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Abstract: Energy from hydrogen is a significant means of energy conversion in China. This paper assesses and compares the economic,
energy, and environmental benefits of different hydrogen production technologies in China to promote the growth of the hydrogen production
sector. The findings of economic benefits reveal that (1) fossil energy hydrogen production technologies have an absolute advantage in
China, and the levelized cost of hydrogen (LCOH) of coal-to-hydrogen (CTH) technology is 6.86 RMB/kg, which is more competitive. (2)
The cost of electricity and the categories of electrolyzer affect the economic benefit of water electrolysis hydrogen production (WEHP).
The cost of hydrogen produced from using nuclear power (NP) is the lowest (28.45 RMB/kg), while that from photovoltaic (PV) is the
highest (69.1 RMB/kg). When the power sources are NP, coal power, hydropower, wind power, and PV, respectively, compared with proton
exchange membrane (PEM) electrolytic hydrogen technology, the LCOH of alkaline (ALK) has decreased by 11%, 8%, 21%, 15%, and
18%, respectively, so ALK electrolytic method is more competitive than PEM. (3) Raw material cost accounts for the largest percentage,
ranging from 32.3% to 79%. The findings of energy benefits show that CTH technology has the highest energy consumption among gray
hydrogen technologies, which is 7.61 X 10° tce. The total energy consumption of WEHP varies with different types of electrolytic cells.
The findings of the environmental benefits suggest that WEHP has the largest total carbon emissions of 4.2789 x 10° tCO, when the power
source is coal power. Hydrogen from coal and natural gas follows. The carbon emissions of new hydrogen production technologies are

generally low. Under the same power supply, the carbon emission of PEM is larger.
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1. Introduction

The current energy system in China is predominantly coal-
based, with fossil fuels accounting for a substantial portion. As such,
the task of energy transformation under the guidance and promotion
of the “peak carbon and carbon-neutral” policy is both challeng-
ing and pressing. The foremost challenge facing China’s energy
transformation presently is energy security. Nonrenewable energy
sources such as coal, oil, and natural gas have finite reserves and
must be used judiciously to avoid resource depletion and poten-
tial energy supply constraints. Second, environmental concerns
loom large, with China’s CO, emissions comprising one-third of
the global total. The use of fossil fuels results in various forms of
environmental pollution. To address these challenges, it is crucial
to identify new sources of energy that are safe, efficient, clean, and
low-carbon, with the aim of replacing fossil fuels, achieving energy
transformation, and promoting high-quality energy development.

Hydrogen can realize large-scale integration of renewable
energy, facilitate large-scale grid stabilization, and promote cross-
seasonal and cross-regional energy storage, ultimately achieving
low carbonization across all sectors. As a clean, efficient, safe, and
flexible energy source, hydrogen can be obtained from various pri-

*Corresponding author: Yan Xu, School of Architecture and Engineering,
Shanxi Technology and Business University, China. Email: xuyan@sxufe.edu.cn

mary and secondary energy sources [1], promoting the sustainable
and efficient utilization of fossil fuels [2]. In addition, it boasts a
high potential for storing energy across time and space and offers a
broad range of application scenarios, thereby providing an important
pathway for achieving low-carbon or even zero-carbon emissions
in the energy, transportation, and chemical industries. Therefore,
hydrogen holds a crucial role in carbon-neutral development, and its
development constitutes a critical strategy for achieving low-carbon
transformation within the Chinese energy system.

The hydrogen industry is characterized by a complex sup-
ply chain, encompassing production, storage, transportation, and
final application stages. Among these stages, hydrogen production
accounts for the largest proportion of the cost structure. Thus, the
economic and market-oriented deployment of hydrogen production
is pivotal to the development of the hydrogen energy industry. How-
ever, in comparison with established hydrogen-producing nations,
such as Japan, the United States, and Germany, China’s hydrogen
production industry is still in its nascent stages, with experience
gaps in production costs, capital, and policy support. Therefore, con-
ducting a comprehensive assessment of the benefits of hydrogen
production technologies assumes significant importance, as it will
support the green transformation and high-quality development of
China’s hydrogen production industry.

© The Author(s) 2025. Published by BON VIEW PUBLISHING PTE. LTD. This is an open access article under the CC BY License (https://creativecommons.org/
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This paper focuses on various hydrogen production technologies
in China and compares their economic, energy, and environmental
benefits. The contributions to this paper are as follows:

1) Considering investment costs, operation and maintenance costs,
financial costs, replacement costs, tax costs, and hydrogen
production volume as technical and economic parameters, a
levelized cost of hydrogen (LCOH) model is constructed to
evaluate the economic viability of various hydrogen produc-
tion technologies, including coal-to-hydrogen (CTH), natural
gas steam methane reforming (SMR), CTH coupled with carbon
capture and storage (CCS), SMR coupled with CCS, and water
electrolysis hydrogen production (WEHP).

2) By constructing energy efficiency and environmental benefit
models, the energy consumption and carbon emissions of the 14
hydrogen production technologies are assessed separately.

3) The LCOH of each hydrogen production technology is decom-
posed, with a focus on analyzing the reasons for the economic
differences among the technologies. This analysis aims to pro-
vide decision-making references for investors and promote the
development of the hydrogen energy industry.

The remainder of the paper will be organized as follows. Section
2 shows the literature review. Section 3 elucidates the methodology.
Section 4 provides the parameterization and assumptions. The results
are given in Section 5. Section 6 gives the discussion. Section 7
makes the conclusions and policy implications.

2. Literature Review

Currently, a considerable number of domestic and international
studies have explored the various benefits of hydrogen production
technologies. Atthe technical level, hydrogen production technology
is categorized into fossil energy hydrogen production technology and
renewable energy hydrogen production technology [1].

2.1. Economic benefits

In recent years, while scholars have focused on the characteris-
tics of hydrogen production technology, some have also investigated
its economic aspects. The current research mainly concentrates on
examining the economic applicability of individual hydrogen pro-
duction technologies, such as CTH technology [3]. Furthermore,
some scholars have explored the influencing factors of hydrogen
production technology, such as fixed asset investment costs, vari-
able costs, and internal rate of return [4, 5]. Similarly, Rezaei et al.
[6] performed a quantitative analysis of hydrogen production tech-
nology, specifically evaluating the economic feasibility of utilizing
wind energy to generate hydrogen in Afghanistan. Lee et al. [7]
conducted an economic evaluation of WEHP and SMR technolo-
gies in terms of unit hydrogen production cost and profitability.
The study determined that hydrogen production capacity was the
primary factor influencing the LCOH, as confirmed through sen-
sitivity analysis. In the pursuit of identifying the optimal path for
hydrogen production technology development, existing literature
has begun analyzing various hydrogen production paths [7-9]. In
addition, some scholars have integrated environmental impact into
their economic research. Cheng et al. [8] employed life cycle cost
analysis to incorporate external costs resulting from environmental
impacts and assessed the economic viability of hydrogen production
from coal gasification and coal pyrolysis. At present, due to the high
cost of hydrogen production from renewable energy, hindering the
development of renewable energy hydrogen production technology,
most scholars concentrate on the economic analysis of renewable
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energy hydrogen production technology [10—11]. Moreover, Guo
et al. [12] systematically analyzed the costs of hydrogen production
using alkaline (ALK) water electrolysis (WE) and proton exchange
membrane (PEM) WE. In addition to considering economic viabil-
ity, some scholars have utilized “potential” as a tool for research.
Bhandari and Shah [13] analyzed the potential for hydrogen produc-
tion using different power sources for solar electrolysis cells (ALK
and PEM), taking the hydrogen production project in Cologne as an
example.

2.2. Energy benefits

With fossil fuels being increasingly depleted, developing
renewable energy sources has become an essential direction for
the global energy sector. Hydrogen production technology also
has the potential to offer certain energy benefits. Several schol-
ars have conducted quantitative analyses of the carbon emissions
and energy equivalents of different hydrogen production technolo-
gies from both a technological and energy efficiency perspective
[14, 15]. Regarding carbon emissions, the CCS technology can be
applied to hydrogen production, and in the long run, integrating
hydrogen production with CCS technology presents a promising
solution. However, the technology is still in its developmental stage,
and the costs are relatively high, with a multitude of uncertain-
ties that need to be addressed. Consequently, several scholars have
employed innovative energy-economy-environment comprehensive
evaluation models, from the perspective of general equilibrium anal-
ysis, to assess the viability of CCS technology [16]. Compared to
hydrogen production from fossil fuels, scholars have directed their
attention primarily toward the economic feasibility, efficiency, and
development planning of hydrogen production from new energy
sources. Baykara [17] demonstrated that solar-powered hydro-
gen production is the most environmentally and climate-friendly
energy source. Wang [18] undertook a review of the current state
of new energy-based hydrogen production technologies, including
WP, solar power, and biomass energy, and investigated existing
problems and future development directions.

2.3. Environmental benefits

As global attention toward carbon peaking and carbon neutral-
ity intensifies, research on the environmental impact of hydrogen
production technologies has also increased. Bai and Lu [19] inno-
vatively developed an accounting method to calculate the carbon
emissions of WEHP technology and clarified the accounting bound-
aries. Some scholars have included factors such as economic via-
bility and hydrogen production methods in their investigation of the
environmental impact. Lin [20] employed the life cycle assessment
methodology to scrutinize the energy-saving and emission-reducing
effects of different hydrogen production pathways for hydrogen
fuel-cell vehicle. Moreover, some scholars have investigated the
coupling of the CCS technology and hydrogen production tech-
nology. Al-Qahtani et al. [21] scrutinized the overall cost of five
hydrogen production technologies (SMR, CTH and biomass gasi-
fication, methane pyrolysis, and renewable energy and nuclear
technology electrolysis), noting that environmental externalities
may constitute a significant proportion of the total cost of hydro-
gen gas. The study concluded that SMR coupled with CCS is the
most economical hydrogen production method. At present, carbon
emission accounting mainly includes the emission factor method
and material method. Methods such as the material balance method
and the measured method can be used in different calculation
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scenarios. Among them, the emission factor method is the most
widely used [22].

In summary, previous studies have concentrated on the
single-dimensional evaluation of hydrogen production technology.
However, the analysis of hydrogen production technology from
the perspectives of economy, energy, and environment is rela-
tively limited. Therefore, this paper focuses on evaluating the
economic-energy-environmental benefits of different hydrogen pro-
duction technologies and systematically analyzes the economy,
energy efficiency, and carbon emissions of hydrogen production
technologies. The evaluation results provide a vital quantitative
reference for decision makers, which is very important for support-
ing the development of new technologies for hydrogen production
from renewable energy in China in the future and promoting the
green transformation and high-quality development of the hydrogen
production industry.

3. Methodology

3.1. Hydrogen production technologies

Depending on the raw material, hydrogen can be classified as
gray, blue, and green hydrogen [23]. In this paper, the energy effi-
ciency and environmental impact of gray hydrogen, blue hydrogen,
and WEHP technologies are investigated. The gray hydrogen cate-
gory comprises CTH, SMR, and the coal-fired power (CP) WEHP
technologies. In addition, two types of electrolytic cells, namely,
ALK and PEM, are used in WE to produce hydrogen. These electrol-
ysis technologies are powered by nuclear power (NP), hydropower
(HP), wind power (WP), and solar photovoltaic (PV).

3.2. Economic benefits model

The levelized cost of electricity (LCOE) serves as a metric
to evaluate the economic efficiency and competitiveness of dif-
ferent technologies. It is widely used to quantitatively analyze the
economic viability of a specific technology and to compare the com-
petitiveness of various technologies. Specifically, LCOE represents
the cost per kilowatt-hour of electricity produced over the lifetime
of'a power generation facility, providing an effective means to com-
pare costs across different power generation methods. Furthermore,
LCOE is determined by dividing the total costs associated with the
entire life cycle of a power plant by the total electricity output, mak-
ing it a valuable parameter for assessing and comparing different
power generation systems [24, 25].

Correspondingly, the LCOH represents the cost associated with
generating a single unit of hydrogen. It is calculated as the ratio of
the present value of all expenses incurred throughout the entire life
cycle of a hydrogen production project—where the net present value
(NPV) is zero—to the present value of the total hydrogen output.
This metric is determined by the point at which the discounted total
revenue equals the discounted total costs. At this particular hydro-
gen cost level, the project only achieves the minimum required rate
of return without generating any additional profit margin. In other
words, if the market price of hydrogen matches the average pro-
duction cost over the project’s lifetime, investors will neither gain
nor lose money on the investment. The relevant Equation (1) is
presented below.

% Revenues, % Cost, (1
n=0 (1 +r)n n=0 (1+I’)n

When project revenue equals the cost, that is, when the NPV is equal
to zero, Equation (2) is obtained.

N
NPV=) PV=0 )

n=0

Therefore, LCOH is the hydrogen production cost when NPV
equals 0, that is, when project costs and project revenues are
equal. Revenues are expressed as the product of LCOH and annual
hydrogen production, as shown in Equation (3).
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Assuming that the annual value of LCOH is constant, Equation (4)
can be obtained.

N Cost,
cor-(2 555)(Bavs) o

According to Equation (4), LCOH equals the ratio of the discounted
cost and the sum of the discounted hydrogen production over the
entire project life cycle. LCOH can be interpreted as the value of
each unit of hydrogen produced. The fulfillment of Equation (2)
under this scenario implies that the project can be executed with zero
profit for investors at the end of the project’s life cycle. It is notewor-
thy that the summation should commence from n = 0, incorporating
the initial investment cost in the first year of the project, which
does not necessitate discounting. Alternatively, the initial cost can
be spread out annually over the project’s life cycle. This approach
leads to Equation (5), which is derived from Equation (4) [26-28].
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Variables and factors:

Capital expenditure (CAPEX): The initial investment cost of
a hydrogen production project refers to the capital input during the
construction period, mainly including equipment costs, installation
fees, and civil engineering costs [29].

Financial cost: The parameters involved in finance include ini-
tial capital ratio, loan term, annual interest rate, depreciation period,
subsidies, and other related parameters [30].

Operational cost: The operational cost mainly refers to the
operation and maintenance expenses during the operation period of
the hydrogen production plant, including the cost of raw materials
for hydrogen production, insurance, repair fees, personnel salaries
and benefits, materials, and other fees. The compensation and bene-
fits of the workers generated during the operation of the power plant
are also included in the operating cost [31].

Tax cost: The hydrogen production project incurs several
annual taxes, primarily comprising value-added tax, income tax,
property tax, land use tax, urban maintenance and construction tax,
and education surcharge. The taxation basis for each tax differs,
necessitating determination based on the specific circumstances.
Notably, the value-added tax has emerged as a preeminent tax in
China. The land use tax is determined based on the area occupied,
whereas self-use houses are taxed on the basis of the asset value,
with a proportionate deduction. The urban maintenance and con-
struction tax and education surcharge both adopt value-added tax as
their taxation basis [27].

Replacement cost: During the operation period of the hydrogen
production project using electrolysis, if the electrolytic cell reaches
the end of its service life, it needs to be replaced. This cost mainly
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involves parameters such as the service life, cost, and replacement
time of the electrolytic cell [31].

Capacity parameters and system efficiency: To effectively esti-
mate the annual hydrogen production of the hydrogen production
project during the operation period, we need to grasp important
data such as the installed capacity of the hydrogen plant, annual
utilization hours, and system efficiency [31].

Discount rate: The discount rate refers to the ratio at which
expected future benefits or costs with a deadline are discounted to
present value. It is the rate of return on assets to obtain these benefits
under specific conditions. Based on this, considering the external
value of funds and factors such as inflation, the concept of a discount
rate is proposed [27].

3.3. Energy benefits model

In view of the energy efficiency calculation of different
hydrogen production technologies, this paper only studies the con-
sumption of the main raw materials of each technology and does
not consider the energy consumption of the production process for
hydrogen production equipment. In order to facilitate comparison,
the energy consumption of different hydrogen production tech-
nologies is converted into coal equivalent by the method of coal
equivalent coefficient.

The total energy consumption generated in the CTH process is:

CCTH = CcoalReoal + CelectricitylRelectricity + CwaterlRwater (6)

The total energy consumption generated in the CTH process is:

SMR = Cgangas + Celecrricity2Relectricity + Cdeionized Rdeionized (7)

+CcoolingR cooling

The total energy consumption generated in the process of CTH
coupled with CCS is:

Ccaa[+CCS = Ccoachau[ + CelectricitylRelectricity + CwaterlRwater

®)

The total energy consumption generated in the process of SMR
coupled with CCS is:

Cgas+CCS = CgangaS + Celectricity2Relectricity (9)

+Cdeionizedeeionized + Ccoolinchooling
The total energy consumption generated in the WEHP process is:

Cwaterelectrolysis = elecrriciry3Relectricity + Cnitrogeanitrogen'l' (1 0)

CWZUCFZR water + CsteamR steam

For the explanation of variables in each formula, please refer to the
Table Al.

3.4. Environmental benefits model

For the evaluation of environmental benefits associated with
different hydrogen production technologies, this study solely
focuses on the carbon emissions generated during the hydrogen
production process, while excluding the indirect carbon emissions
resulting from the production of hydrogen equipment and the
electricity consumption of CCS technology.

The total carbon emissions of CTH technology are:

(11)

Ecry = IcruH
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The total carbon emissions of SMR technology are:

Esyr = IsyrH (12)

The total carbon emissions of CTH coupled with CCS technology
are:

(13)

Ecoatrccs = Ectn — AEcry

The total carbon emissions of SMR coupled with CCS technology
are:

Eqous+ccs = Esur — AEsyr (14)
The total carbon emissions of WEHP technology are:

where E; is the total carbon emissions of the i,, power source used
for hydrogen production via water electrolysis, i = 1,2,3,4,5,
representing the different power sources of coal power, NP,
hydropower, wind power, and solar photovoltaic, respectively. /;
is the carbon emission intensity of the i, power source used for
hydrogen production from electrolysis water. £, is the electricity
consumption of the &, electrolytic cell, where k£ = 1, 2, representing
the ALK and PEM, respectively.

4. Parameterization and Assumptions

4.1. Assumptions

The research boundary for each hydrogen production technol-
ogy is the inputs associated with the hydrogen production process,
including types of hydrogen production equipment, feedstocks, and
operations, with the output being hydrogen, regardless of hydro-
gen compression and transport. Given that the production scale of
hydrogen constitutes a crucial factor influencing the cost of hydro-
gen production, the assumption is made that the annual production
capacity for gray hydrogen, blue hydrogen, and electrolyzed water
hydrogen production is 100,000 tons, in order to neutralize the
impact of the production scale on LCOH.

4.2. The economic benefits

4.2.1. Gray hydrogen

This paper considers two representative gray hydrogen
projects, namely, the Luoyang CTH project and the Xifeng SMR
project, as benchmarks. The CTH project has a total investment of
2.4771 trillion RMB and a hydrogen production capacity of 105,000
tons per year, while the SMR project in Xifeng has a total investment
of 200 million RMB and a hydrogen production capacity of 100
million m? per year. For facilities of varying sizes, the fixed capital
investment is calculated using the formula proposed by Wang et al.
[32] The cost parameters of the coal-powered WEHP technology are
shown in Table 1 [31].

4.2.2. Blue hydrogen

To facilitate a more comprehensive comparison between blue
hydrogen and gray hydrogen technologies, this study focuses on
a hydrogen production project that utilizes the same fossil energy
source for both technologies, with the addition of CCS for the blue
hydrogen process. Consequently, the parameters for the CCS tech-
nology, as shown in Table 2, are the only parameters that need to be
considered.
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Table 1
Technical and economic parameters for WEHP project
Unit ALK PEM CP NP HP WP PV
Unit investment RMB/kW 7000 12000
Service life h 75000 45000
Electricity price RMB/kwh 0.5 0.37 0.31 0.5 0.55
Annual running time h — — 5000 7800 3800 2100 1200

Note: The expected annual operating time of the electrolytic cell is determined by the operation time of the power generation

method.

Table 2
The cost parameters of CCS technology

CCS cost Unit Value Data source
Capture rate % 90 [33]
Capture cost RMB/t 161

Transportation cost RMB/t-km 1.1 [31]
Sequestration cost RMB/t 60

4.2.3. Green hydrogen

WEHP technologies can be classified into several types based
on the differences in electrolytic cells, such as ALK, PEM, and
high-temperature solid oxide electrolysis cells, which are still in
the experimental phase. Therefore, this study will focus on the first
two methods, namely, the ALK and PEM technologies. Techni-
cal and economic parameters for hydrogen production through the
electrolysis of water are presented in Table 1.

Table 3 presents the raw material cost parameters for each
technology, with price data reflecting actual market prices in China.

When evaluating the LCOH of various hydrogen produc-
tion technologies, it is necessary to establish consistent financial,
operational, tax, and discount rate parameters, even though the tech-
nical routes may differ. In this study, a capital ratio of 20% is assumed,
with the remaining funds financed by bank loans. The long-term loan
interest rate, adjusted by the central bank since October 2015, is set
at 4.9%, with a loan term of 20 years. The unit design operating life,
depreciation period, and project residual value rate are set at 25 years,
20years, and 5%, respectively. According to the industry standard for
power generation, the hydrogen production project’s internal rate of
return is predetermined at 8%. The insurance premium and repair fee
are expressed as rates, with values of 0.25% and 2%, respectively, of
the fixed assets of the hydrogen plant per year. The project’s business
tax is not considered under the “VAT to VAT” policy. As a high-tech
project, the state provides support, and the corporate income tax is
set at 15%, while the value-added tax rate is 6.5%. The land use tax
rate is established at 2 RMB per square meter [28]. The tax rate for
property tax collection is regulated to be 1.2%, and the property tax
deduction ratio is 30% based on relevant regulations. Additionally,
urban maintenance and construction fees and education surcharges
are 5% and 4%, respectively. Based on the aforementioned parameter

Table 3
Raw material cost parameters

Technology =~ Raw material Consumption Unit Data source Price Unit Data source
CTH Coal 8.46 t/t H, [34] 475 RMB/t —
Electricity 0.66 kWh/kg H, [35] 0.6 RMB/kWh [32]
Industrial water 191.57 t/'t Hy [32] 2 RMB/t
SMR Natural gas 4.43 m3/kg H, [34] 2.5 RMB/m? —
Electricity 39 kWh/kg H, [36] 0.6 RMB/kWh [36]
Deionized water 14.5 kg/kg H, 40 RMB/t
Cooling water 66.7 kg/kg H, 3 RMB/t
WEHP
ALK PEM
Electricity 51 58 kWh/kg [37] Depends RMB/kWh —
on the
source
of elec-
tricity
Industrial pure 10 10 kg/kg H, [7,38] 76.2 RMB/t [39]
water
Electrolyte 1.9 0 g/kg H, [38] 19134.8 RMB/t
Steam 0.11 kg/kg H, 76.2 RMB/t
Nitrogen 0.29 g/kg H, 2121.1 RMB/t
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Table 4
Common public parameters
Cost name Value Cost name Value
Capital ratio (%) 20% Insurance rate (%) 0.25%
Loan term (years) 20 Major repair rate (%) 2%
Annual interest rate (%) 4.9% Employee salary (CNY/year) 80000
After-tax internal rate of return (%) 8% Welfare labor insurance coefficient (%) 60%
Service life (years) 25 Employee salary growth rate (%) 6%
Income tax (%) 15% Urban maintenance and construction tax (%) 5%
Value-added tax (%) 6.5% Education surcharge (%) 4%
Land use tax (RMB/square meter) 2 Property tax 1.2%

settings, Table 4 [27] provides an overview of the public parameters
for the hydrogen production project.

4.3. The energy benefits

In this paper, when calculating the total energy consumption
of different hydrogen production technologies, the consumption of
main raw materials is mainly based on the raw material parameters
in Table 3. The conversion coefficient of each main raw mate-
rial refers to the “current conversion coefficient of commonly used
energy varieties to coal equivalent,” as shown in Table 5 [40].

Table 5
Reference conversion coefficients for various energy sources

Energy Conversion coefficients (tce)
Coal (t) 0.7143

Natural gas (10000 m?) 13.3

Electricity (10000 kWh) 1.229

Industrial Water (10000 m?) 0.85

Deionized water (10000 m?) 1

Cooling water (10000 m?) 0.03
Steam (10000 m?) 0.95
Nitrogen (10000 m?) 0.400
Table 6
Carbon emission intensity of different hydrogen production
technologies

Hydrogen production technologies Carbon emission intensity

CTH 20 kgCO, /kgH,
SMR 9 kgCO,/kgH,
CP 839 gCO,/kW-h
NP 10.9 gCO,/kW-h
HP 40.6 gCO,/kW-h
WP 8.6 gCO,/kW-h
PV 29.2 gCO,/kW-h

06

4.4. The environmental benefits

Carbon emission is an important parameter to evaluate the
environmental benefits of different hydrogen production technolo-
gies. For the calculation of total carbon emissions of different
hydrogen production technologies, this paper mainly refers to the
carbon emission intensity values of different hydrogen production
technologies by Wang et al. [23], as shown in Table 6.

5. Results

5.1. Economic benefits

5.1.1. Levelized cost of hydrogen production technologies

The LCOH of different hydrogen production technologies is
shown in Figures 1, 2, and 3. In Figure 1, the LCOH of CTH pro-
duction is 6.86 RMB/kg, and the LCOH of CTH production coupled
with CCS is 14.54 RMB/kg. In Figure 2, the LCOH of SMR produc-
tion is 17.95 RMB/kg, and the LCOH of SMR coupled with CCS is
26.5 RMB/kg.

In Figure 3, the LCOH of WEHP technology varies due to
differences in electricity prices and utilization hours under five dif-
ferent power sources. The LCOH of ALK ranges from 28.45 to 69.1
RMB/kg, while that of PEM ranges from 31.79 to 84.11 RMB/kg.
Among them, the LCOH of WEHP using NP as the power source
is the lowest, and that using PV as the power source is the highest.
When the power sources are NP, CP, HP, WP, and PV, the LCOH
of ALK technology decreases by 11%, 8%, 21%, 15%, and 18%,
respectively, compared to PEM electrolysis hydrogen technology.
Therefore, ALK electrolysis is more competitive than PEM.

5.1.2. The cost composition of the hydrogen production
technologies

Figure 4 presents the cost breakdown of CTH and SMR tech-
nologies. The internal pie chart delineates the distribution of initial
investment, operation and maintenance, and tax costs, while the
external pie chart depicts the proportion of primary raw materi-
als. The cost composition of CTH technology indicates that initial
investment accounts for 30% of the cost, operation and maintenance
costs for 10%, raw material costs for 57%, and tax costs for 3%.
Coal input is the largest contributor to raw material costs, represent-
ing 78% of the total. In contrast, the cost composition of natural
gas hydrogen production indicates that initial investment accounts
for 4% of the cost, operation and maintenance costs for 2%, raw
material costs for 94%, and tax costs for 0%. Natural gas input is
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Figure 1
LCOH of CTH and CTH coupled with CCS
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Figure 2
LCOH of SMR and SMR coupled with CCS
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of the total, while the cost of initial investment and operation and
maintenance is relatively low.

Given China’s abundant coal resources and limited natural gas
reserves, the cost of natural gas is higher than that of coal, ren-
dering the raw material cost for hydrogen production from natural
gas prohibitively expensive. Consequently, coal-based hydrogen
production technology is more competitive. The cost composition
analysis of hydrogen production from coal and natural gas indicates
that the initial investment and raw material costs account for the
highest proportion, ranging from 87% to 98% of the total cost. Thus,
reducing the initial investment cost and improving the conversion
efficiency of raw materials are crucial in significantly reducing the
LCOH of gray hydrogen.

The blue hydrogen project incorporates CCS technology into
the pre-existing gray hydrogen project, with its cost structure com-
prising the conventional hydrogen production expenses, as well as
the expenses associated with CCS technology. The results of the
calculation demonstrate that the initial investment cost of CCS con-
stitutes a substantial proportion of the total initial investment cost,
ranging from 78% to 92%. Additionally, the operational expenses
of hydrogen production derived from fossil fuels account for a
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Figure 4
Cost composition of CTH and SMR technologies

Industrial water
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Raw materials
57.1%

Cost composition of CTH

significant proportion of the total operating cost, ranging from 95%
to 99%. The exorbitant initial investment cost of CCS technology
serves as the primary factor contributing to the escalation of hydro-
gen production costs. Consequently, reducing the initial investment
cost of CCS technology would notably decrease the LCOH of blue
hydrogen.

Figure 5 illustrates the cost composition of hydrogen produc-
tion technology by WE from different power sources, including
both ALK and PEM hydrogen production technologies. The internal
pie chart depicts the proportion of initial investment, operation and
maintenance, taxation, and replacement costs, while the external pie
chart represents the proportion of main raw materials.

The cost of WEHP is predominantly comprised of the ini-
tial investment cost and raw material cost. The former accounts
for 14.6%—-56.53% of the total cost, whereas the latter accounts
for 32.3%—74.4%. Within the cost of raw materials, the electricity
price represents over 95%. However, the proportion of electricity
prices varies due to discrepancies in on-grid electricity prices and
available hours of different electricity sources. HP exhibits the low-
est price and availability, hence its electricity price proportion is
also the lowest. Conversely, PV electricity boasts the highest price,
the lowest available hours, and subsequently the highest proportion
of electricity price. Therefore, reducing the initial investment cost
and selecting a suitable power source would significantly enhance
the competitiveness of hydrogen production from electrolyzed
water.

From the perspective of hydrogen production technology, it
can be observed that the LCOH for ALK technology is lower than
that of PEM technology, while the initial investment cost proportion
is also lower. These findings suggest that the initial investment cost
of electrolysis-based hydrogen production technology is a crucial
factor that affects its competitiveness. Currently, PEM technology is
still in its nascent stage. However, with the advent of new low-cost
electrocatalysts and the realization of self-sufficiency in key mate-
rials, the LCOH of PEM WE technology is expected to decrease
further in the future. This, in turn, is expected to facilitate rapid
industry expansion.
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5.2. Energy benefits

The results of energy efficiency for hydrogen production tech-
nologies are presented in Table 7. Among the different types of gray
hydrogen technology, the energy consumption of CTH production
is notably higher than that of natural gas-based hydrogen production
due to the greater heat energy required during the production pro-
cess and lower energy conversion rate. In terms of green hydrogen
technology, the ALK electrolyzer exhibits slightly lower hydrogen
production power consumption compared to the PEM, resulting in
a difference in their respective total energy consumption. As hydro-
gen production technology continues to develop, the maturity of
the technology has gradually increased, and key core technologies
have been increasingly refined. This has led to an increase in the
energy conversion rate of hydrogen production devices, a decrease
in the power consumption of hydrogen production, and a continuous
decrease in the overall energy consumption.

5.3. Environmental benefits

The results of environmental benefits for hydrogen production
technologies are presented in Table 8. The amount of hydrogen pro-
duced by different hydrogen production projects is the same, so the
carbon emission intensity is the main reason for the different total
carbon emissions of different technologies.

When the power source is coal-fired power, the total carbon
emission of WEHP is the largest. At present, China’s power struc-
ture is dominated by thermal power. Although thermal power units
continue to develop in the direction of large capacity and high
parameters in recent years, the carbon emission intensity of coal
power is still higher than that of renewable energy and NP, and
there are many factors affecting the carbon emission of coal power,
including unit type, coal quality, unit capacity, etc. Among them, the
higher load rate of the unit and the higher carbon oxidation rate of
coal are the main reasons for the higher carbon emission intensity.

The total carbon emissions from CTH and SMR are the second.
Unlike traditional fossil fuels, hydrogen only produces water when
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Figure 5
Cost composition of WEHP
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Table 7
Total energy consumption of different hydrogen production technologies

Hydrogen production technologies

Energy consumption (kgce/kg of H,)

Total energy consumption (tce)

CTH
SMR
CTH coupled with CCS
SMR coupled with CCS
ALK
PEM

7.61 7.61 X 10°
5.9 59x%x10°
7.61 7.61 X 10°
5.9 59x%x10°
6.27 6.27 X 10°
7.13 7.13 x 10°

it is burned into electricity and heat without emitting greenhouse
gases, which will make the carbon emission intensity of different
hydrogen production technologies far lower than that of traditional
power generation methods, such as the carbon emission intensity of
CTH is far lower than that of coal power.

The carbon emissions from new hydrogen production tech-
nologies are generally low. Compared with traditional carbon-based
energy sources, non-carbon-based energy sources such as wind
energy and hydro energy basically do not produce greenhouse gases
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in the power generation process, and carbon emissions of renewable
energy power generation mainly come from equipment production
and power plant construction, so carbon emissions are lower. Car-
bon emission intensity is between 8 and 41 gCO, /kWh, with wind
power being the lowest and hydropower the highest. In the pro-
cess of hydrogen production by electrolytic water, the hydrogen
production efficiency is different due to different electrolytic cells,
resulting in slightly different total carbon emissions. The hydrogen
production efficiency of PEM is slightly lower than that of ALK,
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Table 8
Total carbon emissions of different hydrogen production
technologies

Total carbon
emissions (tCO,)

Hydrogen production technologies

CTH 2 x 100
SMR 9% 103
CTH coupled with CCS 2% 10°
SMR coupled with CCS 4.5x%x10*
CP + ALK 4.2789 x 10°
CP + PEM 4.8662 x 10°
NP + ALK 5.559 x 10*
NP + PEM 6.322 x 10*
HP + ALK 2.0706 x 10°
HP + PEM 2.3548 x 103
WP + ALK 4.386 x 10*
WP + PEM 4.988 x 10*
PV + ALK 1.4892 x 10°
PV + PEM 1.6936 x 10°

resulting in the consumption of more electricity when electrolyz-
ing water, so when the power source is the same, the total carbon
emissions of PEM electrolytic water hydrogen production technol-
ogy based on green electricity is greater than that of ALK. The
carbon emissions of the chemical industry after coupled with CCS
are much lower than before, almost similar to new energy hydrogen
production.

6. Discussion

The LCOH varies significantly across different hydrogen pro-
duction technologies, with a range of 6.86-84.11 RMB/kg. The cost
of gray hydrogen mainly consists of raw material costs, and its pro-
duction process is simple and requires relatively small equipment
and a site. As a result, gray hydrogen is currently the lowest-cost
option. For hydrogen production technologies with LCOH below
20 RMB/kg, the cost composition of hydrogen production from
coal and natural gas differs significantly. The cost of hydrogen pro-
duction from natural gas is mainly due to the cost of natural gas,
accounting for approximately 79%, while the cost of coal produc-
tion is relatively higher, with a ratio of around 78%. However,
the CTH path is more economical due to China’s “rich coal and
less gas” resource endowment, and the minimum LCOH for CTH
is 6.86 RMB/kg. The second lowest-cost option is blue hydro-
gen, which employs CCS technology to capture greenhouse gases
emitted during the hydrogen production process, thereby achiev-
ing low-emission production. However, the high initial investment
cost of CCS technology increases the cost of blue hydrogen, result-
ing in an LCOH ranging from 10 to 30 RMB/kg, with the LCOH
of CTH increasing by 7.68 RMB/kg. If a carbon tax is considered,
CTH production using CCS may have an advantage. In the future,
the fossil energy + CCS hydrogen production pathway is expected
to become a long-term option. The highest-cost option is WEHP.
Although this technology can achieve almost zero emissions dur-
ing the hydrogen production process, it is constrained by technical
thresholds and relatively high investment and operation costs. The
LCOH for WEHP varies significantly due to differences in the cost
of renewable energy power generation and equipment costs. The

minimum LCOH for WEHP using NP is 28.45 RMB/kg, while the
maximum LCOH for WEHP using PV is 84.11 RMB/kg. Accord-
ing to Figure 5, the cost composition of ALK and PEM differs under
different power sources. This is because ALK has already reached
the commercial application stage and is relatively mature in all
aspects, while PEM is still in the research and demonstration stage.
Regardless of the power source, the initial investment and operation
and maintenance costs of ALK are higher than those of PEM, result-
ing in an LCOH of ALK that is 3.34 to 15.01 RMB/kg lower than
that of PEM.

Regardless of the hydrogen production technology used, energy
consumption is an unavoidable aspect of the process. However, the
extent of energy consumption varies across different technologies.
For instance, CTH production consumes relatively high levels of raw
material heat energy, which translates to a high energy consumption
of 7.61 x 105 tce. In contrast, SMR utilizes natural gas as both
the raw material gas and combustion gas, eliminating the need for
transportation and resulting in lower energy consumption of 5.9 X
103 tce, owing to a higher hydrogen production rate. Green hydrogen
technology, on the other hand, primarily relies on electricity for the
hydrogen production process using ALK and PEM technologies.
This process is characterized by a low conversion rate of electric
energy, resulting in relatively high energy consumption of up to
70%, second only to coal hydrogen production. In this category, the
hydrogen production power consumption of the ALK electrolyzer
is slightly lower than that of PEM, resulting in energy consumption
of 6.27 X 10° tce and 7.13 X 10° tce, respectively.

Currently, in China, the power structure is mainly composed
of thermal power, which has a relatively high carbon emission
intensity. As a result, when CP is used as the power source for
hydrogen production, the carbon emissions of CP + ALK and CP +
PEM are the highest, at 4.2789 x 10° t CO, and 4.8662 x 10° t
CO,, respectively. The next highest carbon emissions are associ-
ated with gray hydrogen produced from coal and natural gas, with
emissions primarily stemming from greenhouse gases produced dur-
ing raw material conversion, accounting for about 70% of total
emissions. The carbon emissions of gray hydrogen production are
therefore relatively high, at 2 x 10° t CO, and 9 x 10° t CO,.
Although gray hydrogen production can be profitable, the technol-
ogy requires significant nonrenewable energy consumption and high
carbon emissions, making it an unsustainable option.

In comparison, the carbon emission intensity of WEHP using
renewable energy is generally low. The highest carbon emission
intensity is associated with HP + PEM, at 2.3548 x 10°> t CO,, and
the lowest carbon emission intensity is associated with WP + ALK,
at only 4.386 X 105 t CO,. Due to the higher hydrogen production
efficiency of ALK compared to PEM, Table 8 shows that regard-
less of the power source used for WE to produce hydrogen, the total
carbon emissions of PEM are always higher than those of ALK.

Coupling CTH and SMR technologies with CCS can sig-
nificantly reduce carbon emissions, to the point where emissions
approach those of new energy hydrogen production. However, it
will take time to reduce the cost of this technology. In the medium
term, gray hydrogen coupled with CCS will likely remain the most
economically viable option in China.

7. Conclusions and Policy Implications

7.1. Conclusions

After the proposal of the “double carbon” target, the need for a
low-carbon energy transition has become increasingly urgent. In this
context, the development of hydrogen energy is seen as a potential
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solution for achieving the low-carbon transition of the energy sys-
tem in China. To this end, this paper employs the economic benefits
model, energy efficiency model, and environmental benefits model
to evaluate the economic, energy, and environmental benefits of 14
hydrogen production technologies. Based on this analysis, the study
draws the following conclusions:

First, from an economic perspective, the LCOH of CTH tech-
nology is the lowest, at 6.86 RMB/kg. The abundant coal resources
and scarce oil and gas resources in China lead to higher costs
for natural gas than for coal, resulting in a slightly higher LCOH
of SMR technology, at 17.95 RMB/kg. Fossil fuel-based hydro-
gen production coupled with CCS technology has a medium-level
LCOH, ranging from 14.54 to 26.5 RMB/kg. The type of elec-
trolyzer and power source are important factors affecting LCOH
in electrolyzed water hydrogen production technology. The LCOH
varies with different electricity prices and utilization hours. Among
the power sources, NP has the smallest LCOH, while PV has the
largest when electrolyzing water to produce hydrogen. When the
power sources are NP, CP, HP, WP, and PV, the LCOH of ALK
hydrogen production technology is 11%, 8%, 21%, 15%, and 18%
lower than that of PEM, respectively. Therefore, ALK electrolysis
is more cost-effective than PEM electrolysis.

Second, based on the results of cost composition for hydro-
gen production technologies, the cost components comprise initial
investment, operating cost (including raw material cost and oper-
ation and maintenance cost), and tax cost. Notably, the initial
investment cost and raw material cost make up the largest share,
while taxation and operation and maintenance costs make up the
smallest share. However, in contrast to other technologies, electrol-
ysis technology for hydrogen production has a limited service life
for the electrolytic cell, which necessitates consideration of replace-
ment costs in the overall life cycle cost analysis. The replacement
cost varies depending on the electrolytic cell and power source, as
well as their respective service life and annual operation time. Con-
sequently, the ratio of replacement cost for electrolysis technology
differs from other hydrogen production technologies.

Third, based on the energy consumption results of vari-
ous hydrogen production technologies, it can be inferred that
CTH production has the highest energy consumption among gray
hydrogen technologies. Additionally, hydrogen production effi-
ciency is a critical factor influencing the energy consumption of
WEHP. As the energy conversion efficiency of hydrogen production
devices increases, the power consumption of hydrogen production
decreases, and the total energy consumption of the process will
continue to decrease accordingly.

Finally, based on the results of total carbon emissions of var-
ious hydrogen production technologies, the WEHP using CP has
the highest carbon emissions, followed by CTH and SMR, while
blue hydrogen has significantly higher carbon emissions. The total
carbon emissions of WEHP based on renewable energy power are
the lowest. The hydrogen production efficiency is a crucial factor
affecting the carbon emissions of WEHP technology. The hydrogen
production efficiency of the PEM is slightly lower than that of the
ALK, and more electricity is consumed during WEHP. Thus, when
the power source is the same, the total carbon emissions of the PEM
based on green power are greater than those of the ALK.

7.2. Policy implications
Based on the development status and challenges of hydrogen
production technology, this paper puts forward several policy impli-

cations to promote the sustainable development of the hydrogen
energy industry.
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1) Increase financial support for research and development of blue
hydrogen and green hydrogen technologies

At present, the production process of gray hydrogen technol-
ogy is mature, and the cost is low, and it has been widely used.
However, the hydrogen production technologies of blue hydrogen
and green hydrogen are in the initial stage of large-scale applica-
tion and are gradually moving toward commercialization. However,
it is necessary to continuously strengthen research and development
and technological innovation, with the focus on achieving the goals
of low cost, long life cycle, high safety, and high efficiency. Tech-
nological progress can improve the hydrogen production efficiency
of the hydrogen production system, prolong the cycle life of the
electrolyzer, and reduce the number of battery replacements in the
whole life cycle. With the improvement in the localization of elec-
trolyzers and hydrogen production equipment, their initial investment
and replacement costs are greatly reduced, thus lowering the LCOH
of hydrogen production technology. Therefore, the government
should formulate relevant policies and provide financial support to
serve the research and development of hydrogen production
technology.

2) Provide subsidies and fiscal policies

In recent years, with the implementation of economic stimulus
and support policies, China’s wind power, photovoltaic, and other
new energy power sources have developed rapidly, and the cost of
power generation has been greatly reduced. However, the subsidies
related to hydrogen energy and the lack of financial policies have led
to the slow development of this industry. At present, the loan interest
rate provided by China Commercial Bank for hydrogen production
projects is 4.9%, and there is no special preferential loan policy.
Although the tax cost accounts for a small proportion in LCOH,
if the government can provide subsidies for the tax revenue of the
hydrogen energy industry by learning the subsidy policies of other
renewable energy power generation technologies, more social cap-
ital will enter the industry. According to the development status of
hydrogen energy technology in China, the government can provide
loan incentives, special fund support, value-added tax incentives,
income tax credits, land taxes, investment subsidies, electricity price
subsidies, and other support policies to reduce the investment costs
and tax costs of hydrogen production projects.

3) Strengthen the standardization system of hydrogen energy
industry

The government should promote the development of a hydro-
gen energy standard system and start to compile hydrogen energy
standards. At present, the standardization of China’s hydrogen
energy industry is in its infancy, and the standard-setting work has
not yet been completed. Lack of a standardized industry system
leads to problems in the management of hydrogen energy projects.
The government should set up an authoritative standardization com-
mittee and a working group. In the process of formulating the
standard system, every application link needs to be continuously
improved with the development of technology and market demand.
Relevant enterprises with experience in project construction and
operation should participate to make the standard system more in
line with the actual situation. The establishment of a hydrogen
energy standard system enables enterprises to save manpower, mate-
rial resources, and financial resources and greatly reduce the capital
expenditure during the construction period and the maintenance cost
during the operation period of hydrogen production projects.

This paper mainly focuses on the economic-energy-
environmental benefits of hydrogen production technologies,
aiming at evaluating and optimizing the feasibility of hydrogen
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energy technology through these key indicators. However, the
limitation of this paper is that external factors, such as market
demand, speed of technological progress, international competition
situation, and public acceptance, are not fully considered, which
also have an important impact on the long-term development of
the hydrogen energy industry. In order to guide the future devel-
opment of the hydrogen energy industry more comprehensively,
these external factors should be further included in future research
to build a more complete and systematic policy framework.
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Appendix
Table Al
Nomenclature
Clroal the coal consumption in the CTH process Celectricityt the consumption of electricity
in the CTH process
Craterl the consumption of industrial Roul the coal equivalent coefficient of raw coal
water in the CTH process
Rejecrriciry  the coal equivalent coefficient of electricity R uter the coal equivalent coefficient
of industrial water
Coyr the total energy consumption Coas the natural gas consumption
generated in the SMR process in the SMR process
Celectriciny2 the consumption of electricity Ceionized the consumption of deionized
in the SMR process water in the SMR process
Ceooling the consumption of cooling Regas the coal equivalent coefficient of natural gas
water in the SMR process
R jecrriciny  the coal equivalent coefficient of electricity R jeionized the coal equivalent coefficient
of deionized water
R ooling the coal equivalent Copalrccs the total energy consumption generated in
coefficient of cooling water the process of CTH coupled with CCS
Coussccs the total energy consumption generated in  C\ygrerelectrolysis the total energy consumption

Celectrici 13

C

water2

R

nitrogen
E CTH

H

I SMR

Egax+CCS

E.

i

E,

the process of SMR coupled with CCS

the consumption of electricity Chitrogen
in the WEHP process
the consumption of industrial Clream
water in the WEHP process
the coal equivalent coefficient of nitrogen R sicam
the total carbon emissions ey
from CTH technology
the total hydrogen Equnr
the carbon emission intensity E coaivrccs
of SMR technology
the CO, capture rate Egur
the total carbon emissions from SMR Ecry
coupled with CCS technology
the total carbon emissions of the i, I;

power source used for hydrogen
production from electrolysis water
the electricity consumption
of the k&, electrolytic cell

generated in the WEHP process
the consumption of nitrogen
in the WEHP process
the consumption of steam
water in the WEHP process
the coal equivalent
coefficient of steam water
the carbon emission intensity
of CTH technology
the total carbon emissions
from SMR technology
the total carbon emissions from CTH
coupled with CCS technology
the total carbon emissions
from SMR technology
the total carbon emissions
from CTH technology
the carbon emission intensity of the
i, power source used for hydrogen
production from electrolysis water
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