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Hydrogen production by electrolysis is considered an essential means of consuming renewable energy in the future. However, the current assessment of the potential of renewable energy electrolysis for hydrogen production is relatively simple, and the perspective is not comprehensive. Here, we established a Combined Wind and Solar Electrolytic Hydrogen system, considering the influence of regional wind-solar-load characteristics and transmission costs to evaluate the hydrogen production potential of 31 provincial-level regions in China in 2050. The results show that in 2050, the levelized cost of hydrogen (LCOH) in China’s provincial regions will still be higher than 10 ¥/kg, which is not cost-competitive compared to the current hydrogen production from fossil fuels. It is more cost-effective to deploy wind turbines than photovoltaic in areas with similar wind and solar resources or rich in wind resources. Wind-solar differences impact LCOH, equipment capacity configuration, and transmission cost composition, while load fluctuation significantly impacts LCOH and electricity storage configuration. In addition, the sensitivity analysis of 11 technical and economic parameters showed differences in the response performance of LCOH changes to different parameters, and the electrolyzer conversion efficiency had the most severe impact. The analysis of subsidy policy shows that for most regions (except Chongqing and Xizang), subsidizing the unit investment cost of wind turbines can minimize LCOH. Nevertheless, from the perspective of comprehensive subsidy effect, subsidy cost, and hydrogen energy development, it is more cost-effective to take subsidies for electrolysis equipment with the popularization of hydrogen.
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1 INTRODUCTION
With the depletion of traditional fossil energy and the increasingly severe environmental problems it brings, countries worldwide are gradually falling into the dilemma of traditional fossil energy, and it is imminent to promote the reform of traditional energy structure (Pan et al., 2021a; Bertram et al., 2021; Wu et al., 2022). Countries have promulgated regulations and policies to promote the vigorous development of renewable energy sources such as wind and solar to achieve the goal of carbon neutrality (Holdmann et al., 2019; O’Malley et al., 2020; Yang et al., 2021). The International Energy Agency (IEA) states that renewable energy generation needs to grow at an annual rate of nearly 12% over the 2021–2030 period to put the world on track for net-zero emissions by 2050 (International Energy Agency, 2021). How to absorb a high proportion of renewable energy power generation will become a fundamental research problem (Yang et al., 2018; Wu Y et al., 2021).
As one of the essential means of consuming renewable energy, electrolytic hydrogen has received extensive attention worldwide in recent years (Wang et al., 2021; Wu Y J et al., 2021). Compared with electricity, the advantage of hydrogen energy is that it can be used as long-term energy storage to achieve cross-regional and cross-season energy mutual assistance (Pan et al., 2020; Zhang et al., 2021). Currently, the research on hydrogen production from renewable energy focuses on feasibility (Fereidooni et al., 2018; Lin et al., 2021; Lucas et al., 2022) and cost analysis (Glenk and Reichelstein, 2019; Guerra et al., 2019; Pan et al., 2021b), multi-subject cooperation (Wu et al., 2020; Ma et al., 2021), and the operation planning and marketization of systems such as electric-hydrogen hybrid energy storage and hydrogen-mixed natural gas (Xiao et al., 2017; Tao et al., 2020). However, at present, the evaluation of hydrogen production potential from renewable energy is mainly based on specific regions, and only independent evaluation of hydrogen production from wind power or photovoltaic hydrogen production is conducted. For example, Lucas et al. (2022) and Lin et al. (2021) analyzed the feasibility of hydrogen production from wind power. Fereidooni et al. (2018) analyzed the feasibility of solar hydrogen production and evaluated the potential of photovoltaic hydrogen production in Iran. Pan et al., 2021a) analyzes China’s cost and low-carbon competitiveness of hydrogen production from grids and photovoltaics. (Guerra et al. (2019). and (Glenk and Reichelstein, 2019) focus on the economics and cost competitiveness of hydrogen production from renewable energy sources. In addition, the current research is relatively simple in considering the electrolytic hydrogen model, lacks comprehensive system modeling, and lacks the analysis of the wind-solar combination and regional load characteristics.
Because of the above shortcomings, this paper predicts and evaluates the levelized hydrogen production cost of 31 provincial-level regions in China in 2050 and establishes a Combined Wind and Solar Electrolytic Hydrogen system (CWSEHs). On this basis, we thoroughly evaluate the impact of the combination of wind and solar and the energy consumption characteristics of each provincial region on the CWSWHs and give a system sensitivity analysis and a variety of subsidy policy evaluations. In particular, based on the characteristics of future marketization and the consideration of promoting the development of hydrogen production from renewable energy, wind and solar power generation is expected to use the existing power network to transmit and supply electricity to the hydrogen production system by paying a transmission fee, which can not only promote the process of marketization but also significantly reduce the investment cost of the line. Therefore, we have established a more refined model for the CWSEHs and fully consider the influence of factors such as transmission fee and inflation rate in the calculation of levelized cost of hydrogen (LCOH), hoping to provide a helpful reference and thinking for hydrogen production from renewable energy in 2050.
2 MATERIALS AND METHODS
2.1 Wind and solar capacity factor and electrical load data
To obtain the capacity factor (CF) of wind and solar power generation in each provincial region, we simulated through the renewables. ninja platform jointly developed by ETH Zurich and Imperial College of Technology (Pfenninger and Staffell, 2016), and obtained 8760 h of wind and solar power generation CF in each provincial region throughout the year, as the upper limit of wind turbine (WT) and photovoltaic (PV) power generation output. Specifically, for different provincial-level regions, we select five cities distributed in five directions to calculate the CF of wind energy and solar energy, respectively, and take the average value as the CF of wind energy and solar power generation in the provincial-level region. Similarly, the national average wind and solar CFs were averaged across 31 provincial-level regions. Due to data limitations, hourly provincial electric loads were obtained from provincial power grid companies or fitted based on typical provincial daily and annual load curves (National Energy Administration, 2020).
In addition, in order to make the article easy to understand and without losing rigor, we use abbreviated form for the names of 31 provincial-level regions in China. The specific correspondence is shown in Table 1 below.
TABLE 1 | China’s 31 provincial-level regions and their abbreviations.
[image: Table 1]2.2 Optimization model of CWSEHs
2.2.1 Objective function
In this paper, we define LCOH as the hydrogen production cost obtained after the cost of wind and solar power generation equipment, electrolysis-related equipment investment, operation and maintenance, and transmission fee and hydrogen production amount are levelized. A series of factors such as investment, operation, and maintenance costs, transmission fees, equipment life, wind and solar power generation CF, electrolyzer conversion efficiency, discount rate, inflation rate, and electrical load in the system will affect LCOH. Among the above parameters, the parameters with regional differences are the CF of wind and solar power generation and the regional electricity load. The following optimization model can be established based on this, with the objective function of minimizing LCOH.
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As shown in Eq. 1, the established optimization model aims to minimize the LCOH of the system, where Cinv is the annual investment cost of PV, WT, electricity storage (ES), and electrolysis (ELY) equipment. Com is the annual operation and maintenance cost of the system. Ctp is the transmission fee paid for transmitting photovoltaic and wind turbine power generation through the grid. N is the system’s life, i is the inflation rate, r is the discount rate, ηELY is the conversion efficiency of ELY, PELY t is the electric power consumed by electrolysis at time t, and LHV is the low calorific value of hydrogen.
Cinv, Com and Ctp are given by Eqs 2–4, where λ is the hydrogen to electricity ratio and represents the power consumed by hydrogen production to the power consumed by the electrical load. CPV, CWT, CES and CELY are PV, WT, ES, and ELY’s optimal configuration capacities. cPV inv, cWT inv, cES inv and cELY inv are the unit investment costs of PV, WT, ES, and ELY, respectively. cPV om, cWT om, cES om and cELY om are the unit annual fixed operation and maintenance costs of PV, WT, ES, and ELY, respectively. σPV and σWT are the unit power transmission fees paid by PV and WT, respectively, and PPV t and PWT t are the actual power generated by PV and WT at time t.
2.2.2 Constraints
The optimization model also needs to satisfy the investment and equipment operation constraints of Eqs 5–17:
2.2.2.1 Electric power balance constraint
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Equation 5 ensures the hour-level electric power balance of the CWSEHs, where PES+ t and PES- t respectively represent ES's charge and discharge power at time t, and PLOAD t represents the regional electrical load at time t. PELY t represents the electrical power consumed by ELY at time t, ΦT is the time series set, ΦT = {1,2,3,…,8760}.
2.2.3 Hydrogen production power constraint
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Equation 6 ensures that ELY’s electricity consumed is λ times the electric load daily. According to Hydrogen Council (2017) and Institute of Climate Change and Sustainable Development, Tsinghua University (2021), it is estimated that hydrogen energy and electric energy will account for 18% and 55% of the final energy demand in 2050, respectively. Based on this, we calculated the value of λ.
2.2.4 Equipment investment capacity constraints
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Equations 7–10 ensure that the investment capacity of PV, WT, ES and ELY equipment is non-negative.
2.2.5 PV and WT operating constraints
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Equations 11 and 12 and ensure that the output electric power of PV and WT is non-negative and not greater than the upper limit of output power, where pPV t and pWT t are the upper limits of output electric power of unit capacity PV and unit WT at time t, respectively.
2.2.6 ES operating constraints
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Equations 13 and 14 respectively ensure that the ES charge and discharge power is non-negative and not greater than the ES configuration capacity. Eq. 15 ensures that the actual storage capacity of the ES is not greater than the upper limit of the storage capacity, where SES t is the actual storage capacity of the ES at time t. Eq. 16 simulates ES’s charging and discharging process and ensures the same storage capacity at the beginning and end of ES, where ηES+ and ηES- are ES's charging and discharging efficiencies, respectively.
2.2.7 ELY operating constraint
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Equation 17 is the ELY operating constraint, which limits the minimum operating power of ELY, where εELY t is the operating state of ELY at time t, its value 1 means ELY is working, and 0 means ELY is not working.
2.3 Model parameters
In this model, the relevant techno-economic parameters of CWSEHs are unified in 2050, and the specific data are given in Table 2 below. Among them, the annual operation and maintenance (OM) cost of PV, WT, and ES are 0.01 of the unit investment cost of each piece of equipment, and the annual OM cost of ELY is 0.04 of the unit investment cost of it.
TABLE 2 | Predicted values of system-related technical and economic parameters in 2050.
[image: Table 2]3 RESULTS
3.1 System structure
Figure 1 shows the schematic diagram of the CWSEHs structure. On the energy supply side, renewable energy power generation, such as wind and solar energy, and electric energy storage modules are considered dispatchable electric power to compensate for the imbalance between supply and demand. The network side considers wind and solar power generation through the existing power network for transmission and pays a certain transmission fee. On the load side, we consider that electric energy can be used to simultaneously meet the electrical load and the operation of power to hydrogen (P2H) equipment. The produced hydrogen energy can be used as fuel in transportation, power generation, and heating and can also be used as raw materials for oil refining and steel production.
[image: Figure 1]FIGURE 1 | Structure diagram of CWSEHs.
3.2 LCOH assessment of wind solar electrolytic hydrogen in China
Figure 2 shows the LCOH of wind-solar combined hydrogen production in 31 provincial-level regions in China. The darker the background color of each region, the higher the LCOH (See Supplementary Figure S1 in Supplementary Material for the composition of LCOH in each provincial region). Overall, there are significant regional differences in the LCOH of wind-solar combined hydrogen production in 31 provincial-level regions. It is estimated that in 2050, the highest provincial LCOH in China will be CQ and the lowest is Inner Mongolia, and the span between the two can reach 16 ¥/kg. The eight provinces with the highest LCOH are CQ, ZJ, HB, SC, XJ, GD, YN, and FJ, all of which are greater than 15 ¥/kg, and the main parts are located in the eastern coastal areas and central areas. While northern regions such as HL, LN, JL, and IM have lower LCOH, it can be found that the LCOH of different provincial regions has significant geographic differences, which are essentially related to the level of wind and solar resources and power generation in each region.
[image: Figure 2]FIGURE 2 | LCOH of wind-solar electrolytic hydrogen in 31 provincial-level regions in China.
The above results show that the differences between LCOH and wind and solar resources are significantly correlated. In order to further study the impact of the two on LCOH, Figure 3 shows the relationship between LCOH and the proportion of PV and WT configuration capacity in each provincial region. The definition of PV and WT capacity ratio is shown in Eq. 18. It can be found that compared with WT, there is a higher correlation between the PV capacity ratio and LCOH. Moreover, regions with higher PV capacity ratios have higher LCOH. The results show that from the perspective of reducing LCOH to a certain extent, the configuration of WT is more cost-effective than the configuration of PV. Of course, this is also related to the wind and solar CF in each provincial area, and the configuration of WT in areas with low wind power CF will be of limited significance.
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[image: Figure 3]FIGURE 3 | The relationship between LCOH and PV, WT configuration capacity ratio.
3.3 The influence of wind and solar characteristics on CWSEHs
In order to compare the impact of wind and solar characteristics on the system, we selected four representative provinces for typical analysis to ensure that they are under similar load fluctuations, as shown in the first four rows in Table 3.
TABLE 3 | Wind, solar and load characteristics of representative provinces.
[image: Table 3]Figure 4A shows that HB has the highest LCOH of 17.38 ¥/kg, SH has the lowest LCOH of only 8.48 ¥/kg, the difference is nearly 10 ¥/kg, and the LCOH of TJ and XZ are in the middle. Comparing the data in Table 3, we can see that HB has the lowest wind and solar CF, SH has the highest wind and wind CF, and TJ and XZ have higher wind and photovoltaic CF, respectively has a significant correlation with their LCOH. In addition, comparing TJ and XZ again shows that wind resources can reduce LCOH more than solar resources.
[image: Figure 4]FIGURE 4 | Comparison of (A) LCOH (B) PV and WT configuration capacity (C) PV and WT transmission costs in four representative regions.
Figure 4B shows the configuration capacity of PV and WT in four regions. The configuration capacity of PV and WT has a positive relationship with the CF of PV and WT. The CF of TJ wind power is higher, so its WT configuration capacity is larger, XZ can configure more PV because of higher PV power generation CF. It is worth noting that the CF of wind and solar power generation of HB and SH are both higher or lower, and the system is more inclined to configure WT instead of PV at this time, which is consistent with the above analysis. The PV and WT transmission cost in Figure 4C is similar to the equipment configuration capacity in Figure 4B. Because the more WT or PV equipment capacity is equipped, the greater the power generation and the higher the transmission cost. Wind and solar differences significantly impact LCOH, WT, and PV capacity allocation and transmission costs. In areas with similar wind and solar resources, prioritizing WT equipment can further reduce LCOH, making it more competitive than PV equipment.
3.4 The influence of power load volatility on CWSEHs
When studying the influence of regional electrical load fluctuations on system parameters, in order to avoid the influence of dimensions, we have normalized the electrical loads in different regions and selected two regions with similar wind and solar resources and significant differences in electrical load fluctuations as shown in the last two rows in Table 3.
The left panel in Figure 5A shows that the LCOH of XJ is higher than that of SA, but in Figure 5B, it is shown that the ES configuration capacity of SA is significantly higher than that of XJ, even more than two times that of XJ, which is due to the electrical load fluctuation of SA is bigger than XJ. Specifically, when the electrical load is low, the PV and WT power generation can meet the electrical load and the P2H system, and only a small amount or no ES is needed for compensation. While at a high electrical load, most or all of the PV and WT power generation is absorbed by the electrical load, and the P2H system needs to be compensated by ES. In addition, regardless of the fluctuation of the electrical load, the WT configuration capacity is higher than the PV configuration capacity (Figure 5B), and WT also occupies an absolute advantage in the transmission fee (Figure 5A), which highlighted that the configuration of WT has significant advantages and universality compared to PV again.
[image: Figure 5]FIGURE 5 | Comparison of (A) LCOH and PV and WT transmission costs (B) PV, WT and ES configuration capacity for two representative regions.
3.5 LCOH sensitivity analysis
Figure 6 presents the LCOH sensitivity analysis of CWSEHs under different parameters. We calculated the LCOH at this time by making each parameter ±25% based on the benchmark scenario. It can be seen from Figure 6 that the average LCOH in China under the benchmark scenario is 9.82 ¥/kg, and the change in electrolyzer conversion efficiency has the most significant impact on LCOH, and a ±25% fluctuation will cause LCOH to change from 7.86 ¥/kg to 13.10 ¥/kg. The impact of the unit investment cost of WT, system lifetime, and discount rate on LCOH is gradually reduced but still has a significant impact. Changes in other parameters have a limited impact on LCOH, especially the unit investment cost of PV, and the transmission costs of PV can hardly make LCOH change, which is also related to the low PV configuration capacity. It is worth noting that as λ increases, the LCOH will gradually decrease, which means that when the hydrogen demand (electric power consumed by hydrogen production) increases, the LCOH will further decrease, which is consistent with the scale effect of system development. In addition, system lifetime, electrolyzer conversion efficiency, inflation rate, and λ remain negatively correlated with LCOH changes, which is also consistent with common sense.
[image: Figure 6]FIGURE 6 | Sensitivity analysis of the LCOH under the different parameters.
3.6 Subsidy policy analysis
Currently, the LCOH of hydrogen production using traditional fossil energy (such as coal and natural gas) is about 10 ¥/kg (National Alliance of Hydrogen and Fuel Cell, 2019), and according to our prediction in 2050, 27 of China’s 31 provincial-level regions have LCOH higher than 10 ¥/kg. It means that even by 2050, the competitiveness of renewable energy electrolysis hydrogen production is still limited compared with traditional fossil energy hydrogen production. Therefore, we considered six different subsidy policies, adopting a 50% investment cost subsidy for PV, WT, ELY, ES, and a 50% cost subsidy for PV and WT transmission costs. The subsidy effect is shown in Figure 7. The results show that, except for the two regions of CQ and XZ, subsidizing WT can reduce LCOH to the greatest extent, so that the LCOH in most regions is reduced to less than 10 ¥/kg, while CQ and XZ have the best subsidy effect on PV, which is mainly closely related to the landscape resources in different regions. Generally, the effect of subsidizing ES and PV is better than the other three subsidy policies except for the WT subsidy, which can significantly reduce LCOH. The ELY subsidy and the PV and WT transmission cost subsidy have the worst effect on reducing LCOH, which can only reduce about 0.5 ¥/kg.
[image: Figure 7]FIGURE 7 | LCOH in provincial-level regions under six subsidy policies.
Further, Figure 8 (the upper part) shows the annual cost of the six subsidy policies. Overall, the annual cost of various subsidy policies is proportional to the subsidy effect. The better the subsidy effect, the higher the annual subsidy cost. It is worth noting that CQ subsidizes PV with the best effect, but the annual cost of PV subsidy is less than that of WT subsidy, which is a very shocking situation because it shows that adopting PV subsidy in CQ can not only minimize LCOH, but also it can ensure that the annual subsidy cost is not the highest, which is a very cost-effective subsidy policy.
[image: Figure 8]FIGURE 8 | Annual subsidy costs and unit LCOH reduction costs for each provincial-level region under six subsidy policies.
In response to the particular situation of CQ, we comprehensively considered the subsidy effect of various policies and the annual subsidy cost and proposed the concept of unit LCOH decrease cost, whose definition is shown in Eq. 19. In the equation, UM,i LCOH, CostM,i, and ΔLCOHM,i are the unit LCOH decrease cost, annual subsidy cost, and LCOH decrease of the ith provincial region under the Mth subsidy policy, respectively, ΦCOMP and ΦPRO are the subsidy policy set and the provincial set, respectively. Figure 8 (the lower part) shows each provincial region’s unit LCOH decrease cost. It can be found that PV, WT, and ES subsidies have their advantages and disadvantages in different regions, but generally, the ULCOH subsidized by PV, WT, and ES will be higher than that subsidized by ELY and transmission costs. In particular, although subsidizing ELY can obtain lower ULCOH, it still has a limited effect on reducing LCOH because the predicted terminal hydrogen demand in 2050 is still small, and the required ELY equipment configuration capacity is limited. However, in the long run, there is excellent potential to subsidize ELY after the terminal hydrogen demand increases in the future. In addition, if the PV and WT transmission costs can be further reduced, this will benefit LCOH.
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4 DISCUSSION
In the context of emission reduction, hydrogen production from renewable energy electrolysis has received extensive attention from countries worldwide. In this paper, we build CWESHs, evaluate the LCOH of 31 provincial-level regions in China in 2050, and analyze the advantages and disadvantages of using PV or WT power generation in detail. Starting from regional wind and solar energy characteristics and load characteristics, we evaluate the impact of regionally differentiated resource characteristics and load characteristics on CWESHs. Finally, the system sensitivity is analyzed, and the differences between the six subsidy policies are compared from different aspects, which is expected to provide helpful guidance for developing and popularizing hydrogen energy.
In China’s provincial-level LCOH assessment, 27 of the 31 provincial-level regions are expected to have still LCOH higher than 10 ¥/kg in 2050, which is limited compared to traditional fossil energy hydrogen production. In this context, if a specific carbon tax is charged for hydrogen production from fossil energy at the policy level, it will further enhance the cost competitiveness of hydrogen production from renewable energy. In addition, we also found that deploying WT is more cost-effective than deploying PV and can widely promote wind power development in areas with abundant wind resources. In particular, when analyzing the influence of wind and solar characteristics and regional electrical load characteristics on the system, it was once again found that the configuration of WT in areas with similar wind and solar resources or areas with abundant wind resources is more cost-effective than PV, and the analysis of 31 provincial-level regions shows that the results are generalizable.
Finally, in the analysis of the system’s sensitivity, it is pointed out that the conversion efficiency of the electrolyzer, the unit investment cost of WT, the system lifetime, and the discount rate are the four most critical factors affecting LCOH. With the further development of electrolyzer-related technologies in the future, even a slight increase in electrolysis efficiency can significantly impact reducing LCOH. Subsidy policy analysis shows that WT subsidies can reduce LCOH to the greatest extent in most provinces, but the annual cost is also the highest, but CQ and XZ are exceptional cases. With the further development of hydrogen energy in the future, subsidies for ELY equipment will have more tremendous application potential.
The above research has comprehensively assessed China’s future renewable energy electrolysis hydrogen business, which is of great significance for promoting the development and popularization of hydrogen energy. In the future, we will further explore the unique role of hydrogen energy in carbon reduction from the perspective of deep coupling between the power system and the hydrogen energy system.
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