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Abstract

:

China has become a major market for hydrogen used in fuel cells in the transportation field. It is key to control the cost of hydrogen to open up the Chinese market. The development status and trends of China’s hydrogen fuel industry chain were researched. A hydrogen energy cost model was established in this paper from five aspects: raw material cost, fixed cost of production, hydrogen purification cost, carbon trading cost, and transportation cost. The economic analysis of hydrogen was applied to hydrogen transported in the form of high-pressure hydrogen gas or cryogenic liquid hydrogen and produced by natural gas, coal, and electrolysis of water. It was found that the cost of hydrogen from natural gas and coal is currently lower, while it is greatly affected by the hydrogen purification cost and the carbon trading price. Considering the impact of future production technologies, raw material costs, and rising requirements for sustainable energy development on the hydrogen energy cost, it is recommended to use renewable energy curtailment as a source of electricity and multi-stack system electrolyzers as large-scale electrolysis equipment, in combination with cryogenic liquid hydrogen transportation or on-site hydrogen production. Furthermore, participation in electricity market-oriented transactions, cross-regional transactions, and carbon trading can reduce the cost of hydrogen. These approaches represent the optimal method for obtaining inexpensive hydrogen.
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1. Introduction


As a fuel for new energy, hydrogen has the characteristics of high calorific value, light weight, and high endurance. Hydrogen can generate electricity through chemical reactions, where water is the only product. Using fossil energy (coal, natural gas, etc.) to produce hydrogen causes carbon dioxide pollution. However, using renewable energy curtailment (hydropower, wind power, photovoltaic power) to produce hydrogen via electrolysis of water provides new ideas for the nonpolluting production of hydrogen. Thus, hydrogen is also known as the most ideal clean energy in the application process [1], and it is one of the main directions of sustainable energy development. Japan, China, the United States, and many countries in Europe are actively promoting the application of hydrogen fuel cell vehicles (FCVs) and the development of the hydrogen energy industry chain [2].



China is one of the world’s largest economic powers with development potential. The energy upgrade of China represents an important determinant of its economic transformation [3]. With the signing of “the Paris Agreement”, the Chinese government promised to adopt more powerful policies and measures to achieve “a carbon peak in 2030 and carbon neutrality in 2060”. To achieve this goal, the energy system must undergo profound changes, from a system based mainly on fossil fuels to a low-carbon energy system that is highly efficient, renewable, and sustainable [4]. Hydrogen energy is a good material carrier for renewable electricity. Through using hydrogen, renewable energy production and clean energy consumption can be effectively connected to make up for the low temporal and spatial matching between renewable resources and energy consumption. Hydrogen can be used in transportation, industrial production, daily energy, and so on, providing new ideas for clean and low-carbon energy utilization [5]. Moreover, hydrogen provides new research directions for companies and researchers in the industry chain. As an efficient and multipurpose energy medium with electricity and fossil fuels, hydrogen has outstanding advantages in terms of its social and economic application in the transportation field [6].



In 2019, the global sales of FCVs were 7500 units, an increase of 35.7% over 2018, to which China made the greatest contribution [7]. It is estimated that, by 2030, the production scale and sales of hydrogen FCVs will reach 500,000 in China, the number of possessions will reach one million, and the corresponding hydrogen demand will reach 5.8145 million tons. China has become the main potential market for hydrogen fuel. The Hydrogen Council predicts that, by 2050, the hydrogen energy industry will reduce carbon dioxide emissions by about 6 Gt globally, of which the transportation field accounts for approximately 3.2 Gt, as shown in Figure 1. In the future, hydrogen vehicles will account for 20–25% of the total number of vehicles in the world and will represent 18% of the global energy demand [8]. Hydrogen fuel is the energy source of hydrogen FCVs. According to Chinese national standard GB/T37244-2018, hydrogen as a fuel has characteristics of high purity, as shown in Table 1 [9]. Compared with fossil energy, hydrogen fuel is more expensive [10]. Therefore, it is important to control the use cost of hydrogen fuel so as to gain an edge in the Chinese market. The use cost of hydrogen can be further divided into hydrogen production cost and trading cost.



Currently, research on hydrogen cost mainly focuses on factors influencing the hydrogen production cost and on methods of reducing it. For example, Boretti described Australia’s export of hydrogen produced from coal, natural gas, wind, and solar power to Japan and South Korea [11]. Dispenza et al. estimated the cost of hydrogen production from water electrolysis at Capo d’Orlando, a solar-powered hydrogen fueling station in Sicily, from the aspects of design, construction, characteristics, and operation [12]. Through the comparison of three cases, it was found that power trading is the main factor affecting the cost of hydrogen without considering the availability of renewable energy or fuel demand. Saenz-Aguirre et al. explored ways to reduce the cost of hydrogen production in combination with wind energy and found that producing hydrogen with power generated by wind turbines can reduce the carbon emissions in hydrogen energy production and promote the development of the electric vehicle industry [13]. Voldsund et al. found that carbon capture technology is required in hydrogen production by fossil fuels to save energy and reduce emissions, and this, in turn, increases the cost of hydrogen production [14]. Sorgulu et al. used the “Hydrogen Economic Evaluation Program (HEEP)” software developed by the International Atomic Energy Agency (IAEA) to evaluate the hydrogen production plan and cost of two nuclear power plants in Turkey. It was found that the cost of hydrogen (H2) ranges from 3.18 USD/kg to 6.17 USD/kg after calculating and evaluating the cost of investment, fuel, electricity, decommissioning, and consumables for production, storage, and transportation [15]. Ishaq et al. studied the cost and carbon emission analysis and optimization of hydrogen production and power generation by solar-driven steam-autothermal hybrid methane reforming in the presence of a carbon tax [16]. However, as the main potential market for hydrogen fuel, China is rarely analyzed for the cost-economic production of hydrogen. In this paper, a hydrogen energy cost model is established to research the effect of hydrogen production cost, including raw material cost, fixed production cost, and hydrogen purification cost, as well as carbon trading cost and transportation cost, on the cost of hydrogen in China. Considering its future development, the benefits of reducing the cost of hydrogen are discussed to propose a method of hydrogen supply which has the characteristics of large scale and low cost.




2. Hydrogen Energy Industry Chain


2.1. Factors Affecting the Cost of Hydrogen Fuel


As shown in Figure 2, the hydrogen energy industry involves a huge industry chain covering hydrogen production, storage, transportation, and terminal applications [17]. Hydrogen can be processed to meet different demands. In order to meet the hydrogen fuel standard, the hydrogen must be purified after preparation. During the hydrogen production process, a large amount of carbon dioxide is emitted. Therefore, purification costs and carbon trading costs are also part of the total cost of hydrogen.



According to the survey, the current demand of hydrogen in transportation far exceeds the supply, while the storage time and storage scale are small [18]. Therefore, the storage cost of hydrogen was not studied as an independent factor in this paper. The storage cost during transportation was included in the transportation cost for analysis. The cost of hydrogen is mainly affected by its production cost, transportation cost, and purification cost, as well as the carbon trading cost, as shown in Equation (1) [19,20,21,22,23,24].


  C =  I  1 , m   +  D  1 , t   +  W  1 , r   +  M  1 , i   ,  



(1)




where C is the hydrogen fuel cost,    I  1 , m     is the hydrogen production cost,    D  1 , t     is the purification cost,    W  1 , r     is the carbon trading cost, and    M  1 , i     is the hydrogen transportation cost.



The specific expression of Equation (1) is as follows:


       I  1 , m   =  I  1 , p   + (   1 + k  m  +  1   n m    )  I  1 , a   +  I  1 , f   +  I  1 , o t        W  1 , r   =  W  1 , p   + (   1 + k  r  +  1   n r    )  W  1 , a   +  W  1 , o t        M  1 , i   =  φ i   M  1 , e        D  1 , t   =  S  1 , 0   +  λ l   L  1 , 0      }  ,  



(2)




where    I  1 , p    ,    W  1 , p     is the labor cost,    I  1 , a    ,   W  1 , a     is the fixed production cost (one-time investment), related to the project scale    I  1 , ot    ,    W  1 , ot     represents the supplementary materials and other expenses,    k m   ,    k r    is the maintenance cost coefficient,    n m   ,    n r    is the operating life of the equipment,    I  1 , f     is the raw material cost, related to the hydrogen production process, involving coal, natural gas, electricity, water, etc.,    M  1 , e     is the carbon trading price,    φ i    is the carbon emission coefficient,    S  1 , 0     is the hydrogen compression cost [25],    L  1 , 0     is the cost of transportation equipment, and    λ l    is the distance cost coefficient.




2.2. Current Hydrogen Production Scale


According to the primary energy consumed in the process, hydrogen is mainly produced from fossil energy, water electrolysis, or industrial byproducts. As shown in Figure 3, the hydrogen production was 64 million and 17 million tons (excluding that from industrial byproducts) globally and in China, respectively, in 2018 [17], with China’s production accounting for 26.6% of the global figure. Hydrogen production from natural gas is the main source of hydrogen in the world [17]. As China has rich coal resources, hydrogen production from coal is the main hydrogen source in China. As fossil energy is nonrenewable, climate issues are becoming increasingly severe, and the energy demand is increasing, the hydrogen production process is in urgent need of upgrade and transformation. According to the hydrogen energy and fuel cell industry (including hydrogen from industrial byproducts), the proportion of hydrogen production from fossil energy (natural gas, coal, etc.) will be reduced from 67% in 2020 to 20% in 2050, and the proportion of hydrogen production from water electrolysis will rise from 3% to 70% [3].



In order to explore the characteristics of different hydrogen production processes, hydrogen production from coal, hydrogen production from natural gas, and hydrogen production from water electrolysis were analyzed, as shown in Table 2, coupled with the transformation of hydrogen production methods in the future. Hydrogen production from coal has the lowest cost and is suitable for large-scale centralized hydrogen production. However, it has a greater impact on the environment. Under the major premise of increasingly severe environmental problems, large-scale development of hydrogen production from coal faces difficulties in both policies and purification and emission reduction technologies. The cost of hydrogen production from natural gas is relatively low, the applicable scale is moderate, and the raw material reserves are relatively abundant. However, the equipment must operate at high temperatures of 600–800 °C and requires relatively high investment. Hydrogen production from water electrolysis has a small scale and is suitable for onsite applications with high purity without purification and carbon trading stages. Due to the modular nature of the electrolyzer, it can be used in series for centralized production and is, thus, less affected by distance. In addition, the electrolyzer can be used in conjunction with renewable energy sources such as wind power, photovoltaics, and hydropower to reduce carbon emissions and eliminate curtailment. However, hydrogen production from water electrolysis is characterized by a high cost and low economy [26].




2.3. Hydrogen Trading Market


Carbon trading is a market mechanism employed to reduce carbon dioxide emissions, i.e., trading carbon dioxide emission permits, which are regarded as a commodity. Hydrogen production from fossil fuels emits a lot of carbon dioxide; thus, the carbon trading cost is also part of the total hydrogen cost. China’s carbon emission market follows the European Union (EU) carbon market’s quota trading mechanism. The greenhouse gas emission quotas are freely traded in the carbon emission trading market, the development of which is shown in Table 3. At present, the price of carbon trading is not higher than 7 USD/t in China; hence, carbon trading has limited impact on the hydrogen production cost [18]. As the United States has withdrawn from the Paris Agreement, China must assume the image of responsibility in the field of climate change and integrate with the international carbon trading market. It is predicted that, in 2035, the carbon price will reach 100 USD/t, about 14 to 70 times the current value [27]. With the increase in carbon trading prices, the cost of hydrogen production from fossil fuels will fluctuate greatly, whereas hydrogen production from water electrolysis will be less affected due to its zero-emission characteristics.





3. Hydrogen Production Cost


3.1. Raw Material Cost


Different hydrogen production processes use different raw materials, and the main raw materials of each hydrogen production process were analyzed. A single electrolyzer produces a small amount of hydrogen, and water electrolysis is, thus, suitable for small-scale production. Therefore, hydrogen production from water electrolysis is set for small-scale production of 500 Nm3/h, and hydrogen production from coal and from natural gas are set for large-scale production of 90,000 Nm3/h. As shown in Table 4, the cost of hydrogen production from natural gas is most sensitive to the price of raw materials, and the unit raw material cost accounts for 74.29% of the total hydrogen production cost. The production cost is less sensitive to the raw material price for coal, but the percentage still reaches 47.51%.



The price of raw materials directly affects the hydrogen production cost. It is estimated that, by 2030, the price of coal will drop to 60 USD/t, natural gas to 4 USD/MBtu, and renewable energy curtailment to 0.014 USD/kWh. As shown in Figure 4, by 2030, the cost of hydrogen production from water electrolysis will be 1.2 USD/kg, which is only 33.4% of that in 2020. It is competitive in price, only slightly inferior compared to hydrogen production from natural gas and coal. The unit raw material cost accounts for up to 53.7% of the total hydrogen production cost, and the total cost is less sensitive to but still dominated by the raw material price.




3.2. Fixed Production Cost


The fixed production cost includes the equipment investment cost, labor cost, and auxiliary material cost, among which equipment investment cost is the main cost. The technologies are now mature for hydrogen production from coal and natural gas, and the equipment investment cost is mainly affected by the scale of hydrogen production, manufacturing technology, and international trade. It is expected that there will be no significant downward trend in the future. The water electrolysis technology is in a rapid development stage, and the large-scale development of electrolyzers in multi-stack systems in the future can significantly reduce capital expenditures. It is estimated that the cost of 20-stack alkaline electrolyzers will be reduced by 20%, and the cost of six-stack proton exchange membrane (PEM) electrolyzers will be reduced by 40%. The stacks of electrolyzers will account for 50% and 60% of the capital expenditure of alkaline electrolyzers and PEM electrolyzers, respectively [29]. Table 5 shows the performance comparison of water electrolysis hydrogen production equipment.



With off-peak electricity and large-scale industrial electricity as the main sources of electricity for hydrogen production by water electrolysis, the cost changes of two types of hydrogen production equipment are studied under the multi-stack system. As shown in Figure 5, the alkaline electrolyzer is used under the conditions of large-scale industrial electricity and off-peak electricity, and the hydrogen production cost is decreasing faster than that of the PEM electrolyzer. At 20 stacks, the prices are 0.98 USD/kg H2 and 0.97 USD/kg H2, respectively. However, the price of PEM electrolyzer equipment is higher and the hydrogen production cost is more sensitive to equipment cost reduction compared with the alkaline electrolyzer. The use of six-stack PEM electrolyzers reduces the cost by 8.79% under the conditions of large-scale industrial power consumption and reduces the hydrogen production cost by 13.36% under the conditions of off-peak power consumption. Reducing the cost of electrolyzer equipment will have a greater impact on the hydrogen production cost when the number of stacks is small. When the number of stacks increases to a certain number, it will create a boundary effect, and the sensitivity of hydrogen production costs will decrease.




3.3. Hydrogen Purification Cost


The hydrogen purity required for FCVs is higher than 99.97%, and there are strict requirements for the content of impurities in the hydrogen [9]. In order to meet the hydrogen fuel requirements, hydrogen needs to be purified after production. The physical method, chemical method, and membrane separation method are the three main methods of hydrogen purification. The characteristics of each are shown in Table 6. In view that fuel vehicles need to use hydrogen of high purity and in a large amount, high-purity hydrogen is currently mainly obtained using the method of PSA (pressure swing adsorption).



The gas produced in the hydrogen production process is called raw gas, and the hydrogen production cost is mainly affected by the hydrogen content of the raw gas and the processing capacity of the equipment. The raw gas of hydrogen production from water electrolysis has a hydrogen content as high as 99.999%, and the purification cost can be considered to be 0 USD/kg H2. The purification cost was, thus, analyzed for hydrogen production from coal and hydrogen production from natural gas. Through the investigation of the chemical industry in Sichuan Province, the hydrogen purification cost is shown in Table 7. The raw gas of hydrogen production from coal has a low hydrogen content, high equipment investment cost, and a purification cost higher than that of hydrogen production from natural gas. With the future increase in hydrogen demand, hydrogen purification will develop toward large-scale production. At a scale of 1000 Nm3/h, the purification cost of raw gas is 16.46 USD/kg H2 and 3.70 USD/kg H2, respectively, for hydrogen production from coal and hydrogen production from natural gas. When the scale is increased to 10,000 Nm3/h, the purification cost is reduced by 73.45% and 63.33%, respectively. As for hydrogen production from coal, the hydrogen content of raw gas is low, the equipment investment cost is high, and the purification cost is more sensitive to equipment processing capacity.





4. Hydrogen Trading Cost


4.1. Carbon Trading Cost


A market mechanism, called carbon emission trading, was designed to reduce global carbon dioxide emissions. It works by trading carbon dioxide emission permits as a commodity. The current carbon trading price is about 7 USD/t on the Chinese market, and it is predicted to reach 100 USD/t in 2035 [30]. Different hydrogen production processes have different carbon emissions. The carbon emission coefficient is the highest for hydrogen production from coal. No carbon dioxide is generated during the process of hydrogen production from water electrolysis, and the carbon emission coefficient is 0. As shown in Figure 6, according to the current hydrogen production cost, hydrogen production from coal is more economical when the carbon trading price is lower than 30 USD/t. As the carbon trading price increases, the cost of hydrogen production from natural gas becomes the lowest. When the carbon trading price is higher than 85 USD/t, using off-peak electricity for hydrogen production from water electrolysis is competitive in terms of hydrogen production cost. Companies involved in hydrogen production from water electrolysis can also trade unused carbon emission permits to obtain additional income and further reduce the hydrogen production cost.




4.2. Transportation Cost


Hydrogen has the characteristics of low energy density, which increases the transportation cost. To increase the energy density, hydrogen is compressed or liquefied to be transported as high-pressure gaseous hydrogen or cryogenic liquid hydrogen [26]. Tanker trucks for gaseous hydrogen and liquid hydrogen are currently the main means of local transportation. It is crucial to choose an appropriate transportation plan according to the different transportation radius and hydrogen demand so as to control the transportation cost. Figure 7 shows the analysis of the transportation cost at the hydrogen demand of 10 t/day, where it can be found that, at the same transportation scale and within a 500 km transportation radius, the transportation cost of high-pressure hydrogen is lower, with the fuel cost of vehicles accounting for 59–76%. When the transportation radius goes beyond 500 km, the transportation cost of cryogenic liquid hydrogen is more reasonable, and the gaseous hydrogen compression cost and equipment investment cost constitute the main parts, accounting for 74–91%.



Gaseous hydrogen transportation and liquid hydrogen transportation differ in the physical state, density, and transportation scale of hydrogen. Theoretically, a trailer loaded with compressed gaseous hydrogen can transport about 1 t of H2, and a highly insulated cryogenic tanker truck can load up to 4 t of liquid hydrogen [26]. At present, most liquid hydrogen plants have a production capacity of about 10–30 t/day. Table 8 shows the transportation cost analysis at a hydrogen demand of 30 t/day [31]. Compared with Figure 7, the transportation cost of high-pressure hydrogen is lower within a small local transportation radius, and the transportation cost of cryogenic liquid hydrogen is lower under the conditions of large hydrogen demand and large transportation radius. As the transportation radius increases, the transportation cost of high-pressure hydrogen increases rapidly, while the transportation cost of cryogenic liquid hydrogen is less sensitive. As the hydrogen demand and the scale of cryogenic liquid hydrogen equipment further increase in the future, the transportation cost of cryogenic liquid hydrogen will become increasingly competitive in a small transportation radius.





5. The Cost of Hydrogen


5.1. The Difference in Cost


According to the International Energy Agency (IEA), hydrogen production from natural gas is currently the most economical option for hydrogen production in most parts of the world [26]. However, as shown in Table 9, hydrogen production from coal costs the least and is the most economical method in China. As a natural gas importer, China pays higher for natural gas than the Middle East, Russia, and North America. The cost of hydrogen production from natural gas is, thus, higher in China. Compared with the real data, the hydrogen production cost, purification cost, carbon trading cost, and gaseous transportation cost obtained from the hydrogen energy cost model in this paper are within a reasonable range. For costs without real data (purification cost and carbon trading cost of hydrogen production from natural gas), indirect parameters from the report of IEA were used for verification [26]. The concentration of carbon dioxide emitted from hydrogen production directly affects hydrogen purification costs and carbon trading costs. The concentration of carbon dioxide is 20 kg CO2/kg H2 for hydrogen production from coal, 8 kg CO2/kg H2 for hydrogen production from water electrolysis, and 0 kg CO2/kg H2 for hydrogen production from water electrolysis. With reference to the carbon dioxide emission concentration, it can be inferred that the calculation result of the model is similar to the real purification cost and carbon trading cost. The inconsistency of fuel costs, labor costs, vehicle parameters, etc. leads to different transportation costs of the model and real data [22], where it is found that the average daily demand (0.9 t/day and 10 t/day) has little effect on hydrogen transportation costs. By comparison, the results of the model are close to the real data. Therefore, the difference in cost between the model and reality is small. The hydrogen energy cost model can accurately predict the current hydrogen cost in the Chinese market.




5.2. The Cost in Future


The cost of hydrogen for FCVs is shown in Table 10. As the cost of raw materials for hydrogen production drops, scale production will take place and the hydrogen demand transportation radius and carbon trading cost will both rise in the future. The hydrogen production cost of different production process is different. Hydrogen production from natural gas has the lowest cost, while hydrogen production from PEM water electrolysis has the highest cost, reaching 2.02 USD/kg H2. However, hydrogen production from water electrolysis is characteristic of high hydrogen purity and zero carbon emissions. It does not require purification and carbon trading. The cost of hydrogen of hydrogen production from water electrolysis is similar to that of hydrogen production from coal and from natural gas. Thus, the economic competitiveness (hydrogen production from water electrolysis) is greatly increased, and the cost of hydrogen production from alkaline water electrolysis is the lowest. The transportation cost is the lowest when hydrogen is transported in the form of cryogenic liquid hydrogen, the transportation radius is 800 km, and the transportation demand is 30 t/day, and the lowest hydrogen cost for FCVs can be 2.15 USD/kg H2.





6. Conclusions


By 2030, China’s hydrogen fuel demand will exceed 5 million tons, and procuring low-cost hydrogen will be the key to opening up the application market in China’s fuel cell transportation field. Hydrogen as a fuel has high purity and is, thus, costly. Raw materials and technologies determine that hydrogen production from fossil fuels (coal and natural gas) are the main methods for large-scale hydrogen production. However, as environmental pressures increase in the future, hydrogen production from fossil fuels will endure stricter purification requirements and higher carbon trading prices. The cost of hydrogen from fossil fuels will increase. Hydrogen production from water electrolysis can be used for small-scale onsite pure hydrogen production. The cost is not affected by purification but mainly limited by the price of electricity. The promotion and application of renewable electricity provide a new way to reduce the price of electricity for hydrogen production from water electrolysis. A model was established to analyze the cost of hydrogen energy, hydrogen transportation, and carbon trading in this paper. Accordingly, it is recommended to use renewable energy curtailment as a source of electricity and multi-stack system electrolyzers as large-scale electrolysis equipment in the future, combined with liquid hydrogen transportation or onsite hydrogen production as the most economical choice. With improvements in the power trading mechanism and carbon trading mechanism in the future, participating in these two trading mechanisms can be combined to reduce the cost of hydrogen. On the one hand, by participating in electricity market-oriented transactions and cross-regional transactions, the cost of electricity as a raw material for hydrogen production can be reduced. On the other hand, by participating in carbon trading, electrolyzed water hydrogen production enterprises can sell surplus carbon emission rights to subsidize the cost of hydrogen production from electrolyzed water. The hydrogen market is developing rapidly; thus, the supply of hydrogen will gradually increase. Considerations must be taken of the storage cost, as well as the impact of different hydrogen energy applications, trading mechanisms, centralized production, and distributed production on the cost of hydrogen. These problems are to be further discussed.
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Figure 1. Carbon emission reduction by field in 2050. 
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Figure 2. Schematic diagram of the hydrogen industry chain. 
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Figure 3. Sources of hydrogen in 2018. 
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Figure 4. Forecast of raw material cost changes. 
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Figure 5. Trends in the cost of electrolyzers in multi-stack systems. 
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Figure 6. Hydrogen production cost (including carbon trading). 
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Figure 7. Hydrogen demand (10 t/day) transportation cost. 
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Table 1. Technical indicators of hydrogen fuel for proton exchange membrane (PEM) fuel cell vehicles.
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Indicators

	
Target






	
Hydrogen purity (mole fraction)

	
99.97%




	
Total nongaseous hydrogen

	
300 μmol/mol




	
Maximum Concentration of Single Impurity




	
Water (H2O)

	
5 μmol/mol




	
Total hydrocarbon (calculated as methane) *

	
2 μmol/mol




	
Oxygen (O2)

	
5 μmol/mol




	
Helium (He)

	
300 μmol/mol




	
Total nitrogen (N2) and argon (Ar)

	
100 μmol/mol




	
Carbon dioxide (CO2)

	
2 μmol/mol




	
Carbon monoxide (CO)

	
0.2 μmol/mol




	
Total sulfur (calculated as H2S)

	
0.004 μmol/mol




	
Formaldehyde (HCHO)

	
0.01 μmol/mol




	
Formic acid (HCOOH)

	
0.2 μmol/mol




	
Ammonia (NH3)

	
0.1 μmol/mol




	
Total halide (calculated as halide ion)

	
0.05 μmol/mol




	
Maximum particle concentration

	
1 μmol/mol








* When the methane concentration exceeds 2 μmol/mol, the total concentration of methane, nitrogen, and argon is not allowed to exceed 100 μmol/mol.













[image: Table] 





Table 2. Comparison of different hydrogen production processes.
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	Hydrogen Production Process
	Hydrogen Production from Coal
	Hydrogen Production from Natural Gas
	Hydrogen Production from Water Electrolysis





	Applicable scale (Nm3)
	10,000–20,000
	>5000
	2–500



	Hydrogen production cost (USD/kg H2)
	0.95–1.90
	1.27–2.37
	3.95–5.54



	Raw materials
	Coal and oxygen
	Natural gas
	Electricity and water



	Main impurities
	CO2
	CO2, CO, CH4
	O2, H2O



	Hydrogen content
	Low
	Medium
	High
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Table 3. Development process of China’s carbon market. US, the United States.
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	Time
	Stage
	Details





	2005–2014
	Clean development mechanism
	As of 2014, the world’s cumulative certified emission reductions (CER) totaled 1.468 billion tons of CO2, with China accounting for more than 60%.



	2011–2017
	Pilot construction of carbon emission permits trading
	Approved seven regions to launch pilot projects in carbon emissions trading from 2013 to 2015.



	After 2017
	Construction and implementation of a unified national carbon market
	The China–US Joint Presidential Statement on Climate Change announced that China plans to launch a national carbon emissions trading system in 2017
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Table 4. Raw materials for different hydrogen production processes.
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	Hydrogen Production Process
	Hydrogen Production from Coal
	Hydrogen Production from Natural Gas [28]
	Hydrogen Production from Water Electrolysis





	Main raw materials
	Coal
	Natural gas
	Electricity



	Raw material price [18]
	84.74 (USD/t)
	9.9 (USD/MBtu)
	0.07 (USD/kWh)



	Scale (Nm3/h) [18]
	90,000
	90,000
	500



	Hydrogen production cost (USD/kg H2)
	1.51
	1.78
	4.97



	Raw material cost/hydrogen production cost (%)
	47.51%
	74.29%
	68.69%










[image: Table] 





Table 5. Comparison of water electrolysis hydrogen production equipment.
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	Electrolyzer Type
	Alkaline Electrolyzer
	PEM Electrolyzer





	Electrolyte
	20–30% KOH
	PEM



	Working temperature (°C)
	70–90
	70–80



	Electrolytic efficiency (%)
	65–75
	70–90



	Unit energy consumption ((kW·h)·m3)
	4.5–5.5
	3.8–5.0



	Capital expenditure (USD/kWe) [29]
	500–1400
	1100–1800
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Table 6. Characteristics of several hydrogen purification methods. PSA, pressure swing adsorption.
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Method

	
Physical Method

	
Chemical Method

	
Membrane Separation




	
Cryogenic Separation

	
PSA

	
Metal Hydride Method

	
Catalytic Deoxygenation

	
Diffusion in Palladium Films

	
Polymer Film Diffusion Method






	
Purity (%)

	
90–98 [29]

	
99.9999 [27]

	
99.9999

	
99.999

	
99.9999

	
92–98 [29]




	
Production scale

	
Large

	
Large

	
Moderate and small

	
Moderate and small

	
Moderate and small

	
Small–large
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Table 7. Purification cost analysis of two raw gas sources.
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Source of Raw Gas

	
Hydrogen Production from Coal

	
Hydrogen Production from Natural Gas

	
Hydrogen Production from Water Electrolysis






	
Hydrogen content (%)

	
55%

	
74%

	
99.999%




	
1000 Nm3/h

	
Equipment investment (USD)

	
4,900,000

	
3,000,000

	
-




	
Purification cost (USD/kg H2)

	
1.47

	
0.96

	
-




	
10,000 Nm3/h

	
Equipment investment (USD)

	
14,800,000

	
8,900,000

	
-




	
Purification cost (USD/kg H2)

	
0.39

	
0.33

	
-




	
Purification cost reduction ratio

	
73.45%

	
63.33%

	
-
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Table 8. Hydrogen transportation cost.
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	Transport Radius (km)
	High-Pressure Hydrogen Transportation (USD/kg H2)
	Cryogenic Liquid Hydrogen Transportation (USD/kg H2)





	200
	0.67
	1.27



	300
	0.97
	1.34



	400
	1.26
	1.40



	500
	1.55
	1.46



	600
	1.85
	1.52



	700
	2.15
	1.58



	800
	2.44
	1.62



	Cost increase
	264.18%
	27.56%
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Table 9. Cost of reality and model calculation.
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Hydrogen Production Process

	
Hydrogen Production from Coal

	
Hydrogen Production from Natural Gas

	
Hydrogen Production from Water Electrolysis






	
Production cost (USD/kg H2)

	
Reality [3]

	
0.95–1.89

	
1.7–1.8

	
3.95–5.54




	
Model

	
1.51

	
1.78

	
4.97




	
Purification cost (USD/kg H2)

	
Reality [32]

	
0.92

	
-

	
0




	
Model

	
0.39–1.47

	
0.33–0.96

	
0




	
Carbon trading cost (USD/kg H2)

	
Reality [32]

	
0.14

	
-

	
0




	
Model

	
0.135

	
0.07

	
0




	
Gaseous transportation cost (USD/kg H2)

	
Reality [22]

	
0.32 (50 km, 0.9 t/day)




	
Model

	
0.36 (50 km, 0.9 t/day); 0.33 (100 km, 10 t/day)
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Table 10. Cost of hydrogen for fuel cell vehicles (FCVs).
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Hydrogen Production Process

	
Hydrogen Production from Coal

	
Hydrogen Production From Natural Gas

	
Hydrogen Production from Alkaline Water Electrolysis

	
Hydrogen Production from PEM Water Electrolysis






	
Main raw materials

	
Coal

	
Natural gas

	
Renewable electricity (energy)




	
Raw material price

	
60 USD/t

	
4 USD/MBtu

	
0.014 USD/kWh




	
Production cost (USD/kg H2)

	
1.30

	
1.00

	
1.58

	
2.02




	
Purification cost (USD/kg H2)

	
0.39

	
0.33

	
-




	
Carbon trading cost (USD/kg H2)

	
1.61

	
0.85

	
-




	
200 km, 10 t/day gaseous hydrogen transportation (USD/kg H2)

	
0.57




	
800 km, 30 t/day liquid hydrogen transportation (USD/kg H2)

	
1.62




	
Cost of hydrogen (USD/kg H2)

	
3.87–4.92

	
2.75–3.80

	
2.15–3.20

	
2.59–3.64
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