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Economic and environmental
competitiveness of multiple hydrogen
production pathways in China

Guangyao Fan1, Hui Zhang 1, Bo Sun 1 & Fengwen Pan 2,3

This study utilises the optimization method to ascertain the levelized cost of
hydrogen and life cycle carbon emissions of four water electrolysis hydrogen
production systems across 31 provinces and regions of China, and compares
these with hydrogen production from coal, natural gas and industrial by-
products. The findings indicate that the grid-connected water electrolysis
hydrogen production system has low-carbon advantages only in certain pro-
vinces, and time-of-use electricity prices can improve its economic competi-
tiveness. The off-grid water electrolysis hydrogen production system can
achieve near-zero carbon emissions, although additional investment is
required to configure larger capacities for electricity energy storage and
hydrogen storage. Projections indicate that by 2045–2050, this system could
emerge as the most cost-effective to hydrogen production, a milestone that
could be advanced by 5–15 years through the implementation of specific car-
bon reduction incentives or production subsidies. Prior to this timeframe,
hydrogen production through industry by-products emerges as a viable
alternative for the development of hydrogen energy.

Hydrogen is a secondary energy with abundant sources, with global
production currently exceeding 95 million tons1. In the future hydro-
gen energy may achieve a wide range of applications2,3, promoting a
high share of renewable energy development and accelerating the
decarbonization of industry, transportation, buildings and other
sectors4,5. According to predictions, the demand for hydrogen energy
could increase to 660 million tons by 2050, account for 22% of global
terminal energy demand. At the same time, 80 billion tons of carbon
dioxide could be reduced cumulatively, which is 11% of the carbon
reduction needed to limit global warming to 1.5–1.8 °C6. Therefore,
hydrogen energy is considered an important carrier for the deep
decarbonization of the global energy system.

Up to thepresent, over 50countries and regions around theworld
have included hydrogen in their energy strategies7. China has actively
promoted the development of hydrogen energy industry to facilitate
the achievement of the carbon peaking and carbon neutrality goals8.
Mid-to-Long-Term Plan for the Development of Hydrogen Energy

Industry (2021–2035) issued in March 2022 explicitly outlined the
development goals for hydrogen energy9. In April 2024, the Energy
Law of the People’s Republic of China (Draft) was promulgated, for-
mally incorporating hydrogen energy into the realm of energy
resources10. In addition, hydrogen energy has been integrated into the
14th Five-Year Plan across 30 provincial-level administrative regions
nationwide11,12. Currently, China’s hydrogen production has exceeded
50 million tons, making it the world’s largest hydrogen producer9.
However, 81% of the its hydrogen production comes from fossil fuel,
i.e. coal and natural gas, accounting for 62% and 19% respectively13. It is
worth noting that to achieve the goal of carbon reduction through
hydrogen energy, it must be produced by water electrolysis through
low-carbon electricity or renewable electricity. However, only 1% of
hydrogen is currently sourced from water electrolysis.

Currently, the feasibility of water electrolysis hydrogen produc-
tion has been researched extensively. The International Energy Agency
(IEA)1 compared the costs and carbon emission intensity of different
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hydrogen production pathways from a global perspective. The results
showed that the cost of hydrogen production depends on the tech-
nology and cost of the energy source used, which typically varies
considerably by region. The cost of water electrolysis hydrogen pro-
duction system exceeded 3.4 $/kg H2, with a carbon emission intensity
of 24 kg CO2/kgH2 for using grid electricity, and close to zero for using
renewable energy electricitywithout considering themanufacturingof
photovoltaics or wind turbines. Guerra et al.14 focused on 20 states in
the United States, simulated the operation of electrolyzer dynamically
and demonstrated that electrolysis equipment can provide hydrogen
with cost competitiveness. Glenk et al.15 pointed that the cost of
hydrogen production from renewable energy in Germany is 3.23 €/kg,
already achieving cost competitiveness. For India’s carbon neutrality
goal, Song et al.16 indicated that water electrolysis hydrogen produc-
tion canbe utilized to reduce the cost of energy systemby 10% in 2050
and promote the decarbonization of industry and the power sector.

With thebreakthroughof renewable energy and the technologyof
electrolyzer in China, many scholars have begun to explore the eco-
nomic and environmental feasibility of water electrolysis hydrogen
production in China. The cost and carbon emissions of various
hydrogen production pathways in China were compared by IEA firstly,
including hydrogen production from grid electricity, renewable
energy electricity, natural gas and coal17. Yang et al.18 investigated the
potential role of clean hydrogen by focusing on the industries facing
bottlenecks in carbon reduction in China, i.e., heavy industry and
heavy transportation. The results showed that clean hydrogen can
substantially reduce carbon emissions fromheavy industry. And about
1.72 trillion dollars in new investments can be avoided in clean
hydrogen scenario that reaches 65.7 million tons of production in
2060. Song et al.19 explored the feasibility of transporting hydrogen in
liquid form to Japan, which produced by offshore wind power elec-
trolysis in China. The results showed that China’s offshore energy
deliveries and costs are in linewith Japan’s idealized future projections.
Pan et al.20 provided a detailed assessment of the cost of hydrogen
production system combined photovoltaic and grid in China, using a
fixed daily supply of hydrogen as a requirement. Li et al.21 compared
the average cost of hydrogen production from electricity and coal in
China using a hydrogen optimization model with monthly supply and
demand balances. Qiu et al.22 calculated the total hydrogen demand in
China from 2017 to 2060 using an annual supply and demand balance
energy planning model.

However, the above researcheswere conductedonly ona national
spatial scale for a particular type of water electrolysis hydrogen pro-
duction system, without considering the differences in system con-
figurations and provincial resources. Firstly, electricity for water
electrolysis hydrogenproduction systemmaybe derived from the grid
or renewable energy sources, leading to different configurations and
cost. Secondly, there are notable differences in renewable resources,
energy prices, and grid facilities among provinces of China. Finally,
provincial hydrogen energy plans and development policies, such as
Mid-to-Long-Term Plan for Hydrogen Energy of Shandong Province23,
Implementation Plan for Development of the Hydrogen Energy
Industry of Beijing (2021–2025)24, are reviewed and approved by the
China National Energy Administration based on the resource endow-
ment, energy development capacity, and environmental carrying
capacity of each province. Therefore, it is of great significance to
evaluate water electrolysis hydrogen production systemwith different
configurations in all provinces of the China in this context.

Here, a model for configuration and full-year hourly operation
optimization of hydrogen production systems is developed consider-
ing the hourly hydrogen supply reliability. The data are derived from
real-world electricity prices and grid carbon emission factors for 31
provinces, as well as hourly photovoltaic power generation from the
National Renewable Energy Laboratory. The system investment and
operation schemes in different provinces are jointly optimized under

different subsidy policies for different target years. Then, the levelized
cost of hydrogen (LCOH) and life cycle carbon emissions (LCCE) of
different water electrolysis hydrogen production systems are quanti-
fied for 31 provinces in China, including grid, photovoltaic and grid
combined, fixed renewable energy penetration rate, and off-grid. The
development of multiple hydrogen production pathways in the future
scenario from 2025 to 2050 is discussed. The changes of the devel-
opment pathways under three actual subsidy policies, i.e., electricity
price concession, investment matching incentives for carbon reduc-
tion, production subsidies, are analyzed.

In this work, the analysis shows that the current LCOH of four
water electrolysis hydrogen production systems in the provinces of
China are 4.6 $/kg H2-7.9 $/kg H2, 4.6 $/kg H2-7.6 $/kg H2, 5.9 $/kg H2-
10.1 $/kg H2, and 7.3 $/kg H2-14.8 $/kg H2, respectively. The LCOH is
generally higher in the eastern and southern coastal areas, and is
relatively lower in the western and northern regions. The imple-
mentation of time-of-use electricity prices can reduce the LCOH of the
grid-connectedwater electrolysis hydrogenproduction systemby0.18
$/kg H2-0.90 $/kg H2. The LCCE of the four systems are 5.2 kg CO2/kg
H2-59.3 kg CO2/kg H2, 4.3 kg CO2/kg H2-47.4 kg CO2/kg H2, 3.7 kg CO2/
kg H2-30.8 kg CO2/kg H2, and 2.27 kg CO2/kg H2-2.37 kg CO2/kg H2,
respectively. Grid-connected water electrolysis hydrogen production
systems have higher LCCE in the north, and have low carbon advan-
tages only in some provinces, such as Qinghai, Tibet, Sichuan, and
Yunnan. A total of 46.1 billion dollars of investment is required for
China to achieve a hydrogen production structure transformation to
15% renewable hydrogen, which cumulatively reduces carbon emis-
sions by 61.9 Mt. The LCOH of off-grid water electrolysis hydrogen
production system is expected to be reduced to 2.2 $/kg H2 by
2045–2050, making it the most economical pathway to produce
hydrogen, and certain carbon reduction incentives or production
subsidy may enable this to happen 5–15 years earlier. In summary, the
optimization results can provide guidance for investors in hydrogen
production projects, the evaluation results of hydrogen production
system in different provinces can provide reference for national and
provincial energy policy makers.

Here, we show two important insights on the development of the
global hydrogen production industry: (1) Grid-connected water elec-
trolysis hydrogen production has economic advantages only in areas
where renewable energy is abundant or electricity prices are low,
where electricity price concessions and production subsidy policies
can reduce LCOH. (2) Off-grid water electrolysis hydrogen production
system may be the most economical and low-carbon pathway in the
future, with carbon reduction incentives and production subsidy
policies accelerating the realization. Before it becomes economically
advantageous, hydrogen production through industrial by-products is
a good alternative.

Results
Hydrogen production pathways and optimization models
The current hydrogen production pathways in China are comprehen-
sively reviewed, including the hydrogen production from water electro-
lysis, coal, natural gas, and industry by-product. Four water electrolysis
hydrogen production systems are considered, as shown in Fig. 1.

System 1 (WE1): the grid hydrogen production system.
System 2 (WE2): the hydrogen production system combined

photovoltaic and grid.
System 3 (WE3): the hydrogen production system with fixed

renewable energy penetration.
System 4 (WE4): the off-grid hydrogen production system.
The specific description of the system can be found in Methods.
In addition, the coal gasification (CG) and the CG combined with

carbon capture, utilization and storage (CG +CCUS) are selected to
represent hydrogen production from coal, steam methane reformer
(SMR) and SMR combinedwith carbon capture, utilization and storage
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(SMR+CCUS) are selected to represent hydrogen production from
natural gas. Descriptions and assumptions related to hydrogen pro-
duction from coal, natural gas, and industry by-products are provided
in Methods. The optimization model is constructed to optimize the
configuration and operation of each system with the objective of
minimizing the LCOH.Toassess the environmentalperformanceof the
hydrogen production pathways, the LCCE are calculated. More details
can be found in Methods.

Economic and environmental competitiveness status
The LCOH and LCCE of multiple hydrogen production pathways in 31
provinces of China is shown in Fig. 2. From the perspective of different
provinces, there are notable differences in the LCOH and LCCE of
water electrolysis hydrogen production system across 31 provinces.
The LCOH of the WE1 is 4.6 $/kg H2-7.9 $/kg H2, and the LCOH of the
WE2 is 4.6 $/kg H2-7.6 $/kg H2. The lower and upper limits correspond
to Qinghai and Shanghai respectively. It is worth noting that the eco-
nomics of the WE2 is better than that of the WE1 in 18 provinces or
regions including Beijing, Tianjin, Shanghai, Liaoning, Jilin, Hei-
longjiang, Inner Mongolia, Shanxi, Hebei, Shandong, Tibet, Guangxi,
Guangdong, Zhejiang, Anhui, Jiangsu, Henan, and Hainan. In the
remaining 13 provinces and regions, there are more economic advan-
tages using the grid to produce hydrogen individually. The LCCE of
water electrolysis hydrogen production system vary more sub-
stantially across provinces relative to the LCOH. The LCCE of the WE1
are 5.2 kgCO2/kgH2-59.3 kgCO2/kgH2,with the lowest in Tibet and the
highest in Hebei. The LCCE of the WE2 are 4.3 kg CO2/kg H2-47.4 kg
CO2/kg H2, with the lowest and highest in Tibet and Ningxia respec-
tively. In the 18 provinces or regions above that are suitable for the
configuration of photovoltaic panels, the LCCE of WE2 are reduced
relative to WE1, e.g. the LCCE in Hebei are reduced by 15.1 kg CO2/kg
H2. In addition, SMR has the lowest LCOH in Inner Mongolia at 1.3 $/kg
H2, and the highest LCOH in Henan at 3.6 $/kg H2, which is determined
by the natural gas price. The LCOH of SMR+CCUS is slightly higher
than that of the SMR, and the LCCE is lower than that of the SMR.

From theperspective of different hydrogenproductionpathways,
the LCOH of water electrolysis hydrogen production in each province
is higher than that of hydrogen production from coal, natural gas, and

industry by-product. The most economical pathway to produce
hydrogen for Inner Mongolia, Qinghai, and Xinjiang is SMR, while the
cost of industry by-product is the lowest in the rest of the provinces or
regions. The LCCE of water electrolysis hydrogen production in most
provinces are higher than those of CG.What is striking is that the LCCE
of water electrolysis hydrogen production are lower than CG in seven
provinces or regions including Qinghai, Tibet, Sichuan, Yunnan,
Guangdong, Hubei, and Hainan. Therefore, water electrolysis hydro-
gen production can be given priority for development in these pro-
vinces. Among them, the LCCE of the WE2 in Guangdong and Hainan
are lower than those of the CG. However, the LCCE ofWE1 in these two
provinces are higher than those of the CG. Therefore, the two pro-
vinces should develop water electrolysis hydrogen production
through the system combined photovoltaic and grid. In addition, the
LCCE of water electrolysis hydrogen production in Qinghai, Tibet,
Sichuan, and Yunnan are lower than those of CG +CCUS and industry
by-product. This is because that the proportionof renewable energy of
the grid in these provinces is higher, and carbon emission factors for
electricity purchase is lower, which are 0.095 kg CO2/kWh, 0.095 kg
CO2/kWh, 0.117 kg CO2/kWh, 0.446 kg CO2/kWh. Therefore, the four
provinces or regions have the most obvious advantages in terms of
developing water electrolysis hydrogen production in China.

Spatial distribution of costs and carbon emissions
The spatial distribution of LCOH for four water electrolysis hydrogen
production systems is shown in Fig. 3. The LCOH of four water elec-
trolysis hydrogen production systems is generally high in the eastern
and southern coastal areas, and relatively low in the western and
northern regions. The LCOH of WE1, WE2, andWE3 are determined by
the electricity price and photovoltaic power generation. The LCOH of
WE4 is completely determined by photovoltaic power generation, so
thedistribution of LCOH isopposite to thedistribution of photovoltaic
power generation, which means that provinces or regions with large
photovoltaic power generation have low LCOH. The proportions of
electricity purchase costs, investment costs, operation and main-
tenance costs, and carbon emission costs in WE1 and WE2 decrease in
sequence. The electricity purchase cost accounts for 71.1%–82.3% of
the total hydrogen production cost in WE1, and 58.0%–81.0% in WE2.

Fig. 1 | Water electrolysis hydrogen production systems. The red and blue lines represent electricity and hydrogen flow, respectively.
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The optimal configuration in each province is shown in Fig. 4.
Producing 1 kg of hydrogen per hour requires 54.3 kW electrolyzer. The
18 provinces or regions above that are suitable for photovoltaic con-
figuration, with capacities ranging from 80.2 kW (Shanxi) to 107.0 kW
(Guangdong). Compared with WE1 and WE2, the costs of WE3 and WE4
are increased. TheLCOHof theWE3 is 5.9 $/kgH2-10.1 $/kgH2. Toensure
50% of renewable energy penetration, the WE3 needs to be equipped
with photovoltaic panels of 143.4 kW-332.1 kW and electrolyzer of 80.0
kW-142.4 kW,with electricity energy storage of 22.3 kWh-413.7 kWh, and
hydrogen storage tanks of 4.9 kg-19.1 kg. This has led to an increase in
the proportion of investment costs, accounting for 29.1%–42.7%.
Accordingly, operation and maintenance costs are increased, and the
proportion of power purchase costs is decreased to 20.8%–43.5%. The
LCOH is thehighest forWE4, 7.3 $/kgH2-14.8 $/kgH2, this is because that
it is completely off the grid and has a large number of photovoltaic
panels (258.8 kW-601.9 kW) and electrolyzer (157.0 kW-283.7 kW)
installed. To ensure the reliability of hydrogen supply hourly, larger
capacity electricity energy storage (83.5 kWh-939.8 kWh) and hydrogen
storage tanks (23.0 kg-137.7 kg) are configured. At the same time, the
proportion of investment costs and operation and maintenance costs
increase to 52.5%–56.3% and 43.6%–47.4%. In addition, compared toWE1
and WE2, the full load operation hours of the electrolyzer in WE3 and

WE4 are substantially lower. In the case of Beijing, the annual full load
operationhours inWE3 andWE4are only 1679h and 1107h respectively,
and the full load operation rates are 19.2% and 12.6%, the degradation
rates are 2.2%and 1.9%,withonly a small impacton the lifetime, as shown
in Supplementary Note 3. The degradation rates for constant and
dynamic power operation at the same capacity are both 1.9%, usingWE4
as an example. If the alkaline (ALK) electrolyzer is replaced, the degra-
dation rates for the same operation conditionwould be 14.3% and 15.9%.
The dynamic power operation has less effect on proton exchange
membrane (PEM) electrolyzer but increases the degradation rate of ALK
electrolyzer. And the rationale of adopting the PEM electrolyzer is
validated.

The spatial distribution of LCCE for the four systems are shown in
Fig. 5. The LCCE of WE1, WE2, and WE3 are higher in northern China.
This is mainly due to the high carbon emission factors of the grids in
northern provinces. For example, the carbon emission factors of
Hebei, Inner Mongolia, and Liaoning are 1.092 kg/kWh, 1 kg/kWh,
0.91 kg/kWh, respectively. The LCCE of WE4 are very small on a
national scale, which is due to the fact that it is completely off-grid and
the carbon emissions only come from photovoltaic panels manu-
facturing process, with a maximum of only 2.37 kg CO2/kg H2. Com-
pared with the CG, the LCCE reduction rate ofWE1 is −161.9–77.2%, the
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Fig. 2 | The levelized cost of hydrogen and life cycle carbon emissions of mul-
tiplehydrogenproductionpathways in 31provinces ofChina. a,bPanels are the
levelized cost of hydrogen and life cycle carbon emissions, respectively. WE1 and
WE2 as examples of the water electrolysis hydrogen production system,WE1 refers
to the grid hydrogen production system, WE2 refers to the hydrogen production
system combined photovoltaic and grid. SMR refers to steam methane reforming.
SMR+CCUS refers to steam methane reforming combined with carbon capture,
utilization and storage. CG refers to coal gasification. CG+CCUS refers to coal

gasification combinedwith carbon capture, utilization and storage. IBP refers to the
hydrogen production from industrial by-products. The abbreviations of provinces
are listed as follows: Beijing (BJ), Tianjin (TJ), Shanghai (SH), Chongqing (CQ),
Liaoning (LN), Jilin (JL), Heilongjiang (HL), Inner Mongolia (IM), Shanxi (SX), Hebei
(HE), Shandong (SD), Shaanxi (SN), Ningxia (NX), Gansu (GS), Qinghai (QH), Xin-
jiang (XJ), Tibet (XZ), Sichuan (SC), Yunnan (YN), Guangxi (GX), Guizhou (GZ),
Hunan (HN), Guangdong (GD), Fujian (FJ), Zhejiang (ZJ), Jiangxi (JX), Anhui (AH),
Jiangsu (JS), Hubei (HB), Henan (HA), Hainan (HI).
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LCCE reduction rate of WE2 is −109.1%-81.1%. The LCCE of the WE3 are
3.7 kg CO2/kg H2 (Hebei)-30.8 kg CO2/kg H2 (Qinghai), and the LCCE
reduction rate of WE3 increases to −35.9%-83.6%. Except for 8 pro-
vinces or regions with high grid carbon emission factors, such as
Tianjin, Liaoning, Jilin, Heilongjiang, Inner Mongolia, Shanxi, Hebei,
and Ningxia, the LCCE of the rest of the provinces are less than that of
the CG. The LCCE reduction rate ofWE4 in 31 provinces exceeds 89.5%.

The impact of time-of-use electricity price on the system
InChina, there are two typesof electricityprices in theelectricitymarket:
single electricity price and time-of-use electricity price. The time-of-use
electricity price in each province are shown in Supplementary Fig. 3.
Figure6presents the impact of applying time-of-use electricity prices on
the LCOH of the water electrolysis hydrogen production. Overall, com-
pared with single electricity price, time-of-use electricity prices can
reduce the LCOH of the grid-connected water electrolysis hydrogen
production in various provinces in China. However, the degree of
reduction of time-of-use electricity prices to the LCOH is different for
different systems and provinces. Figure 6a–c illustrates the comparison
ofWE1,WE2, andWE3applying the single tariff and the time-of-use tariff,
respectively, and are arranged in descending order of the reduction in
theLCOH, so theorderof horizontal axes is not same in the threefigures.

For the WE1, the application of time-of-use electricity tariff redu-
ces the LCOH by 0.18 $/kg H2-0.36 $/kg H2. Provinces with higher

LCOH, such as Shanghai, Zhejiang, Hunan, Tianjin and Guangdong,
showed the highest reduction in LCOH after the application of time-of-
use electricity. This is because the cost of purchasing electricity
accounts for a large proportion of the cost composition of the WE1
system,which ismore sensitive to the changeof theprice of electricity.
For the WE2, the LCOH is reduced by 0.18 $/kg H2-0.58 $/kg H2 after
time-of-use electricity prices is adopted. 22 provinces are suitable for
photovoltaic panels deployment due to time-of-use electricity prices
(18 provinces under a single electricity price). Only 9 provinces or
regions, Qinghai, Xinjiang, Sichuan, Gansu, Yunnan, Ningxia, Guizhou,
Fujian, and Chongqing are more economical with grid-individual
hydrogen production. And the figure shows that these 9 provinces
have the lowest reduction of LCOH. Therefore, the time-of-use elec-
tricity price has a greater impact on the hydrogen production system
combined photovoltaic and grid compared to grid hydrogen produc-
tion system. This is because the adoption of time-of-use electricity
prices leads to changes in the installed capacity of photovoltaic panels.
The optimal configuration of WE2 under time-of-use electricity prices
is shown in Supplementary Fig. 4. For theWE3, the LCOH is reduced by
0.35 $/kg H2-0.90 $/kg H2 after adopting time-of-use electricity prices.
The provinces or regions, including Tianjin, Xizang, Henan, Guang-
dong and Hunan, decrease the most. Compared with WE1 and WE2,
WE3 is equipped with electricity energy storage and hydrogen storage
tank, which can reduce the demand for electricity purchase during

Fig. 3 | Spatial distribution of levelized cost of hydrogen for four water elec-
trolysis hydrogen production systems. a–d Panels are WE1, WE2, WE3, WE4,
respectively. The shadingon themaprepresents the levelizedcost of hydrogen, the

pie chart represents the cost components. Map Source: Standard Map Service of
the Ministry of Natural Resources, People’s Republic of China [Map Review Num-
ber: GS (2020) 4619].
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peak electricity price periods and adjust the supply of electricity and
hydrogen energy more economically. The optimal configuration is
shown in Supplementary Fig. 5. Compared with the single electricity
price, the capacities of the electrolyzer and electricity energy storage
are changed considerably. Among them, the capacity of the electro-
lyzer is decreased and the capacity of electricity energy storage is
increased.

Hydrogen production structural transformation
considering demand
According to the National Energy Administration of China, the total
demand for hydrogen in China is currently 33Mt. The total hydrogen
demand is divided according to gross domestic product (GDP),
population, and carbon emissions25. The hydrogen demand in each
province is presented in Supplementary Fig. 6. Hydrogen demand in
the provinces ranged from 0.05 Mt to 2.78 Mt. In the future, the share
of hydrogen production from renewable energy sources is expected to
gradually increase, replacing some of the hydrogen production from
fossil energy sources. Therefore, the investment and carbon reduction
of transforming from the current to the future hydrogen production
structure is quantified, considering the actual demand for hydrogen in
eachprovince. The future hydrogen production structure could have a
15% share of hydrogen produced from renewable energy sources,
which is predicted by the China Hydrogen Alliance for the year 203026.
It is assumed that all provinces are required to complete the transition,
and the WE3 and WE4 with lower carbon emissions are representative
of hydrogen production from renewable energy sources.

A total of 46.1 billion $of investment is required forChina to achieve
a hydrogen production structure transformation to 15% renewable
hydrogen,which cumulatively reduces carbon emissions by 61.9Mt,with
a carbon emission reduction rate of 10.1%. The investment and carbon
reduction in each province is shown in Fig. 7. Provinces with high
hydrogen demand require more investment for the transformation,
while reducingmore carbon emissions. The largest hydrogen demand is
inGuangdong, Jiangsu, andShandong,with 2.78Mt, 2.59Mt, and2.53Mt,
respectively, and the investment required for the structural transforma-
tion of hydrogen production is 3.9 billion $, 3.7 billion $, and 3.1 billion $,
respectively, which reduces carbon emissions by 6.3 Mt, 4.5 Mt, and 4.2
Mt, respectively. It is worth noting that although the emission reductions
in the above provinces are the largest, the reduction rates are not the
most advantageous, at 12.4%, 9.3%, and8.8%, respectively. Higher carbon
reduction rate could be achieved in provinces with abundant photo-
voltaic resources and low carbon emissions from the grid, such as Qin-
ghai and Tibet, both at 17.0%, however, the hydrogen demand in these
provinces is generally low, at 0.13 Mt and 0.05 Mt, respectively.

Development pathway in future scenarios from 2025 to 2050
In this section, the average LCOH and LCCE of the water electrolysis
hydrogen production system of China is calculated by nationwide
average data (photovoltaic power generation, electricity price, grid
carbon emission factors, etc.). The development pathway of water
electrolysis hydrogen production in China during 2025–2050 is fur-
ther analyzed. The relevant economic and technical parameters of
hydrogen production pathways for 2025–2050 are presented in
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Fig. 4 | The optimal configuration of water electrolysis hydrogen production systems in each province. a–c Panels are the optimal configuration for WE2, WE3, and
WE4, respectively.
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Supplementary Note 6. A total of four scenarios are set up. The first
scenario is the baseline scenario, aiming tominimize the LCOH.On this
basis, the other three scenarios consider subsidy policies for water
electrolysis hydrogen production, which are derived from actual
policies currently being implemented in Chinese provinces and cities,
as shown in Methods. Among them, 50% of the electricity price con-
cession is considered in scenario 2. The incentives for carbon reduc-
tion are considered in scenario 3, which means that 50% of the project
investment are subsidized when the carbon emission of water elec-
trolysis hydrogen production is less than that of CG and SMR. Scenario
4 is a direct subsidy of 50% on the hydrogen production cost.

The tendency of the cost and low-carbon competition of water
electrolysis hydrogen productionunder the baseline scenario is shown
in Fig. 8a, b. With the reduction of the investment cost of the equip-
ment related to hydrogen production system and the improvement of
the efficiency of the electrolyzer, the LCOH of four water electrolysis
hydrogen production systems are decreased year by year. Specifically,
the four systems are decreased by 2.2 $/kg H2, 2.8 $/kg H2, 3.9 $/kg H2,
6.8 $/kg H2, respectively. With the increase of carbon emission cost,
the LCOHof hydrogen production from coal and natural gas increased
year by year. Specifically, CG, CG +CCUS, SMR, SMR+CCUS increases
by 1.2 $/kgH2, 0.8 $/kgH2, 0.8 $/kgH2 and0.5 $/kgH2 respectively. It is
conspicuous that the LCOH of WE4 could be reduced to below the
LCOH of WE1, WE2, and WE3 in 2035, which means that off-grid
hydrogen production is likely to have economic and environmental

advantages, andmay become themainstreamway ofwater electrolysis
hydrogen production after 2035. In 2045, the LCOH of WE4 could be
reduced to 2.8 $/kgH2, lower than the LCOHofCG+CCUS, as shown in
the first key point of Fig. 7. The LCOH of WE4 could be reduced to 2.2
$/kg H2 in 2050, and lower than industry by-product. As shown in the
second key point, WE4 could become the most economical way to
produce hydrogen. In addition, as the proportion of renewable energy
in the grid increases, the carbon emission factor of the grid decreases
year by year, and the LCCE of WE1, WE2 and WE3 are reduced. Speci-
fically, the reduction is 22.5 kg CO2/kgH2,16.8 kg CO2/kgH2 and 15.5 kg
CO2/kg H2, respectively. It is worth noting that the carbon emissions of
WE3, WE2, and WE1 could be reduced below other hydrogen produc-
tion ways in 2035, 2040, and 2045, respectively.

The tendency of the cost competition of water electrolysis
hydrogen production under the scenario 2, 3, and 4 is shown in
Fig. 8c–e. The subsidy policy is conducive to driving down the LCOHof
water electrolysis hydrogen production and accelerating the progress
towards the time when they are cost-competitive. Compared to the
baseline scenario, the first key point could be advanced by the three
subsidy policies, about 5 years, 5 years, and 15 years, respectively.
Under carbon reduction incentives and production subsidies, the
second key point could be advanced by ~5 years and 15 years, respec-
tively, i.e., the off-grid water electrolysis hydrogen production system
could become the most economical and low-carbon hydrogen pro-
duction pathwaymuch earlier. In addition, the electricity price subsidy

Fig. 5 | Spatial distribution of life cycle carbon emissions for four water elec-
trolysis hydrogen production systems. a–d Panels are WE1, WE2, WE3, WE4,
respectively. The gray circular symbols represent life cycle carbon emissions (unit:
kg CO2/kg H2). The green shading on the map represents the carbon emission

reduction rate of water electrolysis hydrogen production systems relative to coal
gasification hydrogen production in each province. Map Source: Standard Map
Service of the Ministry of Natural Resources, People’s Republic of China [Map
Review Number: GS (2020) 4619].
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policy may have no effect on WE4. Because the investment cost
accounts for a small proportion, the investment incentive policy for
reducing carbon has a small impact on WE1 and WE2. The production
subsidy could simultaneously promote the reduction of the LCOH of
four water electrolysis hydrogen production systems. This suggests
that different policies are applicable to different water electrolysis
hydrogen production systems, targeted policies should be issued and
promoted by each province according to their natural conditions and
the type of water electrolysis hydrogen production which is suitable
for development.

Discussion
In view of the differences in renewable resources, electricity price
levels and types, and grid carbon emission among Chinese provinces,
the LCOH and LCCE for four water electrolysis hydrogen production
systems are quantified in 31 provinces and regions in China, and
compares with hydrogen production from coal, natural gas, and

industry by-product. The development path of water electrolysis
hydrogen production in future scenarios are explored.

The research findings indicate that the LCOH for water electrolysis
hydrogen production is generally high in the eastern and southern
coastal areas of China, and is relatively low in western and northern
regions. The high carbon emission factor of the grid in northern China
leads to the high LCCE of grid-connected water electrolysis hydrogen
production system. In 18 provinces or regions including Beijing, Tianjin,
Shanghai, Liaoning, Jilin, Heilongjiang, Inner Mongolia, Shanxi, Hebei,
Shandong, Tibet, Guangxi, Guangdong, Zhejiang, Anhui, Jiangsu, Henan,
and Hainan, currently water electrolysis hydrogen production can be
developedby combining photovoltaic and grid, as it ismore economical
andenvironmentally friendly than thegridhydrogenproduction system.
The remaining 13 provinces and regions aremore economical with grid-
alone hydrogen production due to low electricity prices and small
generation of photovoltaic power. For example, the annual photovoltaic
power generation and electricity price of Sichuan province are 0.75
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Fig. 6 | The impact of time-of-use electricity prices on the levelized cost of
hydrogen for water electrolysis hydrogen production systems. a–c Panels are
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(LCOH) under the two electricity tariffs.
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MWh/year and 0.056 $/kWh respectively. The renewable energy pene-
tration increases sequentially inWE1, WE1, WE3 andWE4, resulting in an
increase in LCOH and a decrease in LCCE, thus if environmental pro-
tection performance is a priority when planning a water electrolysis
hydrogen production project, WE3 andWE4 need to be deployed at the
expense of economy. The configuration schemes in Fig. 4 could help
hydrogen project investors to deploy water electrolysis hydrogen pro-
duction systems in the provinces at the most economical way possible.

In addition, compared to other hydrogen production pathways, the
LCOH of water electrolysis hydrogen production is the highest in the
provinces, which is the key challenge that currently constrains its
development. For grid-connected water electrolysis hydrogen produc-
tion, the key to reducing LCOH is to decrease the cost of purchased
electricity, which accounts for a large portion of costs. The time-of-use
electricity price can be promoted expeditiously to enhance the eco-
nomiccompetitivenessof such systems, especially inprovinceswithhigh
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electricity price, such as Shanghai and Zhejiang, etc. And grid-connected
water electrolysis hydrogen production has low-carbon advantages only
in some provinces, such as Qinghai, Tibet, Sichuan, and Yunnan, so the
system could be prioritized for development in these provinces, similar
to the conclusions drawn in Literature27. For off-grid water electrolysis
hydrogen production system, it can achieve low carbon emissions in all
provinces at present although substantial investment is brought by
configuring larger capacities for electricity energy storage and hydrogen
storage tank. It could have both economic and low-carbon advantages
during 2024–2050, certain carbon reduction incentives or production
subsidiesmay enable this to happen 5–15 years earlier. Before it becomes
economically advantageous, hydrogen production from industry by-
product, which has lower cost and carbon emission, is a good alternative
to water electrolysis hydrogen production.

These key findings provide important insights for China’s hydro-
gen strategy deployment, suggesting a regionally differentiated and
temporally phased approach. In the near term, hydrogen production
through industry by-products should be prioritized to establish mar-
ket foundations, particularly in eastern coastal provinces with mature
industrial infrastructure and substantial hydrogen demand, such as
Shandong, Jiangsu, and Zhejiang. Grid-connected water electrolysis
hydrogen production systems could be strategically deployed in
regions likeQinghai, Tibet, Sichuan, and Yunnan, while simultaneously
initiating demonstrations of off-grid water electrolysis systems. In the
long term, off-grid water electrolysis systems could be deployed
nationwide, with targeted subsidies provided in regions demonstrat-
ing strong economic viability. This strategic approach not only mini-
mizes short-term implementation costs and hydrogen-use carbon
emissions but also indirectly expands renewable energy share to
ensure long-term sustainability, thereby helping the country to meet
its 2060 carbon neutrality target.

Despite these findings, there are a number of limitations that
should be acknowledged. The optimization and evaluation are con-
ducted for different types of water electrolysis hydrogen production
systems, but the uncertainty of photovoltaic panels for power gen-
eration is not considered in the optimization model, as well as the
limitation of rawmaterials and land area required for the installationof
renewable energy equipment, electrolyzer, and energy storage
equipment, which could change the optimal configuration and LCOH
of the system in the engineering practice to a certain extent.

The mismatch between the spatial distribution of renewable
hydrogen resources and demand can be observed through the dis-
tribution of carbon emission reduction and reduction rate in each
province. How to solve the above problems of mismatch by utilizing
low-cost and long-distance hydrogen transmission technologies is the
focus of future study.

Methods
Overview of hydrogen production pathways
Each hydrogen production pathway needs to achieve the same
hydrogen supply reliability (hydrogen supply rate) for a fair compar-
ison of LCOH.More than 90% of the global hydrogen used in industrial
applications such as refining, ammonia synthesis, and methanol pre-
paration, a stable supply of hydrogen is an absolute requirement for
safe industrial production12. Most hydrogen production equipment is
currently arranged in industrial plants with staggered downtime for
maintenance to guarantee a continuous and stable supply of
hydrogen1,28. For these reasons, it is necessary and important to limit
the hourly hydrogen supply for each hydrogen production pathway to
a fixed value29. In this paper, it is assumed that the hydrogen supply
rate is 1 kg/h. A sensitivity analysis is conducted for hydrogen supply
rates, which are set at 1 kg/h, 10 kg/h, 100 kg/h, 1000 kg/h, and
10000 kg/h, respectively. The results are shown in Supplementary
Fig. 7, which indicates that LCOH does not change with hydrogen
supply rate. Therefore, this assumption is valid.

Water electrolysis hydrogen production systems
System 1 (WE1): the grid hydrogen production system. In this system,
all the electric power of the electrolyzer comes from the grid, and the
capacity of the electrolyzer can be obtained directly through calcula-
tion, i.e., a 54.3 kW electrolyzer is required for the production per hour
of 1 kg hydrogen.

System 2 (WE2): the hydrogen production system combined pho-
tovoltaic and grid. In this system, the electrical power of the electrolyzer
comes from photovoltaics or the grid. The main motivation for this
configuration is that this system can integrate distributed photovoltaics.
Modular distributed photovoltaic technology makes hydrogen produc-
tion systems easier to deploy near hydrogen applications30,31. The grid is
used as a backup power source, which ensures the hourly reliability of
the hydrogen supply, thus eliminating the need to equip compression
and energy storage32. It is worth noting that photovoltaic panels are not
mandatory to install, depending on the results of optimization.

System 3 (WE3): the hydrogen production system with fixed
renewable energy penetration. In this system, the renewable energy
penetration is set at 50%. This constraint is added to reduce the carbon
emissions generated from the water electrolysis hydrogen production
purchasing electricity from the grid. The electricity for the electrolyzer
comes from the grid and photovoltaic panels, and the supply of elec-
tricity is regulated by the electricity energy storage, and the supply of
hydrogen is regulated by the hydrogen storage tank. A stable supply of
hydrogen on an hourly basis can be ensured through the combination
of these two energy storage methods29. It is worth noting that elec-
tricity energy storage and hydrogen storage tank are not necessarily
installed in the system, this depends on the optimization results.

System 4 (WE4): the off-grid hydrogen production system. The
motivation for this configuration is twofold. On the one hand, this
system can achieve 100% renewable energy penetration and near-zero
carbon emissions for hydrogen production33. On the other hand, some
geographical islands andother remote areas cannot access thenational
grid34. Electricity energy storage and hydrogen storage tank play a role
in peak cutting andvalleyfilling, ensuring a stable and reliable supply of
hydrogen. Whether electricity energy storage and hydrogen storage
tank are configured depends on the optimization results.

The four water electrolysis hydrogen production systems have
different renewable energy penetrations. The systems all use PEM
electrolyzer to produce hydrogen by electrolyzing water, which has
the advantages of green and flexible production, and high purity35.

Hydrogen production from coal
Hydrogen production from coal is currently the most widely used
hydrogen production technology in China. It is mainly composed of
CG, which converts coal into syngas through gasification technology,
and then goes through water-to-coal gas conversion and separation to
extract high-purity hydrogen36. Currently, the pathway of hydrogen
production from coal is relatively mature and can be prepared on a
large scale in a stable manner37. In this research, it is assumed that the
energy input to the coal gasifier is only coal, hydrogen is delivered
directly to consumers once it is produced. The reliability of hydrogen
is ensured at a constant supply rate per hour, which is necessary for
hydrogen using plants. In addition, on the basis of this system, the
CG+CCUS is also considered, which changes the investment cost,
conversion efficiency, and carbon emission coefficient of the system.

Hydrogen production from natural gas
The primary method of hydrogen production from natural gas is SMR,
where the energy inputs include grid electricity andnatural gas38. Once
hydrogen is produced, it is delivered directly to consumers. The
SMR+CCUS is also constructed in this research. The investment cost,
operational cost, electricity consumption, natural gas consumption,
and direct carbon emission coefficient of this system are changed
following the integration of CCUS39.
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Hydrogen production from industry by-products
Hydrogen-rich industrial exhaust gases usually are regarded as raw
materials in hydrogen production from industry by-product. Hydro-
gen with a purity of over 99.9% can be gained after separating and
purifying the hydrogen gas through techniques such as pressure swing
adsorption. Currently, the main sources include industry by-product
from the chlor-alkali industry, coking-oven gas, and light hydrocarbon
cracking by-product gas40. Hydrogen production from industry by-
product requires almost no additional capital investment and fossil
fuel inputs compared to other hydrogen production pathways, which
is the greatest advantage Moreover, China has unique advantages due
to its large number of industries.

Hydrogen production system optimization model
The hourly power generation data of photovoltaic panels with a rated
power of 1 kW are collected from the PVWatts Calculator developed by
the National Renewable Energy Laboratory, USA41. The electricity price
comes from the electricity price sales table of each provincial power
grid company. The above data and the carbon emission factors of each
provincial power grid and the technical-economic parameters of the
hydrogen production system equipment are inputted into the hydro-
gen production systemoptimizationmodel, and themodel framework
is presented in Fig. 9. An optimizationmodel for the configuration and
full-year hourly operation of the water electrolysis hydrogen produc-
tion system is established, considering multiple constraints such as
equipment operation, power purchases, electricity balance, hydrogen
balance, and hydrogen supply reliability. Through this model, the
investment and operation schemes of multiple water electrolysis
hydrogen production systems in different provinces for China can be
jointly optimized under different subsidy policies for different target
years, while the LCCE of the systems can be assessed. The hydrogen
production system optimization model is constructed as a mixed-
integer linear programming (MILP) model. MILP, which efficiently
solve linear equations and ensure the balance between computational
efficiency and robustness, has become a predominant optimization
method for the design and operation of energy systems and has been

widely used. Based on the Matlab platform, the Gurobi solver is
invoked through the Yalmip toolbox to solve the model.

The optimization model for the water electrolysis hydrogen pro-
duction system, such as WE3, is as follows. The code is available in
the Supplementary Software. Optimization objectives, decision vari-
ables, and constraints are the three necessary parts for the optimiza-
tion model. The optimization models for WE1, WE2, and WE4 are
provided in Supplementary Note 1. The parameters and data involved
in the optimization model are listed in Supplementary Note 2.

Water electrolysis hydrogen production optimization model
The LCOH is an internationally recognized economic evaluation indi-
cator for the hydrogen energy industry. It represents the levelized
monetary cost required to produce 1 kg of hydrogen throughout full life
cycle of a hydrogen production project. A lower LCOH indicates lower
hydrogen production costs for this technology pathway, and higher
market competitiveness5. TheLCOHforWE3canbecalculatedas follows:

LCOHWE3 =
Cinv,WE3 +Com,WE3 +Cgrid,WE3 +Cc,WE3

PN
n = 1

Houtput

ð1 + rÞn
ð1Þ

Cinv,WE3 = cinv,PV � ICPV + cinv,EL � ICEL + cinv,EES � ICEES + cinv,HST � ICHST

+ cinv,com � ICcom
ð2Þ

Com,WE3 =

XN

n= 1

com,PV � ICPV + com,EL � ICEL + com,EES � ICEES + com,HST � ICHST + com,com � ICcom

ð1 + rÞn

ð3Þ

Cgrid,WE3 =
XN

n = 1

Pt =h
t = 1 ðcgrid � EPgridðtÞÞ+ cgrid,fix1 � EPgrid,max +

cgrid,fix2 �EPgrid,max

cosφ

ð1 + rÞn
ð4Þ

Cc,WE3 = cc � LCCEWE3 ð5Þ
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Fig. 9 | Modeling framework for hydrogen production system optimization. The optimization framework contains inputs, optimization models, and outputs. The
optimization model is mixed-integer linear programming, the optimization objective is to minimize the levelized cost of hydrogen, and the decision variables include
configuration and full-year hourly operation.
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where LCOHWE3 is the LCOH of the water electrolysis hydrogen pro-
duction system, Cinv,WE3, Com,WE3, Cgrid,WE3 and Cc,WE3 are respectively
the cost of investment, the cost of operation and maintenance
throughout full life cycle, the cost of power purchase throughout full
life cycle, and the cost of carbon emissions throughout full life cycle of
the system. r is discount rate, %. N is life, years. cinv,PV, cinv,EL, cinv,EES,
cinv,HST, cinv,com are the cost of unit investment of photovoltaic panels,
electrolyzer, electricity energy storage, hydrogen storage tanks, and
compressors respectively. com,PV, com,EL, com,EES, com,HST, com,com are the
costs of unit operation and maintenance of photovoltaic panels,
electrolyzer, electricity energy storage, hydrogen storage tanks, and
compressors respectively. The technical and economic parameters of
each equipment are shown in Supplementary Table 1. cgrid is the pur-
chase price of electricity, $/kW. cgrid,fix1 and cgrid,fix2 are the maximum
demand price and transformer capacity price respectively, $/kW-year
and $/kVA-year,φ is thephaseangle. The retail electricity price of 35 kV
large-scale industrial electricity is used as the representative electricity
price for purchasing electricity from the grid. The electricity prices in
each province are shown in Supplementary Table 2. cc is the cost of
carbon emission, $/t; LCCEWE3 is the LCCE of the WE3.

Decision variables include system configuration and operation.
The decision variables of configuration include the capacity of pho-
tovoltaic panels (ICPV, kW), the capacity of electrolyzer (ICEL, kW), the
capacity of compressor (ICcom, kW), and the capacity of electricity
energy storage (ICEES, kWh), the capacity of the hydrogen storage
tank (ICHST, kg). The decision variables of operation include the input
power of the electrolyzer (EPEL(t), kW), the production of hydrogen
of the electrolyzer (HEL(t), kg), the power consumption of the com-
pressor (EPcom(t), kW), the charging power of the electricity energy
storage (EPEES,im(t), kW), the discharging power of the electricity
energy storage (EPEES,ex(t), kW), hydrogen storage of the hydrogen
storage tank (H HST,im(t), kg), hydrogen release of the hydrogen
storage tank (H HST,ex(t), kg), power purchased from the grid
(EPgrid(t), kW).

Equipment operation constraints. The annual photovoltaic power
generation data of each province in the country is shown in Supple-
mentary Fig. 1. Photovoltaic power generation and photovoltaic
capacity are required to meet the following constraints42,43.

EPPVðtÞ= ICPV � EPPV,0ðtÞ ð6Þ

0≤ ICPV ð7Þ

where EPPV is electric power output of photovoltaic panels, kW. EPPV,0
is the output electric power of the photovoltaic panel with a rated
capacity of 1 kW. ICPV is the installation capacity of photovoltaic
panels, kW.

The electrolyzer generates hydrogen by consuming electricity to
electrolyze water. The energy conversion model is shown in Eq. (8).
The input power and capacity of the electrolyzer are required to meet
the constraints of Eqs. (9) and (10) respectively27.

HELðtÞ � LHV =ηELðtÞ � EPELðtÞ ð8Þ

0≤ EPELðtÞ≤ ICEL ð9Þ

0 ≤ ICEL ð10Þ

where EPEL is the input electric power, kW. HEL is the production of
hydrogen, kg; ICEL is the installation capacity of electrolyzer, kW. ηEL is
the conversion efficiency of the electrolyzer, LHV is the lower calorific
value of hydrogen, 33.3 kWh/kg.

The compressor compresses hydrogen to 200 bar and stores it in
hydrogen storage tank. When hydrogen storage is needed, the com-
pressor starts. This process is required to meet the following
constraints33.

EPcomðtÞ= EPcom,0 � HELðtÞ � LHV ð11Þ

EPcomðtÞ≤ ICcom ð12Þ

where EPcom,0 is the electrical energy required to compress 1 kg of
hydrogen, kWh. EPcom is the hourly electrical energy consumption of
the compressor, kW. ICcom is the capacity of the compressor, kW.

The lithium battery can be installed to store electricity to ensure a
stable power supply for the electrolysis process, as shown in the
mathematical model below44.

EEESðt + 1Þ= EEESðtÞð1� αÞ+ ðEPEES,imðtÞηEES,im � EPEES,exðtÞ=ηEES,exÞΔt
ð13Þ

SOCEESðtÞ= EEESðtÞ=ICEES ð14Þ

SOCEES,min ≤ SOCEESðtÞ≤ SOCEES,max ð15Þ

0≤ EPEES,imðtÞ≤ EPEES,im,max ð16Þ

0≤ EPEES,exðtÞ≤ EPEES,ex,max ð17Þ

EPEES,imðtÞ � EPEES,exðtÞ=0 ð18Þ

SOCEESðtstartÞ= SOCEESðtendÞ ð19Þ

where EEES(t) is the electricity, kWh; SOCEES(t) is the real-time state of
charge; EEES(t + 1) is the electricity after charging or discharging, kWh;
α is the self-discharge rate; EPEES,im and EPEES,ex are charging power and
discharging power, respectively, kW; ηEES,im and ηEES,ex are charging
efficiency and discharging efficiency, respectively; EPEES,im,max and
EPEES,ex,max are the maximum charging power and discharging power,
respectively; ICEES is the installation capacity, kWh; SOCEES,min and
SOCEES,max are the minimum and maximum state of charge respec-
tively. Equation (18) limits the charging and discharging at the same
time of the electrical energy storage. Equation (19) ensures that the
initial and final state of the electrical energy storage is consistent.

Surplus renewable electricity can also be used to produce
hydrogen directly, and the hydrogen produced by the electrolyzer can
be compressed and stored in hydrogen storage tanks to ensure the
hydrogen supply. The pressure of hydrogen storage tank is 200bar.
The mathematical model of the hydrogen storage tank is as follows45.

mHSTðt + 1Þ=mHSTðtÞ+HHST,imðtÞ � Δt � HHST,exðtÞ � Δt ð20Þ

LOHHSTðtÞ=mHSTðtÞ=ICHST ð21Þ

0≤HHST,im ≤HHST,im,max ð22Þ

0 ≤HHST,ex ≤HHST,ex,max ð23Þ

0≤mHSTðtÞ≤ ICHST ð24Þ
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LOHHST,mim ≤ LOHHSTðtÞ≤ LOHHST,max ð25Þ

HHST,imðtÞ � HHST,exðtÞ=0 ð26Þ

LOHHSTðtstartÞ= LOHHSTðtendÞ ð27Þ
wheremHST is the quality of hydrogen, kg. H HST,im and H HST,ex are the
rates of hydrogen import and export by the hydrogen storage tank,
respectively, kg/h. LOHHST is the level of hydrogen. H HST,im,max and H
HST,ex,max are the maximum rates of hydrogen import and export,
respectively, kg; ICHST is the installation capacity, kg; LOHHST,min and
LOHHST,max are theminimum andmaximum level of hydrogen; Eq. (26)
limits hydrogen import and export at the same time; Eq. (27) ensures
that the initial andfinal state of the hydrogen storage tank is consistent.

Power purchase constraints. The system is required to meet the
following power purchase constraints to ensure that 50% renewable
energy penetration.

0≤ EPgridðtÞ≤ EPgrid,max ð28Þ

Xt =h

t =0

EPgridðtÞ= 50% �
Xt =h

t =0

EPELðtÞ ð29Þ

where EPgrid is the purchase electricity, kW; EPgrid,max is the upper limit
of purchase electricity, kW; h is total hours per year, 8760.

Electricity balance constraints. The electricity balance constraint of
the system are as follows.

EPPVðtÞ+ EPgridðtÞ+ EPEES,exðtÞ= EPEES,imðtÞ+ EPELðtÞ+ EPcomðtÞ ð30Þ
Hydrogen energy balance constraints. The hydrogen produced by
the electrolyzer can be supplied directly to users or stored through
hydrogen storage tank. Therefore, the hydrogen energy balance con-
straint is as follows.

HELðtÞ=HEL,outðtÞ+HHST,imðtÞ ð31Þ

where HEL,out is the hydrogen energy provided by the electrolyzer to
the hydrogen energy application scenario, kg.

Hydrogen supply reliability constraints. Hydrogen supply is required
to meet hourly reliability29.

HEL,outðtÞ+HHST,exðtÞ=
Houtput

h
t 2 1, 2, � � � h ð32Þ

whereHoutput is the annual supply of hydrogen of the system, 8760 kg.

Hydrogen production from coal optimization model
The LCOH of CG is calculated as follows27.

LCOHCG =
cinv,CG � ICCG +

PN
n= 1

com,CG�ICCG + ðccoal + cc �λCG �ηCGÞ
Pt =h

t = 1
PCGðtÞ

ð1 + rÞn
PN

n= 1
Houtput

ð1 + rÞn
ð33Þ

0≤PCGðtÞ≤ ICCG ð34Þ

0≤ ICCG ð35Þ

HCGðtÞ=ηCG � PCGðtÞ ð36Þ

HCGðtÞ=
Houtput

h
ð37Þ

where LCOHCG is the LCOH of CG. cinv,CG is the investment cost
of CG, $/kW. ICCG is the optimal capacity, kW. com,CG is the
operation and maintenance cost of CG, $/kW; ccoal is the price of
unit coal, 81.5 $/t. cc is the emission price of unit carbon dioxide,
4.1 $/t. λCG is the CO2 released by the CG per 1 kg of hydrogen
produced. ηCG is the conversion efficiency of CG. Difference
exists on investment cost, conversion efficiency and carbon
emission coefficient between CG + CCUS and CG46. The technical
and economic parameters of the two systems are shown in
Supplementary Table 3.

Hydrogen production from natural gas optimization model
The LCOH of SMR is calculated as follows.

LCOHSMR =
Cinv,SMR +Com,SMR +Cgas,SMR +Cgrid,SMR +Cc,SMR

PN
n= 1

Houtput

ð1 + rÞn
ð38Þ

Cinv,SMR = cinv,SMR � ICSMR ð39Þ

Com,SMR =
XN

n= 1

com,SMR � ICSMR

ð1 + rÞn ð40Þ

Cgas,SMR =
XN

n= 1

Pt =h
t = 1 ðcgas � Ggas � HSMRðtÞÞ

ð1 + rÞn ð41Þ

Cgrid,SMR =
XN

n= 1

Pt =h
t = 1 ðcgrid � EPgrid � HSMRðtÞÞ

ð1 + rÞn ð42Þ

Cc,SMR = cc � LCCESMR ð43Þ

0≤HSMRðtÞ≤ ICSMR ð44Þ

0 ≤ ICSMR ð45Þ

HSMRðtÞ=
Houtput

h
ð46Þ

where Cinv,SMR, Com,SMR, Cgas,SMR, Cgrid,SMR, and Cc,SMR are the
investment cost, operation and maintenance cost, purchase cost
of natural gas, power purchase cost and carbon emission cost of
SMR, respectively. cinv,SMR is the investment cost of the reformer,
$/kW H2. ICSMR is the capacity of the reformer, kW H2. com,SMR is
the operation and maintenance cost of the reformer, $/kW H2-
year. Ggas is the natural gas required to produce 1 kg of hydrogen,
kg. EPgrid is electricity consumed to produce 1 kg of hydrogen,
kWh. LCCESMR is the LCCE of SMR, kg. HSMR is the hourly pro-
duction of hydrogen of SMR, kg. Difference exists on investment
costs, operation and maintenance costs, power consumption,
natural gas consumption and direct coefficients of carbon emis-
sion between SMR + CCUS and SMR. The technical and economic
parameters of the two systems are shown in Supplementary
Table 4. cgas is the price of natural gas, $/m3. The price of natural
gas in each province is shown in Supplementary Table 547.
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Hydrogen production from industry by-products
The LCOH and LCCE of various hydrogen production technologies
from industry by-product are shown in Supplementary Table 6.

Environmental assessment
The life cycle carbon emissions of grid electricity and photovoltaic
panels are considered in the water electrolysis hydrogen production
system. The LCCE of the system can be calculated as follows.

LCCEWE = λPV � ICPV +
XN

n= 1

λgrid �
Pt =h

t = 1 EPgridðtÞ
ð1 + rÞn ð47Þ

where λPV is carbon emission factor throughout full life cycle of pho-
tovoltaic panels, 0.04 kg CO2/kWh. λgrid is the grid carbon emission
factor, the carbon emission factors of each province are shown in
Supplementary Table 7. Grid carbon emissions are not included in the
off-grid hydrogen production system.

The LCCE of SMR include direct carbon emissions, indirect carbon
emissions generated by power purchase, carbon emissions associated
withnatural gasproductionandprocessing, andcarbonemissions leaked
during the natural gas production process29. The calculation is as follows.

LCCESMR

=
XN

n = 1

Pt =h
t = 1 CASMRðtÞ+ λgrid �Pt =h

t = 1 EPgridðtÞ + ðλgas +β � δÞ �Pt =h
t = 1GgasðtÞ

ð1 + rÞn
ð48Þ

where CASMR is the direct carbon emissions of SMR, kg CO2/kg H2;
λgas is the carbon emission factor associated with natural gas pro-
duction and processing, 0.3 kg CO2/kg CH4. β is the fraction of the
natural gas input that leaks during natural gas production and
processing (kg CH4 leaked/kg CH4 input), 4%. δ is global warming
potential of CH4 relative to CO2, the 20-year global warming
potential of 85 kg CO2/kg CH4 is selected because of the urgency to
decarbonize in the next few decades and the short-lived nature of
natural gas in the atmosphere29,48.

Subsidy policies
The subsidized policies of hydrogen production issued by various
provinces in China are researched and divided into three categories.
The first category is electricity price concession, such as the Policy
Measures to Optimize Energy Structure and Promote Green and Low
Carbon Development in ChengduMunicipality49. The second category
is investment matching incentives for carbon reduction, such as the
Several Policies and Measures to Support the High-quality Develop-
ment of Hydrogen Energy and Hydrogen Fuel Cell Vehicles issued by
Shenyang50. The third category is production subsidies, such as the
Relevant Support Policies of Karamay Municipality to Support the
Development of Hydrogen Energy Industry51. Accordingly, three sub-
sidy policies scenarios are set in this research.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The photovoltaic power generation data are available from the
PVWatts Calculator of the National Renewable Energy Laboratory
(https://pvwatts.nrel.gov/). All data to generate Figs. 2–8 are provided
in the Source Data file. All other data are available in the Manuscript
and the Supplementary Information. Source data are provided with
this paper.

Code availability
The code used in this study is available from the authors upon request.
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