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Abstract
With industrial development and population growth, worldwide energy consumption has increased dramatically, it has become a common consensus to vigorously develop renewable energy. As an efficient storage medium, hydrogen is an important way to store excess energy from wind-solar systems. However, changes in climatic conditions lead to large fluctuations in the output power of renewable energy such as wind and solar, which in turn leads to large fluctuations in hydrogen production from wind and solar. Currently, restrictions on the integration of renewable energy into the grid have led to lower grid security for new projects. Adding natural gas (NG) power stations is one solution. Therefore, a methodology for the integration of hydrogen production from wind, solar, NG, and hydrogen storage is constructed, including solar power generation unit, wind power generation unit, NG power generation unit, electrolyzer unit, hydrogen storage unit, and energy storage unit. Under the premise of fully considering the carbon emission and engineering practical factors, the model optimizes the capacity of each unit of the system under different conditions through a real case study to obtain the most economical scale configuration. Results show that the NG power generation unit can help the system to implement the dispatching scheme and can smooth the fluctuation of wind-solar to hydrogen production, which also keeps hydrogen carbon emissions below the upper limit. The model achieves the deep coupling of wind-solar energy and NG power generation, improves the flexibility of the system, and provides useful assistance for the green and low-carbon transition of energy.
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Introduction
In recent years, the energy crisis and greenhouse effect have become increasingly prominent and have become an urgent challenge for the world (Walmsley et al 2023). Green and low carbon is the main direction of future energy development. In this direction, renewable energy and hydrogen energy play a key role. According to IEA forecasts, the total global renewable energy power generation will reach as high as 4,500 GW in 2024. Hydrogen energy is an ideal zero-carbon energy source. It can not only consume renewable energy but also be used as raw material to produce green products. However, due to the intermittency and fluctuation of wind and solar power generation, the hydrogen produced by wind and solar power fluctuates. Coupling NG with wind-solar hydrogen production can solve this problem well.
As traditional fossil energy, NG has the characteristics of cleanness and low carbon compared with petroleum and coal (Jia et al 2023). Many researchers have focused on integrating renewable energy and NG in microgrids, combined cooling, heating, and power (CCHP) systems, integrated energy systems (IESs), and integrated electricity and NG systems. Ju et al (2016) constructed a CCHP and renewable energy-based hybrid energy system driven by distributed energy resources (DERs CCHP). The system includes three subsystems: the electricity subsystem, the CCHP subsystem, and the auxiliary heating subsystem. The electricity subsystem is powered by wind, solar, and NG. Mei et al (2021) proposed a distributed IES stochastic operation optimization model including renewable energy and NG. It promoted the consumption of renewable energy. Sun et al (2020) developed a shared platform framework that includes NG networks, distributed renewable energy generation systems, and energy storage. The framework focuses on promoting energy sharing throughout the system and increasing system flexibility.
The above researches have achieved the integration of renewable energy and NG, but they did not consider carbon emissions in these models. Therefore, this paper constructs an integrated model of wind-solar coupled NG power generation, hydrogen production, and storage. The model considers many practical engineering factors, such as the efficiency of wind and solar power generation, the carbon emissions of NG and grid power, battery charge and discharge losses. The system capacity is designed and optimized, with a focus on analyzing the impact of NG on system economics.
Problem statement
The framework of hydrogen production system from wind-solar coupled NG is shown in Figure 1. The system consists of wind and photovoltaic power generation units, NG power generation unit, grid unit, electricity storage unit, water electrolysis hydrogen production unit, and hydrogen storage unit.
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Figure 1. The framework of hydrogen production system from wind-solar coupled NG
Since wind and solar power generation has random fluctuations in seasonal, monthly, and
hourly, in order to smooth the volatility of wind and solar power, NG was added
to the system to explore changes in the reliability and economy of the NG coupled wind and solar power system. Therefore, this paper constructs two mathematical programming models, one is used to describe the characteristics of the system without NG and solve for the optimization variables, and the other is used to describe the characteristics of the system with NG and solve for the optimization variables. 
The models consider the fluctuation of wind, solar, and the grid price. Taking the maximum annual income of the project as the objective function, the impact of NG power on the system is analyzed.
Mathematical Model
Objective function 
The objective function is to maximize the annual income (AR), as shown in Eq. (1):

	









Where,,,are the wind power and photovoltaic investment costs, energy storage investment costs, electrolyzers investment costs, and hydrogen storage tanks investment costs, respectively.is the costs of maintenance, repair, management, insurance, etc.is the costs of total employee compensation.is the cost of grid electricity.is the total cost of NG,is the income of selling hydrogen.
Power balance constraints
The amount of electricity in the system follows the principle of energy conservation, that is, the amount of electricity supplied is equal to the amount of electricity consumed, as shown in Eq. (2):

	












Whereis the power generated by the WT at t-th hour,is the power generated by the photovoltaic at t-th hour,is the discharging power of energy storage at t-th hour,is the discharge efficiency of energy storage,is the off-grid electricity at t-th hour.is the power generated by the NG at t-th hour,is the input power of the alkaline electrolyzer at t-th hour,is the charging power of energy storage at t-th hour,is the charge efficiency of energy storage,is the power curtailment at t-th hour,andare the compressor power consumption required for hydrogen to enter and exit the hydrogen storage tank at t-th hour.
Carbon emissions constraints
According to Standard and evaluation of low-carbon hydrogen, clean hydrogen and renewable hydrogen (T/CAB 0078-2020), the system imposes carbon emission constraints on grid power and NG power, as shown in Eq. (3):

	




Where is the carbon emission factors of grid electricity,is the carbon emission factors of NG,is the amount of hydrogen consumed to produce liquid hydrogen at t-th hour,is the carbon emissions of the clean hydrogen standard.
Case study
To show the effectiveness and feasibility of the proposed method, this section applies the established model to a real case. The wind and solar resource data in this case are taken from Xinjiang Uygur Autonomous Region, China. The installed capacities of photovoltaic and wind power are 635 MW and 150 MW, respectively, and the NG scale is an optimization variable. The system is allowed to buy electricity, but not allowed to sell electricity. Two cases will be analyzed and studied. Case 1 is the system without NG, and Case 2 is the system with NG, the optimization results are shown in Table 1.
The results show that with the same carbon emissions, the annual income and hydrogen production of Case 2 are higher than those of Case 1, which shows that adding NG to the system reduces carbon emissions. The scale of hydrogen storage in Case 1 is much higher than that in Case 2. This is caused by the fluctuations in wind and solar power and grid electricity prices. So, more hydrogen needs to be stored to smooth out the fluctuations of the system and keep the system stable. The fluctuations of wind and solar also lead to the increase of the curtailment rate in Case 1. At the same time, the system with NG promotes the consumption of renewable energy and improves the stability of the system.
Table 1. Comparison of optimization results
	Variables
	Case 1
	Case 2

	Consumption of electricity generated by NG (108 kWh·y-1)
	0
	0.51

	Grid electricity (108 kWh·y-1)
	0.13
	0

	Proportion of electricity generated by NG to total electricity consumption (%)
	0
	4.09

	Proportion of grid electricity to total electricity consumption (%)
	1.10
	0

	Total electricity consumption (108 kWh·y-1)
	12.10
	12.55

	Cost of NG (108 CNY·y-1)
	0
	0.47

	Cost of grid electricity (108 CNY·y-1)
	0.041
	0

	Total investment cost (108 CNY·y-1)
	55.88
	56.20

	Annual income (108 CNY·y-1)
	1.18
	1.37

	Carbon emissions (kgCO2/kg H2)
	0.49
	0.49

	Curtailment rate (%)
	5.58
	5.02

	Total hydrogen production (108 Nm3·y-1)
	2.28
	2.37

	NG scale (MW)
	0
	17.99

	Energy storage scale (MW)
	0
	0

	Hydrogen storage scale (104 Nm3·h-1)
	73.79
	1.57

	Number of electrolyzers
	86
	88
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Figure 2. Annual and weekly power/hydrogen scheduling of case 1
[image: ]
Figure 3. Annual and weekly power/hydrogen scheduling of case 2
Figure 2 shows the annual and weekly power/hydrogen scheduling of Case 1. (a) and (b) show that when wind and solar power generation is insufficient, the system will purchase electricity to reduce the fluctuation of wind and solar power, and more electricity is purchased in autumn and winter, less electricity is purchased in spring and summer. (a) and (c) show that the more wind power is generated, the more hydrogen is produced. when wind and solar power generation is insufficient, the amount of hydrogen supply increases to maintain the relative stability of the hydrogen production load. The scale of energy storage is 0, which indicates that purchasing grid power is more economical than allocating energy storage under the current price system.
Figure 3 shows the annual and weekly power/hydrogen scheduling of Case 2. (a) and (b) show that when wind and solar power generation is insufficient, NG power generation is used to stabilize the fluctuation of the system. At the same time, it can be seen from (c) (d) of Figure 2 and Figure 3 that the amount of hydrogen supplied in Case 2 is less than that in Case 1. This is because by adding NG, the system produces hydrogen more stable, and therefore stores less hydrogen.
Conclusion
By taking the maximum annual income as the objective function, this research innovatively establishes an integrated optimization model for wind-solar coupled NG power generation, hydrogen production, and hydrogen storage. The model draws the following conclusions by comparing and analyzing the system with and without NG:
1. The economy of the system with NG is better than that of the system without NG.
2. Wind-solar coupled NG smoothes the fluctuation of wind and solar and improves the flexibility of the system.
3. The system with NG reduces carbon emissions.
4. The system with NG promotes the consumption of renewable energy and reduces the curtailment rate.
Future work will take uncertainties such as wind and solar into account in the model, and consider expanding the downstream products of hydrogen.
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