions.
Different grid carbon emission factors can affect the operation of the system. In fact, these factors are constantly changing as the proportion of renewable energy increases. Therefore, it is necessary to analyze the system’s operation results as these factors change.
The operation results of HIESs under different grid carbon emission factors are shown in Figure 7. It can be observed that as the grid carbon emission factor decreases, both the total cost and carbon emission of HIES1 and HIES3 show a gradually decreasing trend. The total cost of HIES3 declines more slowly than that of HIES1, but it is always lower. Similarly, the decline in carbon emissions of HIES3 is consistently slower than that of HIES1, with an initial slow trend followed by a faster decrease. At approximately 0.2 kg/kWh grid carbon emission factor, the carbon emission curves of the two HIESs intersect. From that point onward, the carbon emission of HIES1 is consistently lower than that of HIES3. This is because HIES1 relies more on purchasing electricity and is greatly influenced by changes in the grid’s carbon emission factors. However, the production cost of green hydrogen is higher than that of blue hydrogen, resulting in a higher total cost for HIES1. It can be observed that under the continuous reduction in the grid carbon emission factor, a single green hydrogen system will have a lower carbon footprint compared to a coordinated green hydrogen and blue hydrogen system.
[image: Figure 7]FIGURE 7 | Impacts include (A) total cost and (B) carbon emissions of different grid carbon emission factors on two HIESs.
5 CONCLUSION
This study considers the refined coordinated utilization of multiple hydrogen sources, the DRM-HLSS, and the CTM, constructing a low-carbon economic dispatching model for HIES. By solving and analyzing the dispatching scheme, it is found that the refined coordinated utilization of green hydrogen and blue hydrogen, along with the DRM-HLSS, can simultaneously ensure high renewable energy consumption, reduce carbon emissions, and lower operating costs. The DRM-HLSS improves system scheduling flexibility, reduces wind power output fluctuations, and enhances wind power consumption capability. Additionally, the introduction of a CTM restricts carbon emissions in the comprehensive energy system, achieving carbon emission reduction goals and promoting greater utilization of hydrogen energy. It is worth noting that the current coordination system between green hydrogen and blue hydrogen effectively leverages the economic benefits of fossil fuels and the low-carbon nature of carbon capture technology. However, as the carbon emission factor of the power grid continues to decrease in the future, this system will no longer offer advantages in terms of economy and low carbon emissions. Consequently, the operation of HIES should gradually transition toward a single green hydrogen system, aligning with reduced carbon emission factors of the power grid.
For future work, it is recommended to consider flexible load demand response mechanisms, such as electricity and heat, in the optimization scheduling of the system for further research. Additionally, the uncertainty of renewable energy output should be taken into account in subsequent optimization scheduling research to ensure that the scheduling results align more closely with actual conditions.
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