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Under the dual-carbon target, hydrogen energy, as a zero-carbon secondary energy source, has great scope for replacing fossil feedstocks in the fields of energy, transportation and industry. However, the current research on the competitiveness of hydrogen energy in various fields is not sufficiently addressed. In this paper, we use the LEAP model to predict the future scale of hydrogen use and the two-factor learning curve to predict the trend of hydrogen price change from 2025 to 2050, using Qinghai Province as the research background. At the same time, considering the carbon emission reduction benefits and raw material costs, the competitiveness of hydrogen energy in energy, transportation, industry and other fields in the future is compared. The results show that: 1) The hydrogen load scale in Qinghai Province will grow fast from 2025 to 2030. From 2030 to 2040, it slows under the steady and basic scenarios but remains high under the accelerated one. By 2040, the consumption scales are 1.057 million, 649,000 and 442,000 tons respectively. 2) The price of hydrogen energy will drop rapidly from the current 28 CNY/kg to about 20 CNY/kg in the next 5 years. By 2040, the price of hydrogen energy will be reduced to about 17 CNY/kg. 3) In terms of hydrogen energy competitiveness, when carbon emissions are not taken into account, hydrogen energy is currently competitive in the transportation field. During 2032–2038, it will be competitive in the field of methanol synthesis. By 2040, hydrogen energy will not be competitive in the fields of ammonia synthesis and power/heating. When considering carbon emissions, the competitiveness of hydrogen energy in the transportation field will become greater. The competitive year in the field of methanol synthesis will be 1–2 years ahead. By 2040, it will not be competitive in the field of synthetic ammonia and power/heating, but the gap will be significantly reduced due to the consideration of carbon emissions.
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1 INTRODUCTION
Under the background of carbon peak and carbon neutrality, energy, transportation, industry and other fields in China are facing huge pressure of carbon emission reduction (Wang et al., 2023). The use of green hydrogen energy to replace traditional carbon-containing raw materials can significantly reduce carbon emissions in various industries and contribute to the realization of the dual-carbon goal (Elshafei and Mansour, 2023). As a province with more than 90% of the installed capacity of renewable sources, Qinghai Province has superior conditions for green hydrogen production (Peng, 2023). At the same time, the industry in Qinghai Province is dominated by steel and chemical industries, and carbon emissions account for more than 70% of the total emissions in Qinghai Province (Shi et al., 2023). Implementing a hydrogen energy substitution policy in Qinghai Province, focusing on industry with energy and transportation as supplementary areas, has a solid industrial foundation and ample carbon reduction potential. Therefore, it is urgent to calculate the scale of hydrogen load in Qinghai Province and discuss the competitiveness of hydrogen energy in various fields, so as to provide decision support for the development of hydrogen energy in Qinghai Province.
At present, the scale prediction methods for hydrogen energy can be mainly categorized into quantitative modeling, system dynamics analysis and scenario analysis, etc. Among them, the most widely used is the quantitative modeling method. Lane et al. (2021) used the logic function to fit the S-curve of hydrogen energy development and predicted the global demand for hydrogen from 2025 to 2050. Park Changeun et al. (2022) predicted the hydrogen demand for transportation in South Korea using Bass, logistic and Gompertz models as well as analogical methods. Based on the global automobile hydrogen market penetration. Zulfhazli et al. (2024) predicted the hydrogen demand of G20 countries from 2022 to 2050. Huang et al. (2022) analyzed the evolution of China‘s hydrogen demand from three aspects of petroleum refining industry, ammonia industry and automobile market by combining system dynamics theory and scenario analysis method, and predicted China‘s hydrogen demand by 2030 under three different scenarios. On the whole, the current research mainly focus on the overall results of hydrogen energy prediction, or simply split the prediction results into broad sectors such as industry and electricity, lacking a detailed description of the classification of hydrogen energy demand.
Hydrogen energy cost prediction involves many links such as hydrogen production, storage, transportation and application. At present, the research mainly focuses on technical and economic analysis. Medhat et al. (Nemitallah et al., 2024) and Hafiz Muhammad et al. (Ayub et al., 2024) discuss the efficiency and cost of different hydrogen production methods. Simon. Öberg et al. (2022) consider exogenous (industry and transport) and endogenous (time-shifting of electricity generation) hydrogen demands, and construct a techno-economic optimization model to analyze the parameters affecting the cost of hydrogen. (Oliva and Garcia, 2023) discuss the effect of variable energy prices and renewable energy generation on the annualized cost of hydrogen. Although the above research considers the impact of multi-dimensional factors on the cost of hydrogen production, it only discusses the current cost of green hydrogen and does not study the future trend of hydrogen energy cost. Revinova et al. (Revinova et al., 2023) used single factor learning curve to fit the learning rate of electrolytic cell cost and electricity cost, and then obtained the learning rate of hydrogen production cost. D. Franzmann et al. (Franzmann et al., 2023) analyzed the cost potential of hydrogen energy in 28 selected countries around the world up to 2050 based on an optimized energy system with open-air photovoltaics and onshore wind. Gandhi et al. (2023) predicted the price change of hydrogen energy in the United Arab Emirates from 2022 to 2050 by fitting the cost learning rate of electrolyzers. Dumančić et al. (2023) discussed the competitiveness of traditional fossil fuels such as electrolytic hydrogen production and natural gas in gas-fired power plants before 2050. Although the above research considers the impact of future technological changes on the cost and price of hydrogen energy, it ignores the impact of scale effect of hydrogen energy production.
Hydrogen energy production in Qinghai Province is in its infancy, with less historical data and a more prominent role of policy influence, making it difficult to use the modeling method to predict the future scale. In addition, the system dynamic analysis method also requires a large number of parameters and data support (Wang et al., 2024). The LEAP model, on the other hand, is a bottom-up energy-environment accounting tool for energy planning or forecasting, energy balance sheets and environmental pollutant inventories, and greenhouse gas emission reduction analysis. The model is able to analyze hydrogen loads in conjunction with different scenarios and years, thus overcoming the limitations of other methods. In view of this, this paper selects the LEAP model (Long-range Energy Alternatives Planning System) which does not require large amounts of historical data to support based on the scenario analysis method, sets three scenarios of base, steady and acceleration, and predicts the hydrogen consumption scale of the four fields of industry, electricity, transportation and heating in Qinghai Province. Secondly, combined with the prediction results of hydrogen scale, the scale-technology two-factor learning curve is used to analyze the future hydrogen energy cost of Qinghai Province. Finally, the competitiveness of hydrogen energy in replacing conventional materials in various fields is discussed with the cost of raw materials as the key influencing factor, which is able to predict hydrogen prices more comprehensively and accurately provides decision support for China‘s hydrogen energy utilization.
2 METHODOLOGY
The research route of this paper includes two parts: hydrogen load scale prediction based on LEAP model and hydrogen load cost prediction based on two-factor learning curve. The overall framework is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Research framework.
2.1 Prediction of hydrogen load scale based on LEAP model
LEAP model is established by sector activity analysis, which is a bottom-up energy-environment accounting tool based on scenario analysis (Nojedehi et al., 2016). The LEAP model includes energy supply, energy processing conversion, terminal energy demand and other links, which can be mainly applied to energy planning or forecasting, energy balance sheets and environmental pollutant lists, greenhouse gas emission reduction analysis and comprehensive resource utilization planning (Zhang et al., 2022; Qi et al., 2023).
The prediction method of hydrogen load scale proposed in this paper is based on the LEAP model. The terminal hydrogen demand is divided into four departments: industry, electricity, transportation and heating. Through the data input of each dimension, the hydrogen load of different scenarios and years is analyzed.
The total hydrogen load in Qinghai Province contains hydrogen loads in four areas: industry, electricity, transportation and heating. The prediction equation of hydrogen load is as shown in Equation 1:
[image: image]
Where, [image: image] is the total hydrogen load in the [image: image] th year; [image: image], [image: image], [image: image] and [image: image] are the hydrogen load in the four fields of industry, electricity, transportation and heating in the [image: image] th year, respectively.
2.1.1 Industrial field
The industrial field mainly considers the use of hydrogen in the chemical industry and the iron and steel industry, which are modeled in Equation 2:
[image: image]
Where, [image: image] and [image: image] are the hydrogen loads of the chemical industry and the iron and steel industry in the [image: image] th year, respectively; [image: image] is the hydrogen loads of other sectors in the industrial field in the [image: image] th year.
The specific calculation model for its hydrogen load is shown in Equation 3:
[image: image]
Where, [image: image] is the hydrogen demand for making green aviation kerosene in the [image: image] th year; [image: image] is the hydrogen demand for ammonia production in the [image: image] th year; [image: image] is the hydrogen demand for methanol production in the [image: image] th year; [image: image] is the hydrogen demand for dimethyl ester production in the [image: image] th year.
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Where in Equation 4, [image: image] is the consumption coefficient, 1 ton of iron consumes [image: image] ton of hydrogen, usually taken as 0.09375. [image: image] is the demand for reduced iron.
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Where in Equation 5, [image: image] is the proportional coefficient, which is different in different scenarios.
2.1.2 Electricity field
In the field of electricity, hydrogen mixed combustion engines and hydrogen fuel cell power generation are mainly considered. The model is as shown in Equation 6:
[image: image]
Where, [image: image] is the hydrogen demand of hydrogen mixed combustion engine in the [image: image] th year; [image: image] is the hydrogen demand of hydrogen fuel cell power generation in the [image: image] th year; [image: image] is the hydrogen demand for other applications in the power sector in the [image: image] th year.
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Where in Equation 7, aelec is the proportional coefficient, which is different in different scenarios.
2.1.3 Transport field
The field of transportation mainly considers the hydrogen demand for land transportation and water transportation. The model is shown in Equation 8:
[image: image]
Where, [image: image] is the hydrogen demand for land transportation in the [image: image] th year, which mainly includes hydrogen buses, hydrogen intercity bus and hydrogen heavy trucks; [image: image] is the hydrogen demand for water transportation in the [image: image] th year, which mainly includes hydrogen cruise ships; [image: image] is the hydrogen demand for other applications in the transportation field in the [image: image] th year.
The specific calculation model for its hydrogen load is shown in Equation 9:
[image: image]
Where, [image: image], [image: image], [image: image] are the number of hydrogen buses, hydrogen intercity bus, and hydrogen heavy trucks in the [image: image] th year, respectively; [image: image], [image: image], [image: image] are the average annual hydrogen consumption of each hydrogen bus, hydrogen intercity bus, and hydrogen heavy truck, respectively.
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Where in Equation 10, [image: image] is the number of hydrogen cruise ships in the [image: image] th year; [image: image] is the average annual hydrogen consumption per hydrogen cruise ship.
[image: image]
Where in Equation 11, atrans is the proportional coefficient, which is different in different scenarios.
2.1.4 Heating field
The heating field mainly considers the hydrogen demand for residential district heating and the delivery of the Seninglan pipeline. The model is shown in Equation 12:
[image: image]
Where, [image: image] is the hydrogen demand of residential district heating in the [image: image] th year; [image: image] is the hydrogen demand of Seninglan pipeline in the [image: image] th year; [image: image] is the hydrogen demand for other applications in the heating field in the [image: image] th year.
The specific calculation model of hydrogen load is shown in Equation 13:
[image: image]
Where, [image: image] and [image: image] are the rural and urban population of Qinghai Province in the [image: image] th year, respectively; [image: image] and [image: image] are the growth coefficients of rural and urban population in Qinghai Province, respectively; [image: image] and [image: image] are the per capita heating hydrogen demand of rural and urban population in Qinghai Province, respectively.
[image: image]
Where in Equation 14, aheat is the proportional coefficient, which is different in different scenarios.
2.2 Hydrogen load cost prediction based on two-factor learning curve
2.2.1 Model construction
By predicting the future cost of hydrogen, the competitiveness of hydrogen energy in various fields, such as industry and electricity, can be effectively analyzed to provide reference for the development of hydrogen energy industry. Learning Curve (LC) is an effective model to analyze the general law of dynamic change of technology cost, which has been widely used in various fields (Anzanello and Fogliatto, 2011). The traditional learning curve model is a model that only contains a single explanatory variable (cumulative output), and the reason for the reduction of technical costs is the ' learning by doing ' effect, that is, the increase in cumulative output leads to an increase in production efficiency (Nemet, 2006). Its expression shown in Equations 15, 16:
[image: image]
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Where, [image: image] is the cost in the [image: image] th year; [image: image] is the initial cost; [image: image] is the cumulative product size in the [image: image] th year; [image: image] is the elasticity coefficient of “learning-by-doing”; [image: image] denotes the percentage change in cost per doubling of cumulative production, i.e., the learning rate corresponding to [image: image].
However, the single factor model attributes all the reasons for the reduction of technology costs to the " learning by doing " effect, ignoring the impact of technology research and development (R&D) on technology costs, and the estimated value of learning efficiency is often too large. Therefore, this paper adds technological progress factors into the learning curve, and uses the two-factor (scale-technology) learning curve to predict the change of hydrogen load cost (Dai et al., 2024). Its expression is shown in Equations 17, 18:
[image: image]
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Where, [image: image] represents the variable of technological R&D progress, which is used to describe the contribution of knowledge accumulation to the decline of technology cost. However, it is difficult to quantitatively describe the accumulation of knowledge and experience. Therefore, this paper directly uses cumulative R&D investment as a variable to describe technological progress; [image: image] is the elastic coefficient of [image: image]. [image: image] is the learning rate of [image: image].
Using the LEAP model‘s hydrogen load forecast results as a variable to describe the output, the model expression becomes the following is shown in Equation 19:
[image: image]
2.2.2 Coefficient fitting and evaluation
Since the coefficients [image: image] and [image: image] in Equation 19 are unknown, it is necessary to fit them according to historical data. Firstly, the linear form of Equation 20 is obtained by taking the logarithm of each side of Equation 19:
[image: image]
At this point, the optimal valuation of the elasticity coefficients [image: image] and [image: image] can be obtained using the least squares method. After obtaining the coefficient estimation, the goodness of fit index can be used to evaluate the fitting effect. Coefficient of Determination is used as a goodness-of-fit index (Yao et al., 2021) and is expressed in Equation 21:
[image: image]
Where, [image: image] is the coefficient of determination; [image: image] is the estimate of the dependent variable [image: image]; [image: image] is the mean of the dependent variable [image: image].
3 DATA AND SCENARIOS SETTING
3.1 LEAP model
This section describes in detail the application of the LEAP model and its data setup for hydrogen load sizing forecasts in Qinghai Province. Firstly, the geographic location, energy structure and hydrogen energy development potential of Qinghai Province are summarized to provide a practical background for the model. Then, based on the guiding document on hydrogen energy development issued by the Qinghai provincial government, 2025, 2030 and 2035 are set as key time nodes, and detailed data input settings are made around these time nodes. As shown in Figure 2, Qinghai Province is located in the Qinghai-Tibet Plateau in western China, which is rich in hydropower, solar and wind energy resources. By the end of 2023, the installed capacity of clean energy power generation in Qinghai Province was 51.08 million kilowatts, accounting for 93% of the total installed capacity, and it has the industrial base for producing low-cost green hydrogen energy. In addition, Qinghai Province has a variety of hydrogen consumption scenarios, and has a large demand for hydrogen energy in the fields of industry, energy, transportation and so on. Therefore, the case analysis of hydrogen energy scale and price prediction in Qinghai Province is representative and forward-looking, which can provide reference for the development of hydrogen energy in other provinces.
[image: Figure 2]FIGURE 2 | Geographical location of Qinghai Province.
3.1.1 Data setting
Referring to the guidance documents on hydrogen energy development issued by the Qinghai Provincial Government, such as “Medium and Long-term Plan for the Development of Hydrogen Energy Industry in Qinghai Province (2022–2035)”, etc., the detailed input data of the model are set up with 2025, 2030 and 2035 as the time nodes. The specific settings are as follows:
3.1.1.1 Industrial field
By 2025, the production capacity of green hydrogen will reach about 4 × 104 tons, and no less than two green hydrogen chemical demonstration projects will be built. Demonstration application is carried out in the field of green hydrogen chemical coupling salt lake and green hydrogen chemical coupling new energy. Five green hydrogen chemical enterprises were introduced or cultivated, and the output value of the whole industrial chain of green hydrogen chemical industry reached 2×109 CNY.
By 2030, the production capacity of green hydrogen will reach 3 × 105 tons, realizing the large-scale application of green hydrogen in the chemical industry. More than 20 green hydrogen chemical enterprises have been introduced or cultivated, and the output value of the whole industrial chain of green hydrogen chemical industry has reached 15×109 CNY. In the industrial park to achieve the following capacity: annual output of 6 × 105 tons of green methanol, 6 × 105 tons of green ethylene glycol, 6 × 105 tons of green ammonia.
By 2035, the green hydrogen synthesis of green ammonia, methanol, ethylene glycol, dimethyl carbonate (DMC), triene triphenyl and downstream terminal chemical product delivery market will be built.
3.1.1.2 Electricity field
By 2030, the pilot implementation of hydrogen mixed gas turbine power generation project, hydrogen fuel cell power generation peak shaving projects.
By 2035, the large-scale application of hydrogen mixed gas turbine power generation and hydrogen fuel cell power generation peak shaving will be realized.
3.1.1.3 Transport field
By 2025, 100 hydrogen energy tour buses will be put on key tourist routes such as Xining-Qinghai Lake-Ta’er Temple; put 50 hydrogen intercity bus in Xining City; in Haidong zero carbon industrial park and other parks, some mining areas put about 100 heavy trucks; layout of “hydrogen production-hydrogenation-hydrogen energy cruise ship” integration project along the Yellow River Basin.
By 2030, about 1,000 hydrogen fuel vehicles will be put into operation in the fields of urban intercity bus, municipal administration, intercity passenger transport, park logistics, factory and mine transportation, with 10 operating lines.
By 2035, about 3,000 hydrogen fuel vehicles will be deployed in the province, and 50 hydrogen fuel cell intercity bus and commuter routes will be established.
3.1.1.4 Heating field
By 2030, the pilot implementation of natural gas pipeline hydrogen blending project.
By 2035, the natural gas hydrogen blending transportation project will be carried out in the Seninglan pipeline: the natural gas hydrogen blending transportation will be carried out in the Seninglan pipeline according to 10%–20%, and the designed gas transmission capacity will be 3 × 109 m3/year.
3.1.2 Scenarios setting
In the scenario setting, we have chosen an average annual growth rate of 5% based on a comprehensive analysis of historical data and trends specific to Qinghai Province, as well as alignment with numerous studies in the energy sector (Huang et al., 2024; IEA, 2023). The detailed settings for each scenario are as follows:
3.1.2.1 Base scenario
The data setup is based entirely on policies such as “Medium and Long-Term Plan for the Development of Hydrogen Energy Industry in Qinghai Province (2022–2035)” proposed by the Development and Reform Commission of Qinghai Province and the Energy Bureau of Qinghai Province. Since 2035, the average annual growth rate has been 5%.
3.1.2.2 Steady development scenario
Based on the base scenario, when the action is less than the policy expectation, the expected time for the completion of hydrogen project construction in Qinghai Province will be delayed. From 2025 to 2035, some hydrogen construction plans were not successfully implemented. Since 2030, the average annual growth rate is 3%.
3.1.2.3 Accelerated development scenario
Based on the base scenario, the intensity of action is stronger than the policy expectation. Qinghai will complete the policy requirements of 2035 ahead of schedule, and the growth rate of hydrogen load is higher than the policy scenario. From 2025 to 2035, hydrogen projects outside the policy plan will be approved and successfully constructed. Since 2030, the average annual growth rate is 7%.
3.2 Two-factor learning curve model data setting
As shown in the methodology in section 2, the cost factor data in the model is characterized by the hydrogen load prediction results of the LEAP model, and the technological progress factor data is characterized by the cumulative R&D investment. Among them, there is no official statistical data on cumulative R&D investment. Therefore, the well-known enterprises in the “hydrogen energy” concept section of China‘s stock market are selected, and the R&D expenses (considering the time value) in their semi-annual/annual financial statements are used to approximately represent, as shown in Table 1:
TABLE 1 | Cumulative R&D investment of hydrogen energy from 2021 to 2023.
[image: Table 1]The historical hydrogen price data refer to the Hydrogen Price Index of China Hydrogen Energy Alliance Research Institute (China Hydrogen Energy Alliance, 2024) and are adjusted according to the market reality, as shown in Figure 3:
[image: Figure 3]FIGURE 3 | Prices of hydrogen energy in 2021–2023.
4 RESULTS AND DISCUSSION
4.1 Prediction results of hydrogen load scale
According to the relevant policy plan of hydrogen energy development in Qinghai Province, this paper sets 2024 as the base period and 2025–2040 as the forecast period. After inputting relevant parameters according to Section 3.1, the prediction results of future hydrogen load scale in Qinghai Province are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Scale of hydrogen load in Qinghai Province under different scenarios.
It can be seen from Figure 4 that no matter which scenario, the hydrogen load will usher in rapid growth from 2025 to 2030. Under the steady development scenario and the base scenario, the growth of hydrogen load scale will slow down between 2030 and 2040; however, under the accelerated development scenario, the scale of hydrogen load will still maintain a high growth rate between 2030 and 2040. From the horizontal comparison, in 2025, the scale of hydrogen used in the accelerated development scenario is 51,000 tons, which is 24.4% higher than the base scenario. By 2040, the scale of hydrogen used in the accelerated development scenario will reach 105.7 tons, which is 62.9% higher than the base scenario, and the gap will be further widened. For the steady development scenario, its scale in 2025 is 17.1% lower than the base scenario; by 2040, the steady development scenario will use 44.2 tons of hydrogen, which is 31.9% lower than the base scenario.
In Figure 5, the inner, middle, and outer circles represent the hydrogen energy share of different scenarios under 2025, 2030, and 2035, respectively. Because in the LEAP model, the increase in the scale of hydrogen energy in 2035–2040 is calculated in the form of a fixed growth rate, the proportion of hydrogen energy in various fields in 2035–2040 does not change, and the proportion of 2040 is omitted in Figure 5.
[image: Figure 5]FIGURE 5 | Percentage of hydrogen load by category under different scenarios.
In terms of classification, hydrogen accounts for the largest proportion in the industrial field, followed by electricity, heating and transportation. Under the base scenario, industrial hydrogen will account for 96.7% of total hydrogen consumption in 2025; with the increase of hydrogen load in other fields, the proportion of industrial hydrogen load gradually decreases. By 2040, the proportion is reduced to 67.6%, but it is still the first type of hydrogen load. Compared with the base scenario, the proportion of hydrogen used in the industrial sector in the steady development scenario and the accelerated development scenario has decreased, but the reasons for the decline are different: in the steady development scenario, the reduction of industrial hydrogen consumption has led to a decrease in its proportion. For example, in 2040, the industrial hydrogen consumption in the steady development scenario is 172,000 tons less than that in the base scenario, accounting for 83.1% of the total difference in hydrogen energy scale between the two scenarios. In the accelerated development scenario, the large increase in hydrogen consumption in other areas (especially in the power sector) has led to a decrease in the proportion of hydrogen used in the industrial sector. In 2040, the proportion of growth in the three areas will be 35.0%, 32.4% and 29.7% respectively.
As shown in Figure 6, large-scale use of hydrogen energy in different fields has brought significant carbon emission reduction effects. By 2040, the carbon emission reductions under the three scenarios of steady, basic and accelerated are 3.487, 4,586 and 8.608 million tons, respectively. It is worth noting that due to the large amount of carbon emissions generated by coal-fired electricity, carbon emission reductions in the electricity sector are only slightly lower than those in the industrial sector, even if the scale of hydrogen energy in the electricity sector is far less than that in the industrial sector. For example, in 2040 of ADS, the proportion of hydrogen energy in the power sector was 22.1%, which was 32.8% smaller than that in the industrial sector. However, in terms of carbon emission reduction, the proportion of carbon emission reduction in the power sector is 39.0%, which is only 2% smaller than that in the industrial sector.
[image: Figure 6]FIGURE 6 | Carbon reduction effects of different scenarios.
4.2 Results of hydrogen cost prediction
Based on the historical hydrogen scale data and the historical R&D cost data in Table 1, the parameters of the two-factor learning curve are fitted. Bring the data into Equation 20, and use the least squares method to obtain the value of the parameter. The fitting results are shown in Equation 22:
[image: image]
According to Equations 16, 18, the learning rate of scale factors in the two-factor learning curve is 5.78%, and the learning rate of technical factors is 5.56%. It can be seen that the scale factor plays a more important role in reducing the cost of hydrogen energy. The goodness of fit of the model is 0.9269, so it can be considered that the fitting effect is good.
Equation (26) is used to predict the cost of hydrogen energy from 2025 to 2040. The results of the hydrogen load forecast in Section 4.1 were used as the scale parameter of the two-factor learning curve; based on the historical R&D costs in Section 3.2, the regression model is used to predict the R&D costs from 2025 to 2040, and the predicted results are used as the technical parameters of the two-factor learning curve. In addition, considering that the prediction results of hydrogen load scale are divided into three scenarios, the R&D cost is also set in different scenarios. Since existing studies have shown that a fluctuation range of 15%–20% can ensure that the forecast results are neither too conservative nor too aggressive (Armstrong, 2001), 0.2 is selected as the R and D cost reduction/increase coefficient. The direct forecast results y(t) are used for the base scenario, y(t)·(1–0.2) for the steady development scenario, and y(t)·(1 + 0.2) for the accelerated development scenario. The prediction results of hydrogen energy price are shown in Figure 7:
[image: Figure 7]FIGURE 7 | Hydrogen energy price forecast results.
As can be seen in Figure 7, the price of hydrogen energy will drop rapidly from the current 28 CNY/kg to about 20 CNY/kg in the next 5 years. By 2040, the price of hydrogen energy will be reduced to about 17 CNY/kg. Comparing the three scenarios, compared with the base scenario, the price drop is larger in the accelerated development scenario. By 2040, the price of hydrogen energy in the accelerated development scenario is 15.3 CNY/kg, which is 6.5% lower than that in the base scenario. Compared with the base scenario, the steady development of hydrogen energy prices fell less. By 2040, the price of hydrogen energy in the steady development scenario is 17.4 CNY/kg, which is 6.1% higher than that in the base scenario.
Compared with other research results (Table 2), it can be seen that the forecast of future hydrogen energy prices in this paper is slightly pessimistic. This is mainly due to the fact that ref1-3 uses the USD as the unit of forecast results, whereas this paper uses the CNY. Considering the fluctuation of the exchange rate between USD and CNY and the different progress of hydrogen energy development among countries, the forecast results of this paper can be used as a reference for the price of hydrogen energy in China.
TABLE 2 | Comparison of predicted results with published studies (CNY/kg).
[image: Table 2]Figure 8 shows the cost of producing one kWh of energy from the combustion of fuels such as hydrogen, natural gas, coal and diesel. In China, diesel is mostly used in transportation, and coal and natural gas are mostly used in power and heat generation, and after years of development, the unit energy prices of diesel, natural gas and coal have leveled off. It can be seen that hydrogen energy has a significant advantage compared with diesel, so it is easier to promote hydrogen energy products in the transportation field. However, although the unit calorific value of hydrogen is very high, the cost of generating unit energy is still higher than that of natural gas and coal due to its high unit price. In addition, China’s power and heat generation systems based on natural gas and coal are already relatively complete and technologically mature, with lower unit costs compared to emerging hydrogen systems. Therefore, the competitiveness of hydrogen in the field of power generation and heating is not strong, and the government needs to subsidize it in the early stage. In addition, in 2036, the unit capacity cost of hydrogen energy will reach the level of high-priced natural gas. Considering the emission reduction benefits of hydrogen, hydrogen energy basically has the ability to compete with natural gas in 2036.
[image: Figure 8]FIGURE 8 | Price comparison of unit energy generated by different fuels.
The development of China’s hydrogen energy industry is relatively late, and the early development of hydrogen energy industry relies on coal resources, green hydrogen-related infrastructure and technology development is insufficient; hydrogen storage, transmission and use of hydrogen links are all kinds of problems to be solved; the development of the industrial chain is not perfect. As a result, hydrogen energy is not competitive compared to coal. In fact, the economics in this paper do not take into account the overall economic improvement brought about by the incorporation of hydrogen into different systems, and the versatility, cleanliness, and high efficiency of hydrogen can enhance its competitiveness in other ways in the subsequent development of hydrogen energy compared to other fuels. As a fuel that can be obtained in large quantities without relying on fossil fuels and can be transported over long distances and stored for long periods of time, hydrogen can be expanded to more industrial fields and more energy production and consumption segments and play a positive role as a substitute for many chemical raw materials; as a clean energy with high energy density, hydrogen can be utilized on the production side of the energy system by utilizing electrolytic water to produce hydrogen technology, and by storing hydrogen to achieve electricity storage and improve the flexibility of the power system, thus promoting the development and use of renewable energy on a larger scale, and thus enhancing its competitiveness in other ways. As a highly energy-dense clean energy, hydrogen can be used in the energy production end by electrolysis hydrogen production technology, to achieve electric energy storage through hydrogen storage, to improve the flexibility of the power system, to promote the development and utilization of renewable energy on a larger scale, and to reduce the cost of power supply of the overall power generation system; as a flexible and efficient secondary energy source, hydrogen can be used on the energy consumption end by using fuel cell technology to realize the complementary and synergistic optimization of the interconnection of multiple energy networks, such as electric power, gas, heat, and so on, to enhance the efficiency of the end-use of energy, to push forward the transformation of the energy structure, and to achieve the value of the electricity security.
5 CONCLUSION
In this paper, the LEAP model is used to predict the future development scale of hydrogen load in Qinghai Province, and the two-factor learning curve is used to predict the future hydrogen price. Finally, taking the cost of raw materials as the key influencing factor, the competitiveness of hydrogen energy in replacing conventional materials in various fields is analyzed. The research results are helpful for the government and enterprises to formulate long-term hydrogen energy development strategies, improve the market competitiveness of hydrogen energy, and promote the sustainable development of hydrogen energy. The main conclusions of this study are summarized as follows:
(1) In the prediction of the scale of hydrogen load in Qinghai Province, the hydrogen load will grow rapidly between 2025 and 2030; under the steady development scenario and the base scenario, the growth of hydrogen load scale will slow down between 2030 and 2040; however, under the accelerated development scenario, the scale of hydrogen load will still maintain a high growth rate between 2030 and 2040. By 2040, the scale of hydrogen consumption in Qinghai Province under the three scenarios of acceleration, foundation and stability will be 1.057 million tons, 649,000 tons and 442,000 tons, respectively.
(2) In terms of hydrogen energy price forecast, the price of hydrogen energy will drop rapidly from the current 28 CNY/kg to about 20 CNY/kg in the next 5 years; by 2040, the price of hydrogen energy will be reduced to about 17 CNY/kg. From the perspective of unit capacity cost, hydrogen energy has a competitive price advantage with diesel; by 2036, hydrogen could compete with natural gas. Before 2040, hydrogen energy does not have the ability to compete with coal for the time being.
(3) In future research, the application of hydrogen energy in more fields will be considered, and the benefits of carbon emission reduction will be quantified into the cost of hydrogen energy, and the specific contribution of technological research and development to the reduction of the cost of hydrogen energy will be further refined, including the selection and optimization of different technological routes. In addition, the competitiveness of hydrogen energy in this paper is compared under the price of hydrogen energy as a product. In the future, the price of hydrogen energy under the scenario of abandoning wind and light to produce hydrogen in Qinghai will be considered.
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