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ABSTRACT: Low carbon energy development is a solid requirement for decarbonization and carbon
neutralization of the economy. Hydrogen energy is chosen for achieving a large degree of decarbonization
in the fields of industrial, transport, and domestic consumptions. This paper provides an overview on the
current state of global hydrogen production and demand, summarizes the momentum of green hydrogen
development, and analyzes the possible roles of countries in the global hydrogen trade and cooperation.
The status and costs of hydrogen production and transportation in China were systematically examined.
While China has become the world’s largest hydrogen producer and consumer, it faces a major structural
contradiction that the country’s hydrogen resources are unevenly distributed, abundant in the west but
scarce in the east, making long-distance transport costs a key bottleneck for its domestic hydrogen energy
development. To address these challenges, three strategic scenarios, including eastward hydrogen
transmission, international cooperation, and efficient utilization of wind power for hydrogen production,
were proposed to reach the goal that by 2050, the share of coal consumption will drop to 30%, and the share
of non-fossil energy will increase to 50%. These scenarios will provide data support and strategic references
for the precise positioning of China’s hydrogen market and the construction of a sustainable supply chain.

Keywords: Energy demand; Renewable energy development; Hydrogen market; Hydrogen storage and
transportation; Chinese hydrogen development strategy
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1. Introduction

As the largest consumer and import destination of energy in the world, China’s economic development
is largely driven by the stability of its energy supply. However, the significant negative impact of fossil
energy consumption on the ecological environment has become a critical issue. China has also become one
of the world’s major COz emitters since 2006. Data show that China’s total primary energy consumption
has reached 3.13 billion tonnes of oil equivalent in 2017, ranking first in the world. Coal consumption was
the highest proportion of the primary energy, reaching 60% [1]. In 2019, the share of coal decreased to
57.6%, but still exceeded the combination of all other energy sources [2]. In 2015, it was announced that
China would flatten CO2 emissions by around 2030 and aim to reach a plateau as soon as possible [3]. In
September 2020, China further announced that it would adopt stronger policies and regulations to strive to
reach the peak of CO: emissions by 2030 and achieve carbon neutrality by 2060 [4]. Currently, China is
aiming for basically net-zero CO2 emissions by 2050 under the 1.5 °C temperature control target scenario [5].

Coal accounts for the largest share of China’s energy consumption, making it the largest source of CO2
emissions. The development of low carbon energy almost determines whether it can achieve the goal of
carbon neutrality and energy transition. As a secondary energy source, hydrogen energy is clean and carbon-
free, and has flexible, efficient, and rich application scenarios. Hydrogen energy not only can be obtained
from primary fossil energy sources such as coal but also is an ideal medium to support the large-scale
development of renewable energy and the best choice to achieve deep decarbonization in transportation,
industry, and construction.

Hydrogen is traditionally classified as grey, blue, and green hydrogen according to the intensity of the
carbon emission from the production process:

1. Grey hydrogen refers to the hydrogen produced from the reforming of fossil fuels with high carbon
intensity. The technologies for producing grey hydrogen are mature, offer a significant cost advantage,
and are suitable for large-scale hydrogen production. However, grey hydrogen production directly
releases the carbon dioxide generated during the production process into the atmosphere. In addition,
greenhouse gas (CH4) leakage may occur during the extraction and transportation of methane feedstock.

2. Blue hydrogen includes industrial by-product hydrogen and the hydrogen production from fossil
energy sources retrofitted with carbon capture and storage (CCS) technology, with a significant
reduction in carbon emissions in comparison to the production of grey hydrogen. The carbon emissions
associated with blue hydrogen primarily depend on variations in CCS technologies across different
projects. Some advanced projects can achieve carbon capture rates exceeding 95%, whereas others
capture only around 60% of emissions [6]. At the same time, blue hydrogen also faces the issue of
greenhouse gas leakage during the extraction and transportation of raw materials.

3. The item of green hydrogen can be used for hydrogen production from renewable and nuclear energies,
and almost no carbon emission is generated during the hydrogen production, which is treated as the
mainstream direction of hydrogen production in the future.

In December 2020, the China Hydrogen Energy Alliance released low-carbon hydrogen, clean
hydrogen, and renewable hydrogen standards and certification to quantify hydrogen’s carbon emissions for
the first time, from a formal standard perspective. The standard states that in terms of carbon emissions per
unit of hydrogen, the threshold is 14.51 kg-COz,q/kg-H2 for low-carbon hydrogen and 4.90 for clean and
renewable hydrogen, and that renewable hydrogen requires a renewable energy source to be used to produce
the hydrogen [7]. In simple terms, renewable and clean hydrogen is roughly equivalent to what is commonly
known as green hydrogen, and low-carbon hydrogen is roughly equivalent to blue hydrogen [8].

To successfully transition to a hydrogen economy, it is necessary to consider several factors, including
the impact of the current economic model on an emerging regulated industry, the characteristics of the
hydrogen supply chain, potential regulatory solutions comparable to those in other regulated industries, and
how these findings can be reconciled to overcome the regulatory challenges in the development of the
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emerging hydrogen economy [9]. A range of assessment criteria for evaluating hydrogen economy
transitions is presented, including distributive, procedural, and cosmopolitan justice, as well as recognition
of justice, and the interaction of these criteria with other aspects of assessment [10]. The hydrogen economy
is based on low carbon and needs to take geopolitical considerations into account. Whether the time is ripe
for a hydrogen economy depends on whether researchers, companies, countries, and international
organizations work together and whether the geopolitical consequences are manageable [11].

Reviews of hydrogen energy in recent years have mainly focused on the state-of-the-art of hydrogen
production [12,13], storage [14-16], and transport [17-23] at the technological level, as well as the
challenges faced by each of these technologies. Reviews on hydrogen energy policies and strategies are
also seen somewhere [24-26]. The status and proposed future perspectives of hydrogen energy in many
countries including Australia [27], United Kingdom [28], North America [29] including USA [30], Canada
[31], and Mexico [32], Japan [33], South Korea [34], India [35], Middle East and North Africa [36],
Malaysia [37], etc., have been analyzed and summarized.

According to the World Economic Forum’s white paper, China is the largest producer and consumer
of hydrogen globally, but less than 0.1 percent of the hydrogen comes from renewable energy sources [38].
However, the review regarding the specificities of China is behind the fast-emerging hydrogen industry. As
hydrogen energy will become an important part of its energy system in the future, if China wants to gain a
foothold in the energy market, it will face challenges such as the lack of key technologies, imperfect
standards and norms, high costs, imperfect infrastructure, geographic differences in resources and demand,
unclear public acceptance, and a lack of policy [39].

Based on the latest data, this paper firstly examines the hydrogen energy market from a global
perspective. It then takes attention to China’s hydrogen energy market and proposes countermeasures and
recommendations to address issues such as hydrogen shortages and geographic differences that may be
faced by a booming hydrogen economy.

2. Global Status of Hydrogen Energy

Hydrogen is widely used in industrial and energy sectors, including chemical synthesis [40], and oil
refinery and desulfurization processes [41]. In the metallurgy field, hydrogen is used to replace coke for
carbon-free steel manufacturing [42]. As a renewable energy carrier, hydrogen can be used as a fuel to
replace traditional gasoline in ships, trains, cars, and other applications [43], and to generate electricity for
fuel cells and energy storage [44]. In the industrial sector, demand for hydrogen is stable and market volume
is large, but current consumption is mainly based on grey hydrogen. Although the demand for green
hydrogen is growing rapidly, its proportion is still relatively small due to the limitations of high cost and
difficult to recoup infrastructure [45].

The development and utilization of hydrogen energy have become important pathways towards energy
transition in several economies. In 2024, the low-emission hydrogen use has increased by 10% compare to
2023, and the global hydrogen demand has reached 100 million tonnes with a 2% of increase from 2023
[46]. The top three countries in total hydrogen energy consumption are China, the United States, and the
Middle East, followed by India and Europe (Table 1) [46].

Green hydrogen can only be truly clean in the sense of low carbon emissions. In 2024, total global
hydrogen production was almost entirely from fossil fuels without combining with carbon capture,
utilization, and storage (CCUS) technologies [46]. Among the total hydrogen production, less than 1 million
tonnes of low-emission hydrogen were produced, almost all from fossil fuels with CCUS, with only 35
thousand tonnes from electricity via water electrolysis. However, the deployment of hydroelectric
installations is increasing globally; for example, a 10-time increase of hydrogen production via electrolysis
by 2030 compared to 2024 has been expected.
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Table 1. Top hydrogen energy consumption countries in 2024 [46].

Hydrogen Consumption (10° tonnes) Growth Rate (%)
China 29 2
United States 16 0.5
Middle East 15 6
India 10 4
Europe 7 0
Rest of the world 23 2

The current hydrogen energy system must be transited from grey toward a low-carbon hydrogen
economy primarily through increasing the proportion of blue and green hydrogen pathways. Firstly, CCUS
technologies can be employed to reduce emissions from fossil fuel-based hydrogen production [46]. On the
other hand, renewable energy sources such as wind and solar power can support the development of water
electrolysis for green hydrogen production. At the same time, supporting infrastructure, including hydrogen
storage and transportation networks, refueling stations, and hydrogen-related industrial supply chains, must
be further developed. In addition, policy instruments such as carbon trading mechanisms, government
subsidies, and green certification systems are essential for enhancing the economic competitiveness of low-
carbon hydrogen [47,48].

Nevertheless, this transition continues to face several major challenges. These include the relatively
high cost of green hydrogen production, instability in hydrogen supply caused by the intermittency of
renewable energy sources, insufficient storage and transportation infrastructure and safety measures, the
limited commercial maturity of CCUS technologies, and the absence of unified hydrogen standards and
market mechanisms across countries and regions. Collectively, these factors constrain the large-scale
deployment of a low-carbon hydrogen economy [49].

2.1. United States (US)

Based on the existing demand, various countries have made projections for future hydrogen production
requirements. According to the National Clean Hydrogen Strategy and Roadmap published by the
Department of Energy, United States, the hydrogen demand of the country will rise to 10, 20, and 50 million
tonnes per year in 2030, 2040, and 2050, while reducing the cost of hydrogen production to 2 and 1 US$/kg-
H2 by 2030 and 2035, respectively [50].

Most of the hydrogen in the United States comes from natural gas through steam methane reforming
(SMR). The gas produced using SMR technology must undergo hydrogen purification and carbon capture
and storage (CCS) technology before it can be classified as blue hydrogen. The commonly used
technologies include absorption [51-54], pressure swing adsorption (PSA) [55-57], membrane separation
[58,59], cryogenic distillation [60], and de-sublimation [61], etc. Those technologies are quite mature with
technology readiness levels (TRLs) of 9, 7, 7, and 5, respectively [62].

SMR costs vary by location depending on the natural gas price, with higher costs in Delaware, Rhode
Island, efc., reaching 1.5-2.0 US$/kg-Hz, while lower in Kansas, Oklahoma, Louisiana, efc., down to 0.62
US$/kg-Ha. If CCS technology is applied, an additional cost of 0.4 US$/kg-H: is required [63]. In Europe,
the price of natural gas is going to be 7—8 US dollars per metric million British thermal unit (US$/MMBTU)).
Thus, the cost of hydrogen production from SMR in Europe is much higher in comparison to places like
Kansas in US.

Hydrogen produced in the United States from renewable energy generation through water electrolysis
is 3—4 times more costly than SMR with CCS [64], in which the electricity costs account for 59-68% of
the total cost of electrolytic hydrogen production [65]. The cost of hydrogen production from renewable



Clean Energy Sustain. 2026, 4(2), 10011. doi:10.70322/ces.2026.10011 5of 23

energy sources varies a lot between plants, ranging from as low as 2.6 to as high as 12.3 US$/kg-H2. Among
them, 81 plants from 20 states have already declared hydrogen production costs below 4.0 US$/kg-Ha [66].

2.2. Europe

Europe stands ahead in hydrogen production projects using water electrolysis. The share of hydrogen
in the total energy structure of European countries is currently only 2%, mainly from natural gas, and there
is an urgent need for European countries to produce hydrogen through renewable energy sources [67].
However, the cost of green hydrogen in Europe is high (2.67-5.88 US$/kg-Hz), and the European hydrogen
roadmap proposed three phases for the implementation of renewable hydrogen electrolyzers in the
timeframes of 2024, 2030, and 2050, respectively, in order to achieve the goal of large-scale production of
renewable hydrogen [68]. European Commission plans to import 10 million tonnes of renewable hydrogen
by 2030 to free Europe from dependence on Russian fossil fuels [46]. At the same time, the European
hydrogen roadmap expected the export potential up to 70 billion euros by 2030 and tightening the industrial
cooperation with rapidly growing hydrogen and fuel cell markets in Asia in order to hedge against market
risks [69].

According to current project plans, Europe is expected to install 40 GW of renewable hydrogen
electrolysers over five years (2024-2030) and produce 10 million tonnes of green hydrogen for use in the
steel industry and transport (rail or ship) [70]. Germany has secured funding to expand its installed capacity
of green hydrogen production to 100 MW, with the project expected to reach 40 GW of capacity by 2030
[71]. Portugal’s Green Flamingo project, with a planned investment of 57 billion euros, establishes a 1 GW
scale of electrolysis [72].

2.3. Japan

Japan is among the top few countries to set clear national strategies for the transition to hydrogen
energy. Currently, 70% of Japan’s electricity comes from fossil fuels, with the rest coming from 7% of
nuclear, 21% of renewables, and 2% of others [73]. Japan aims to achieve a supply cost of 30 JPY/Nm?-H>
in 2030 (less than 1/3 of the current selling price), and the hydrogen supply scale will reach 3 million tonnes
in 2030 [74]. It plans to achieve domestic hydrogen production of 3 and 20 million tonnes per year in 2030
and 2050, respectively, according to its carbon-neutrally green growth strategy by 2050 [75].

Considering import as the important sector in its energy structure, Japan has already had several
projects underway for international collaborations, with the first liquid hydrogen ship delivered in
December 2019 and the first blue ammonia (i.e., ammonia synthesized using the hydrogen produced from
methane reforming with CCS) delivered in September 2020 [76]. Japan’s Hydrogen Supply Chain
Technology Research Association (HySTRA) attempts to establish a liquid hydrogen supply chain from
Australia to Japan using liquid hydrogen tanks with a capacity of 2500 cubic meters [77]. Without the
contribution of hydrogen imports, Japan’s electricity demand in 2050 would be twice that in 2019 [78]. The
Japanese government will strengthen international competitiveness by focusing on areas where it can take
advantage of Japanese companies’ technology, such as hydrogen-powered gas turbines, commercial
vehicles such as trucks driven by fuel cells, and hydrogen-applied steel manufacturing [74].

2.4. South Korea

South Korea has also set a hydrogen supply strategy based on renewable energy sources, mainly solar
energy. Solar power alone is not enough to cope with all the green hydrogen needs. Therefore, importing
hydrogen while expanding its hydrogen production is a solution. By 2030, green hydrogen production is
expected to be about 17,450 tonnes/year, while 900,000 tonnes are expected to be imported [79]. The Act
on Promotion of Hydrogen Economy and Management of Hydrogen Security also sets the goal of replacing
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imported crude oil with imported hydrogen by 2050 [75,80]. South Korea aims to become the No. 1
producer of hydrogen fuel cell vehicles and fuel cells by 2040. It plans to consume around 27 million tonnes
of hydrogen by 2050 to meet its decarbonization target [34].

2.5. Australia

Since 2020, Australia has overtaken Qatar, becoming the world’s largest LNG exporter. In 2021,
Australia’s share in global LNG exports stood at 21.1% [81]. About 95% of Australia’s hydrogen is derived
from fossil fuels, produced by steam reforming or partial oxidation of natural gas and coal gasification [82].
The cost of hydrogen production in Australia is approximately 1.58—4.22 US$/kg-H2 [27]. The levelized
cost of hydrogen (LCOH) from SMR is about 1.88-2.30 US$/kg-Hz [83].

Australia has redundant renewable energy resources such as solar, wind, and tidal energies [84]. Up to
3 million tonnes of hydrogen could be produced from renewable electricity in Australia. However, large-
scale hydrogen production through electrolysis also requires substantial water resources. Approximately 9—
10 L of deionized water is required to produce 1 kg of hydrogen, excluding additional water treatment
losses [85]. Since arid or semi-arid climates characterize many renewable-rich regions in Australia,
freshwater availability may become a limiting factor for future green hydrogen hubs. Therefore, seawater
desalination is expected to play an important supporting role in coastal hydrogen production facilities.
Nevertheless, previous studies have shown that the energy consumption and additional cost associated with
seawater desalination are relatively small compared with the overall electricity demand and cost of
electrolysis. The contribution of desalination to the levelized cost of hydrogen (LCOH) is generally
estimated to be 0.1-0.2 US$/kg-H> [86]. Consequently, while water supply infrastructure should be
considered in project planning, it is unlikely to significantly alter the long-term economic competitiveness
of Australian green hydrogen exports [87].

In 2018, LCOH through electrolysis in Australia was estimated at 4.78-5.84 and 6.08-7.43 US$/kg-
H> for alkaline water electrolysis (AE) and proton exchange membrane (PEM) water electrolysis
technologies, respectively [84]. The upfront capital costs of solar photovoltaic (PV) installations and
onshore wind turbines have continued to decline over the last decade. The levelized cost of electricity
(LCOE) for solar PV and onshore wind turbines by 2030 is projected to be 21.15 and 29.48 US$/MWh,
respectively, which would make the cost of hydrogen production between 1.44 and 1.95 US$/kg-Hz [88].
At this cost level, Australian green hydrogen export would be competitive.

Besides the hydrogen production cost, the transportation cost of exporting hydrogen must also be
considered, and seeking an effective way to reduce the transportation sort has shown the importance. As it
is geographically close to key emerging hydrogen import markets in Asia and has established renewable
hydrogen supply chain relationships with a number of countries [89], Australia is expected to become a
major renewable hydrogen exporter in the future. In 2022, Australia exported its first shipment of liquefied
hydrogen to Japan, becoming the first country to export liquid hydrogen to the overseas market [90]. The
Hydrogen Energy Supply Chain (HESC) project represents a landmark collaboration between Australia and
Japan in the field of hydrogen trade and constitutes one of the world’s earliest pilot initiatives for
establishing a liquid hydrogen supply chain. Both countries have set the objective of realizing stable, large-
scale hydrogen trade by 2030. As the first successful demonstration of a long-distance liquid hydrogen
supply chain, the HESC project provides an important reference framework for future hydrogen
transportation initiatives worldwide [91]. Raab et al. [92] used the transportation of hydrogen from
Australia to Japan as a case study, and conducted a techno-economic evaluation of three routes: liquefied
hydrogen (LH2), dibenzyltoluene (DBT), and toluene (TOL) as hydrogen carriers. The LH2 pathway was
proven to have more energy advantages compared to the TOL one, the TOL pathway is more economically
efficient, and the DBT scenario is superior overall.
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2.6. Middle East and North Africa (MENA)

A solar module in a prime location like Africa or Arabia produces about twice as much energy as a
solar module in a prime location like Germany [93]. Thanks to the significantly higher location quality of
sunny countries, disadvantages regarding efficiency can therefore be largely eliminated. In addition,
countries such as Namibia or Saudi Arabia have enormous areas of land favoring optimized mass
production of renewable energy.

The Middle East and North Africa (MENA) are rich in solar radiation. The distribution of solar energy
resources in the Middle East and North Africa is shown in Figure 1 [94]. The average annual light intensity
exceeds 2000 kWh/m? in Morocco, Egypt, Saudi Arabia, etc. Up to early 2021, large projects such as the
510 MW Nouao photovoltaic project in Morocco, 186 MW Benban project in Egypt, 300 MW Saqqgaqa
project in Saudi Arabia, 950 MW project in Dubai, and 1177 MW Noor project and 1500 MW Dafurah
project in Abu Dhabi have been built or are under construction in the region [95].

0w, | 0° 10°E

40°N g; ZDL?I : : “\" s i N aow

Long term average of DNI, period from 1994 (1999 in the East) to 2018
Daily totals: 3.2 3.6 4.0 4.4 4.8 5.2 5.6 6.0 6.4 6.8 7.2 7.6
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Yearly totals: 1168 1314 1461 1607 1753 1899 2045 2191 2337 2483 2629 2775

Figure 1. The global horizontal irradiation level in the Middle East and Africa [94].

Currently, countries in the Middle East, such as Saudi Arabia, the United Arab Emirates (UAE), and
Oman, are actively developing hydrogen energy. These three countries are already among the top 25 global
hydrogen producers and plan to become the world’s leading exporters of hydrogen and ammonia [96].
Saudi Arabia commits the world’s largest green hydrogen project in 2025, and plans to build a green
hydrogen and ammonia plant with an installed capacity of 4 GW at Neom New City, capable of producing
650 tonnes of green hydrogen per day, approximately 5 million barrels of oil equivalent per year, and
approximately 1.2 million tonnes of ammonia per year [96,97]. The UAE has established a hydrogen energy
alliance, aiming to develop hydrogen energy projects on its territory, with a focus on hydrogen fuel cells and
the application of hydrogen in the aviation industry. Qatar has the third largest natural gas reservation in the
world and the largest per capita gas share in the world [98]. Combined with its natural gas resources and
CCUS technologies, Qatar has the potential to become a large-scale, low-cost producer of blue hydrogen.

Countries like those mentioned above, which have redundant renewable resources and promising
prospects for hydrogen energy development, can cooperate with industrial countries with relatively limited
renewable energy sources but strong hydrogen production technologies to promote the globalization and
maximization of the hydrogen energy economy in the world. For example, Saudi Arabia and Germany are
actively advancing the Saudi—German Hydrogen Bridge project, aiming to export 200,000 tonnes of green
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hydrogen to Germany annually by 2030 [99]. Meanwhile, Japan is also strengthening the cooperation with
Saudi Arabia and the UAE in the development of hydrogen export projects.

The MENA region endows abundant solar and wind resources, as well as well-established oil and gas
export infrastructure; therefore, it is emerging as a major potential hub for the export of low-carbon
hydrogen. However, the development of the hydrogen economy in the region faces significant geopolitical
and infrastructural challenges. Regional conflicts, maritime security, and geopolitical competition among
major powers could substantially increase transportation and insurance costs while undermining supply
stability. On the other hand, following Europe’s efforts to reduce its dependence on Russian natural gas, a
new form of structural dependence on energy supplies from the Middle East and North Africa may emerge.
In addition, green hydrogen production requires substantial amounts of electricity and freshwater resources.
In North African countries where water scarcity is also a pressing issue, this may generate tensions between
export-oriented hydrogen development and domestic social and economic needs. Overall, future hydrogen
trade in the Middle East and North Africa is more likely to evolve into a regionalized energy system
characterized by long-term contracts, secure transportation corridors, and political coordination, rather than
a fully globalized market similar to the contemporary oil trade system [100].

2.7. Rest of the World

In addition to the countries mentioned above, green hydrogen is also competitive in regions with
favorable conditions, such as Patagonia, where it is possible to achieve green hydrogen production at a cost
of about 2.5 US$/kg-Hz [46]. Electrolytic hydrogen is expected to exceed 4 million in 2030 in Latin
America, the Middle East, and Africa. Air Liquide has a 20 MW PEM electrolyser in Becancour, Canada,
in operation by the end of 2020. Chile commits to 5 GW of electrolysis capacity in 2025 [76].

If all the projects currently under construction come to fruition, the global production of hydrogen with
low carbon emissions will reach 1624 million tonnes by 2030, of which 9—14 million tonnes could be from
electrolysis. The installed capacity of electrolysers will reach 134-240 GW by 2030, with a lower limit
similar to Germany’s installed renewable energy capacity and an upper limit across Latin America [46].

International trade in hydrogen energy has huge potential for growth, with the global hydrogen energy
market of approximately 125 billion US dollars in 2022. By 2050, about 25% of the world’s hydrogen
energy could be traded across borders [46]. The first knot in the hydrogen supply chain is economical and
sustainable hydrogen supply. Steam methane reforming (SMR) is by far the most widely used method of
hydrogen production, currently accounting for 48% of global production [84]. SMR is a process in which
natural gas is thermochemically reformed at high temperature under catalytic conditions to produce
hydrogen, carbon monoxide (CO), and carbon dioxide (CO2).

3. Hydrogen Energy in China
3.1. China’s Energy Structure

Currently, China is adopting a three-step strategy to advance energy modernization. Firstly, the energy
modernization process is initiated during the period from 2016 to 2030 to facilitate the transformation of
energy production and consumption. By 2030, the share of coal consumption is expected to fall below 50%,
while the share of non-fossil energy is projected to exceed 20%. The second step is to accelerate the process
with the completion of industrialization and urbanization. By 2040, the share of coal consumption is
expected to fall to approximately 40%, while the share of non-fossil energy is projected to rise to around
35%. The third step is to deepen the modernization. By 2050, the share of coal consumption will drop to
30%, and the share of non-fossil energy will increase to 50% [101].

The comparison of China’s energy production and consumption for fossil sources (coal, oil, and natural
gas) over the 10 years between 2010 and 2020 is shown in Figure 2 [102].
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Figure 2. (a) China coal production and consumption (exajoule = 10'® joules) within 2010-2020, (b) average oil production and
consumption in China (thousand barrels per day) from 2010 to 2020, and (¢) natural gas production and consumption in China
(billion cubic meters) from 2010 to 2020 [102].

From the startup of its reforming strategy to the present, China has witnessed continuous optimization
of its energy consumption structure, steady upgrading of its economic structure, and sustained declines in
energy intensity [103]. Although the demand for energy keeps rising, China’s energy structure is gradually
moving away from the dominance of fossil energy sources and closer to the vigorous development of
renewable energy sources. Research predicts that China’s coal demand will touch the roof in 2022 and
continue to decline until 2060 [104]. Natural gas demand will peak as well in 2041 at 557 million tonnes
per year. China’s annual oil consumption is the second largest in the world, and the demand mainly stems
from transportation vehicle consumption. With the development of electric vehicles, the dynamic growth
path of oil demand was examined. It was concluded that China’s oil consumption will peak in 2029 and
decline to 667.8 million tonnes in 2040 [105].

Renewable energy sources are favored for their natural recyclability, inexhaustibility, and sustainable
availability. The exploration of renewable energy will determine the success of China’s transition from
fossil energy to a low-carbon, sustainable energy system. The medium- and long-term development plan
for renewable energy has identified key areas for renewable energy development, including hydropower,
biomass, wind, solar, geothermal, and tidal energies. In 2021, China’s renewable energy generation reached
2.48 trillion kWh. Hydro, wind, photovoltaic, and biomass power generation accounted for 16.1, 7.9, 3.9,
and 2% of total electricity consumption, respectively, for the whole society [106]. In 2030, the proportion
of non-fossil energy in China’s primary energy consumption is expected to exceed 25%, and the total
installed capacity of wind and solar power will reach 1.6-2 billion kilowatts [107].

3.2. The Hydrogen Production Status in China

China produced 37.81 million tonnes of hydrogen in 2022, making it the world’s largest hydrogen
producer [75]. The targets for China’s hydrogen energy development was divided into three stages: near
(2020-2025), medium (2025-2030), and long- (beyond 2050) terms [108]. According to a report of China
Hydrogen Alliance in 2022, the forecasted long-term demand for hydrogen energy in China is shown in
Figure 3a [107].

In the roadmap published by the Alliance in 2019, it was predicted that in the mid-term 2030, China’s
hydrogen demand will reach 35 million tonnes [109,110]. However, China produced approximately 35.33
million tonnes of hydrogen in 2021, already exceeding the forecast for hydrogen demand in 2025. The total
demand for hydrogen energy was expected to reach 37—40 million tonnes in 2030, with renewable hydrogen
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supply up to about 7.7 million tonnes [107]. To reach the goal of carbon neutrality, hydrogen energy
demand will increase 2—-3 times compared to 2020, to about 100—130 million tonnes per year, of which
renewable hydrogen will account for about 75-80%, which is 0.75—-100 million tonnes per year. Figure 3b
gives the proportion of hydrogen demand by sector in a zero-carbon scenario. The highest demand is in the
chemical sector, which was forecasted to reduce emissions through hydrogen energy by 3.8 billion tonnes
between 2020 and 2060.

0.40%
1.20% =% a) Chemical industry

= b) Heavy road traffic
= ¢} Shipping
a) 7.40% d) Light road traffic
= ¢} Steel
= f) Aviation
g) Other Industries
h) Electricity

(a) (b)

Figure 3. (a) Hydrogen energy demand forecast for China [109], and (b) share of hydrogen energy demand by sector in a zero
carbon scenario [107] in 2060.

3.3. Hydrogen Production Costs

Coal provides about 62% of China’s hydrogen, which is 21.24 million tonnes per year [7,111]. Other
portions mainly come from natural gas and oil refining, and industrial co-products including coke oven gas,
chlor-alkali tail gas, and propane dehydrogenation. Only about 1% of hydrogen is produced by electrolysis
of water, with an annual production of about 500,000 tonnes [7]. The cost of hydrogen production is
affected by the regional differences in renewable energy and electricity prices [112], market demand [113],
provincial coal prices, with or without CCS technology applied [114], and the cost of carbon emissions
[115], etc. Coal gasification combined with CCS technology and hydroelectric water electrolysis (HWE)
may play an ultimate role in China due to their abundant feedstock and low costs [116].

China has abundant coal reserves. The cost of hydrogen production by coal gasification is about 1.14—
2.68 US$/kg-Hz [117]. The cost of producing hydrogen from coal with and without CCS differs between
areas. For example, Xinjiang is rich in coal resources, and the cost of coal-based hydrogen production is
0.90 and 1.44 US$/kg-H2 without and with CCS, respectively, while the cost reaches 2.11 US$/kg-H2 with
CCS technology applied in Guangxi where is far from coal mines [114].

China is lagging behind in the development of methane steam reforming technology, but the first
generation of hydrogen generators is now in place, and the cost of hydrogen production is in the range of
18-23 CNY/kg-H> when the market price of natural gas is between 2.3 and 3.24 US$/m? [118]. However,
the natural gas produced in China has a high sulfur content, and complicated pre-treatment steps before
reforming are required, so that the economic competitiveness is weak in comparison with other countries.

The use of renewable energy as a source of hydrogen or nuclear-based high-temperature electrolysis is
still in the pilot stage in China. The three main technologies for hydrogen production from water electrolysis
are alkaline, proton exchange membrane, and solid oxide water electrolyzers (AE, PEM, and SOEC).
Among them, the AE technology is mature and has a high market share, but there are still certain challenges
in terms of hydrogen production efficiency and other important technical indicators. The PEM technology
is still in its infancy and lacks market verification [8]. The cost of hydrogen production from water mainly
depends on the cost of power generation. The levelized cost of hydrogen (LCOH) for electricity generated
from coal, wind, and photovoltaic powers in China range from 2.25-3.28, 3.65-4.87, and 5.60-7.09
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US$/kg-Hz, respectively [119]. Although the cost of green hydrogen is expected to fall to 2.74-3.43
US$/kg-H2 by 2030 this [120], the US Department of Energy estimates that green hydrogen will only be
economically competitive with blue hydrogen if it is less than 2 US$/kg-H2 [121]. It is said that China could
reach this goal by 2037 and even lower the price to 1.2 US$/kg-Hz by 2050 [122].

3.4. Hydrogen Storage and Transportation

To considerably minimize the impediment to the hydrogen economy caused by the green hydrogen
gap, the contradiction between the way in which hydrogen is produced and the distance where it is
transported must be resolved. For example, the price of hydrogen produced from photovoltaic and
hydroelectric powers is lower in west of China, and there is a need to transport hydrogen to central and
eastern China in an economical way. It was believed that building the national pipeline network was the
proper choice for this energy transition in China [123]. However, hydrogen embrittlement is one of the
difficult problems to solve for pipeline transportation [124]. Due to the presence of embrittlement, pipeline
construction companies have to use higher cost materials and conduct more frequent inspections. When
cracks appear in the pipeline, the transportation system will fail. To solve this problem, some efforts
including hydrogen-resisted coatings were made [125-127].

Well-known technologies for hydrogen storage include highly pressured gaseous and liquified
hydrogen storages, solid adsorbent technologies, and liquid organic hydrogen carriers (LOHC).
Researchers usually measure hydrogen storage performance in terms of volumetric density, mass fraction,
reversibility (rate of hydrogen charging and desorption), energy consumption, recyclable life, and safety,
etc. [128]. Domestic transportation methods normally include high-pressure gas hydrogen trailers, liquid
hydrogen tank trucks, and pipeline hydrogen transport, etc. The choice of hydrogen storage and
transportation techniques mainly considers low cost, long-term storage, and low hydrogen losses. The cost
and economic distance of domestic transportation modes are shown in Table 2 [129]. However, Vessel is
almost the only choice for an intercontinental transportation method. In these cases, the liquid organic
carrier (LOHC) technology is more attractive from the view of transportation cost and safety, as shown in
Figure 4.

High pressured gaseous hydrogen storage is quite mature and widely used, in which hydrogen is stored
in high-pressured cylinders and transported in a tube trailer at above the critical temperature of hydrogen.
However, the hydrogen only accounts for 1% of the total weight of the gas cylinder made of ordinary steel
when the pressure is 15 MPa [130]. At present, long-tube trailers can transport hydrogen at a pressure of
20 MPa, however, it does not have an advantage when transported over long distances, such as >150 km.
From the viewpoint of economics, long-tube trailers and pipelines are normally used for the domestic
transportation of gaseous hydrogen. However, China currently has only 400 km of hydrogen pipeline
infrastructure, while the United States and Europe have 2500 and 1569 km, respectively [111].
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Figure 4. Hydrogen from production to application.

Storing and delivering hydrogen in liquid form is also a practical approach that offers a high hydrogen
energy density but requires liquefying hydrogen at a low temperature (—253 °C). Similar to air liquefaction,
hydrogen is compressed and cooled before passing through a throttle valve to form the cryogenic liquid
phase [131]. The liquefaction process involves a combination of compressors, heat exchangers, expansion
engines, and throttle valves [132]. From the viewpoint of the gravimetric and volumetric density, liquified
hydrogen storage is ideal. However, long-term liquefied hydrogen storage and long-distance transportation
face the challenge of huge hydrogen loss caused by its fast evaporation rate.

Solid hydrogen storage technology is to store hydrogen onto solid storage materials through physical
or chemical adsorptions, and then release the hydrogen via depression or decomposition. Compared with
the previous two methods, the solid hydrogen storage technique has advantages of high hydrogen storage
density, good safety performance, and low pollution. However, it is still in the experimental stage and has
not been scaled up yet.

The liquid organic hydrogen carrier (LOHC) transport chain can significantly improve the economics
of long-distance transport and is suitable for large-scale and seasonal energy storage [133,134], as shown
in Figure 4. The organic compounds (LOHC-) are hydrogenated to form hydrogen-loaded organic
compounds (LOHC+). LOHC+ can be stored for a long time without self-discharging, providing favorable
conditions for long-distance transport. In addition, LOHC+ can be recycled after dehydrogenation, that is,
the LOHC system cannot be affected by hydrogenation-dehydrogenation cycles, and only hydrogen is
delivered in the whole process [132]. An important advantage of LOHC transport is its high degree of
compatibility with the existing energy infrastructure. At present, this technique is still in a demonstration
stage, however, it has been promoting the applications in hydrogen refueling stations, building heating, and
industrial fields.

In 2019, a 3-billion-CNY plant of LOHC was officially put into production in Yidu, China, with an
expected annual production capacity of 1 million tonnes of LOHC [135]. In January 2023, a demonstration
plant for the integration of hydrogen storage at room temperature and normal pressure in the form of LOHC
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and a refueling station was set up for operation [136]. The project invested by China National Chemical
Construction and Investment Company pushed the LOHC technology forward to the stage of
commercialization in China.

LOHGC:s, such as ethyl carbazoles and methylcyclohexanes, can be transported through existing tankers
and pipelines as fuel, which shows a big feasibility for intercontinental energy trade [137]. Diirr et al. [138]
pointed out that if His-dibenzyltoluene is used as the hydrogen carrier in the future global renewable energy
trade, a fully loaded tanker can carry 9300 tonnes of hydrogen. In 2018, Chiyoda Corporation built a pilot
plant for large-scale hydrogenation and dehydrogenation of LOHC materials and launched the world’s first
global LOHC transport hydrogen supply chain demonstration project [139]. Germany has also confirmed
that hydrogen loading with LOHCs is the best option for importing renewable energy resources [140]. In
the future, liquid organic hydrogen carrier transport is expected to become the main mode of transport for
domestic hydrogen energy deployment and international trade.

Table 2. Costs and economic distances of domestic transport modes [129].

P Carrying  Volumetric Gravimetric Cost Energy Economic
ressure o0s
Storage States ~ Transportation Capacity Density Density Consumption Distance
(MPa) (CNY/kg-H2)
(kg-Hz/load) (kg/m) (Wt%) (kWh/kg-H) (km)
High-Pressure .
Trailer 30 300400 14.5 1.1 2.02 1-13 <150
Gaseous
Lo Pipeline 1-6.3 - 3.2 - 0.3 0.2 >500
Cryogenic Liquid
Truck 0.6 7000 64 14 12.25 15 200
Solid Truck 4 300400 50 1.2 - 10-13 <150
Organic liquid Truck 0.1 2000 40-50 4 15 - 200

However, the high thermal energy consumption required for dehydrogenation at elevated temperatures
and the use of expensive catalysts such as Pt, Pd, and Ru, efc., are main concerns for the application of
LOHC technologies [141]. In addition, different hydrogen storage methods have their own advantages and
disadvantages [142], each could be the most economically efficient and profitable under a certain condition.
The materials, energy consumption, safety, and maintenance costs jointly determine the proper choice for
hydrogen transportation and storage.

4. Scenarios Proposed for Accelerating the Hydrogen Supply Chain

China has accumulated experiences in hydrogen preparation, storage, and transportation, and
application technologies within recent years, but the shortage of hydrogen in comparison of the rapid
growing energy requirement is still a big challenge. To overcome this problem, the following scenarios
might be considered.

4.1. Eastern-Forward Gas Transmission

The uneven distribution of energy resources between the east and the west of China results in a
mismatch between the energy resources and demand. The central and western regions are rich in fossil fuel
and renewable energy resources and have redundant capability for hydrogen production. However, the lack
of a hydrogen storage, transportation, and distribution system is a constraining factor [39].

China’s main consumption areas for resources and energy are the economic zone around Beijing (the
so called Beijing-Tianjin-Hebei region), and the Yangtze and the Pearl River Delta areas, while the energy
resources are mainly concentrated in the central and western regions such as Xinjiang, Sichuan, Inner
Mongolia, and Shanxi, efc. [143]. Western China is rich in renewable energy, but suffers from overcapacity
but underutilization. For example, Sichuan in the southwest has 143 GW of theoretical hydropower reserves
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with ca 120 GW available for immediate development and utilization. However, the output of the Sichuan
power system creates a huge surplus during the rainy season. By 2014, Sichuan has lost 9.70 tWh of
hydroelectric capacity [144]. Northwest China is rich in solar energy resources, and the cumulative installed
capacity of the photovoltaic accounts has reached about 1/5 of the whole country [145]. The price of green
electricity from renewable sources there is already below 0.2 CNY/kWh [146]. In Xinjiang, for example,
the installed photovoltaic capacity reached 5.286 billion Watts in 2015, but the photovoltaic power grid
enterprises lost 1.51 tWh of photovoltaic power in 2015 [147]. Therefore, the use of green power, such as
photovoltaic and wind powers, to produce hydrogen in the western region is economically and technically
possible and feasible.

Hydrogen refueling stations in China are currently concentrated in the central and eastern regions such
as Guangdong, Jiangsu, Shanghai, Hubei, and Hebei, efc. Hydrogen produced in the west is transported to
these locations for the end use, such as fuel cell vehicles. In 2022, Liu et al. [145] performed a feasibility
analysis for photovoltaic-coupled hydrogen production from the view of economics. They assessed that
large-scale photovoltaic off-grid hydrogen production in Northwest China is better than that of grid-
connected centralized hydrogen production at the user end, based on the ability to use the excess
photovoltaics that are lost during the electricity transmission.

Overall, the inversely distributed pattern of China’s energy supply and demand is unique in the world,
with “rich in the west and poor in the east, more in the north and less in the south” in terms of resource
distribution, and the opposite the demands [148]. Large-scale and long-distance transport is required to
achieve the west-to-east transmission of hydrogen. As a result, the “west-to-wast gas transmission” system
was proposed for renovation to enable the transmission of liquid hydrogen [143]. In this scenario, natural
gas is reformed to produce hydrogen at the supply end of natural gas. The produced hydrogen is liquified.
The liquified hydrogen acts as a coolant to make the power line working at a superconducting status in a
more efficient way, in which the power line is parallel to the gas pipeline. This scenario enables a
complementary resource pattern for hydrogen and electricity hybrid transmissions.

Europe has already begun a European Hydrogen Backbone (EHB) project, which aims to utilize the
wind energy from the North Sea and the solar energy from Spain to produce hydrogen, and then to transport
it to major industrial regions such as Germany, France, and the Netherlands. The project is expected to
facilitate the transfer of energy from resource-rich regions to manufacturing and industrial centers [149].
China could draw upon the experience of this project when considering the development of its own
hydrogen equivalent of the west—east gas pipeline system.

4.2. Possibility for Wind Power Export from Northeast China to Japan and South Korea

More than 90% of China’s wind energy resources are located in the north, ranging from west to east,
including Xinjiang, Gansu, Hebei, Inner Mongolia, Heilongjiang, Jilin, and Liaoning [150]. Among them,
the contributions of wind energy to the national power grid in Heilongjiang, Jilin, and Liaoning have
reached 6.11, 5.57, and 8.32 billion Watts, respectively, in 2019 [151]. However, the abandonment of wind
power in those three provinces has reached 180, 300, and 80 bWh, respectively [151]. Wind abandonment
is defined here as the total amount of electricity that wind turbines can generate based on wind resources, but
is discarded by wind farms due to limitations in transmission lines or potential safety issues in the grid [152].

Therefore, the use of wind power in the northeastern region of China remains a way to rationalize the
efficient use of abandoned wind resources and convert them into hydrogen energy for storage. In 2023, the
first integrated new energy power generation and hydrogen refueling project to go into operation in the city
of Baicheng in northeast China was successfully launched with a designed capacity of 10.6 MW, including
6.6 MW of wind power and 4.0 MW of photovoltaic, which will contribute to the construction of the
“Hydrogen Valley” in Northern China in Baicheng [153]. It was estimated that under isolated grid operation
conditions, the use of wind energy for in-situ hydrogen production in the city of Baicheng can sustain a
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selling price of around 40 CNY/kg-Hz at the exit of the hydrogen refueling station [154]. If being used to
refuel hydrogen fuel cells, it has the potential to compete with gasoline.

In addition to the local application of hydrogen produced from wind power in Northeast China, the
produced hydrogen can be exported to Japan and South Korea nearby. Japan and South Korea possess
relatively limited territorial areas and are highly dependent on imported energy resources. Given the
geographical proximity of Northeast China to both countries, transportation costs associated with energy
trade are comparatively lower. This would help to release the hydrogen shortage in these two countries.
Indeed, study [155] demonstrates that hydrogen production from Chinese offshore wind can be delivered
in quantities and at costs consistent with Japan’s idealized future projections. The case for South Korea is
similar, even more possibilities for supply locations can be adapted.

4.3. International Cooperation in the Hydrogen Energy Supply Chain

Against the backdrop of a low-carbon transition, hydrogen energy will play an important role in our
energy structure. Hydrogen production, storage, transport, and refueling have different challenges and
different strengths in different countries, and synergistic cooperation is the only way to promote the
international development of the hydrogen energy industry. A number of countries and organizations have
issued bilateral and multilateral cooperation agreements and initiatives related to hydrogen energy,
including the Clean Energy Ministerial Hydrogen Initiative, the Hydrogen Innovation Mission, and the
Global Hydrogen Energy Partnership of the United Nations Industrial Development Organization [156].

As mentioned above, the hydrogen supply chain from Australia to Japan and Germany has been
operated at a demonstration level or proposed for further collaboration [90]. The solar intensive areas such
as the Middle East and Africa have huge potentials for renewable hydrogen as well as blue hydrogen
production. Synergistic cooperation between the energy importing counties such as China, Japan, and Korea,
with those countries with abundant renewable energy resources, such as Australia, the Middle East, and
Africa, will play an important role in the future after the oil era. The energy supply sustainability in the
incoming hydrogen era has been considered.

5. Conclusions

In summary, the weight of fossil energy in China’s consumption structure is gradually declining, while
clean energy, including renewable-derived hydrogen, is gaining prominence as a sustainable option.

From an economic perspective, renewable hydrogen is not yet cost-competitive but holds great
potential and is expected to outperform blue hydrogen in the future. Long-distance hydrogen transport
remains challenging. For intercontinental delivery, chemical carriers may be the most viable option, though
technical barriers remain, such as developing high-energy-density LOHC molecules, lowering hydrogen
recovery temperatures, and improving catalysts. In countries with strong infrastructure capabilities, such as
China, a nationwide pipeline network could be an alternative.

The gap between the energy demand and hydrogen supply persists. Three scenarios are proposed to
strengthen the hydrogen economy both in China and globally: (1) utilizing western China’s abundant solar
and wind powers to produce hydrogen and transporting it to central-eastern regions; (2) enhancing
international cooperation in hydrogen discovery and trade, for example, countries like China and Japan
could import hydrogen from renewable-rich regions such as Australia and the Middle Asia; and (3)
exporting the renewable resource potentials (such as wind power) at northeast China to nearby Japan and
South Korea.

In the long term, establishing a fully integrated, cost-efficient hydrogen supply chain should be the
emphasis. This includes constructing a nationwide pipeline network in countries with sufficient
infrastructure capacity, advancing high-energy-density liquid organic hydrogen carriers (LOHCs), etc.
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Overall, a phased strategy is the core that balances immediate feasibility with sustainable growth, ensuring
that renewable hydrogen becomes both economically competitive and globally impactful over time.
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