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Abstract. As the world tackles climate change by reducing greenhouse gas emissions, hydrogen
energy is believed to play a crucial role in the global shift to cleaner energy sources. Collaborative
efforts across sectors are currently propelling the hydrogen energy industry to overcome obstacles
and challenges, transitioning from pilot projects to widespread commercialization, thus advancing a
cleaner, low-carbon, safer, and more efficient energy system. This article provides an in-depth
examination at the hydrogen energy industry’s current development. We will then examine the
hydrogen energy industry chain, providing an in-depth analysis at each link and its projected
development. We anticipate future hydrogen energy industry trends and hope this information
improves everyone’s understanding of it.
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1. Introduction

As the world grapples with the urgent need to reduce greenhouse gas emissions and combat climate
change, hydrogen energy has emerged as a pivotal power in the global transition toward a sustainable
and low-carbon future.According to statistics, since 1850, the concentration of carbon dioxide in the
atmosphere has increased from 280>10° to 45010 the global temperature has increased by 0.9 ~
1.2°C, and the sea level has risen by 20 cm3l. In particular, in the past 30 years, the global
temperature and sea level have increased rapidly, with the temperature rising rate reaching 0.2°C
every 10 years and the sea level rising rate reaching 0.32 cm/al*¢l. By the end of this century, if global
climate warming reaches 2<C, the sea level rise will reach 36 ~ 87 cm, 99% of coral reefs will
disappear, about 13% of terrestrial ecosystems will be destroyed, and many plants and animals are at
risk of extinction. Il Hydrogen offers a versatile and clean energy carrier capable of decarbonizing
multiple sectors, including transportation, industry, and energy storage. Hydrogen can abate 80
gigatons of CO2 by 2050. Setting our energy system on a trajectory to net zero requires firm
commitment and rapid acceleration. It is estimated that the deployment of 75 MT of clean hydrogen
is needed by 2030 — an ambitious, yet achievable target. This supply of clean hydrogen can replace
25 MT of grey hydrogen in ammonia, methanol, and refining; 50 billion liters of diesel in ground
mobility; and 60 MT of coal used for steel production.®l Despite its potential, hydrogen faces
challenges such as high production costs, immature storage and transportation technologies, and
environmental concerns related to leakage and resource consumption. For example,at present, gray
hydrogen accounts for more than 95% of global hydrogen production, hydrogen production from coal
or natural gas costs only 10-15 yuan /kg, and the cost of green hydrogen production from renewable
energy electrolytic water exceeds 30 yuan /kg.°IThis paper explores the current state of hydrogen
production, storage, transportation, and applications, alongside the policies and market dynamics
driving its adoption. By analyzing the environmental impacts and technological advancements, this
study aims to provide a comprehensive understanding of hydrogen's role in achieving global carbon
neutrality and shaping a sustainable energy future.
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2. Hydrogen production

2.1. Green Hydrogen

Green hydrogen production is the production of hydrogen through the electrolysis of water by
renewable energy sources such as solar, wind, water, etc,and the entire process produces almost no
carbon emissions. The main place for hydrogen production by electrolysis is the electrolytic cell,
which electrolyzes water into hydrogen and oxygen under the action of direct current. According to
IRENA statistics, taking the IMWALK water electrolysis system as an example, the cost of the
electrolyzer in the entire water electrolysis hydrogen production system accounts for about 45%. Each
electrolytic cell is divided into an anode cell and a cathode cell. The cathode cell produces hydrogen
and the anode cell produces oxygen. The main components and materials of the electrolyzer include
the electrode, the diaphragm and the electrolyte, of which the electrode is mainly composed of metal
materials, accounting for about 57% of the cost of the electrolyzer. The overall reaction
is:H,O—H2+1/20,. The leading current hydrogen production technologies through water electrolysis
are as follows.

Proton Exchange Membrane water electrolysis for production(PEM): Using a proton exchange
membrane as the electrolyte produces hydrogen, it can operate at a relatively low temperature and
has high efficiency and hydrogen purity. Specifically, PEM electrolysis of water to produce hydrogen
is divided into four steps: First, water (2H.O) undergoes a hydrolysis reaction on the positive
electrode, and splits into protons (4H*), electrons (4e) and gaseous oxygen (O2) under the action of
electric fields and catalysts. Then, 4H* passes through a solid PEM containing sulfonic acid functional
groups and reaches the negative electrode under the action of an electric field. Next, the 4e” pass from
the positive to the negative electrode through the external circuit. Finally, the 4H* at the negative
electrode accepts 4e to form 2H..The Electrolysis principle of PEMEC is shown in Figure 1 below. %]
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Fig. 1 Scheme of the operating principle of a proton exchange membrane (PEM) electrolysis cell

During the operation of the PEM electrolyzer, the proton exchange membrane provides a
transmission channel that only allows water molecules and hydrated hydrogen ions to pass through,
transporting protons from the anode of the electrolyzer to the cathode of the electrolyzer, forming an
ion transferpath inside the electrolyzer. The main components of PEM water electrolyzer are proton
exchange membrane, catalyst layer, gas diffusion layer and bipolar plate from inside to outside, in
which the diffusion layer, catalytic layer and proton exchange membrane form the membrane
electrode assembly (MEA), which is the main site of the material transmission and electrochemical
reaction of the entire water electrolyzer. The characteristics and structure of the membrane electrode
directly affect the performance and lifetime of PEM electrolyzer.Proton exchange membrane in PEM
electrolytic cell has the following three functions: 1. As a solid electrolyte, it conducts the protons
generated by the anode reaction to the cathode to participate in the cathodic Hydrogen Evolution
Reaction, providing a channel for proton transfer. 2. Isolate the reaction products (hydrogen and
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oxygen) on the cathode side and the anode side, to avoid the mutual penetration of hydrogen and
oxygen. 3. Provide physical support for the catalyst layer on the cathode side and the anode side.

Hydrogen is produced via alkaline water electrolysis (ALK) using alkaline electrolytes like NaOH
or KOH; this mature, low-cost technology has relatively low efficiency. The main body of the ALK
electrolytic cell is assembled by the end pressure plate, gasket, plate, electroplate, diaphragm, and
other parts, including dozens or even hundreds of electrolytic cells, which are pressed together by the
screw and the end plate to form a cylinder or square. Two adjacent plates, including positive and
negative plates, an anode electrode, diaphragm, sealing washer, and cathode electrode 6 parts delimit
each electrolytic cell. In the electrolyte material of ALK, in the industrial application, KOH solution
with a mass fraction of 30% or NaOH solution with a mass fraction of 26% is widely used.The
working principle of ALK electrolytic cell is shown in Figure 2 below.™
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Fig. 2 Working principle of ALK electrolytic cell

Solid Oxide water electrolysis for hydrogen production (SOE): Using solid oxides at high
temperatures as the electrolyte, it has high efficiency and low energy consumption, but the cost and
technical requirements are high.[*?! The typical construction scenario of SOEC electrolyzer is shown
in Figure 3 below.[*]
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Fig. 3 Typical construction scenario of SOEC electrolyzer

Other technologies also include: Anion Exchange Membrane water electrolysis for hydrogen
production (AEM): Using an anion exchange membrane, combines the advantages of Alkaline and
PEM electrolysis. The working principle of the AEM anion exchange membrane is shown in Figure
4below.4]
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Fig. 4 Sehematic diagram of A EM anion exchange membrane

Currently, the technology for green hydrogen production remains in its nascent stages,
characterized by relatively low maturity and high costs, and it will require a considerable period
before widespread adoption can be achieved.

2.2. Gray hydrogen

Gray hydrogen is hydrogen produced from fossil fuels, such as natural gas or coal.Gray hydrogen
is mainly produced by steam methane reforming (SMR), which reacts natural gas with water vapor
to produce hydrogen, or coal gasification, which reacts coal with oxygen and water vapor to produce
syngas and further convert to hydrogen. The following is the specific reaction equation:Main reaction
Methane (CH,) reacts with water vapor (H,O) at high temperatures (700-1000<C) with a catalyst
(nickel based) to form hydrogen gas (H;), carbon monoxide (CO),and a small amount of carbon
dioxide(CO,):CH, + H,0O — CO + 3H,.Water gas conversion reaction:The carbon monoxide reacts
with water vapor to produce more hydrogen CO + H,0 — CO, + H,.Overall reaction formula:
CH, + 2H,0 — CO, + 4H,.The production process of this method has high carbon
emissions.Especially,in the case of producing pure hydrogen, it is necessary to convert all the CO
(42% to 60%, volume fraction) in the syngas into CO2 in the conversion stage to generate the target
product H2, which is the most important source of CO2 produced by the hydrogen production process
from fossil resources, accounting for 70% to 85% of the carbon emissions in the entire process. The
Hydrogen production from fossil resources is shown in Figure 5 below. [15]
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Fig. 5 Hydrogen production from fossil resources

These two methods have mature technology and low cost, but high carbon emissions, emitting 9-
12 kg and 18-20 kg of carbon dioxide per 1 kg of hydrogen production, respectively. Although gray
hydrogen is currently the main source of hydrogen, due to its negative impact on the environment, it
will gradually be replaced by blue hydrogen combined with carbon capture technology and green
hydrogen made from renewable energy in the future, becoming a transitional choice in the energy
transition.
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2.3. Blue Hydrogen

Blue hydrogen production is the production of hydrogen through technologies such as Steam
Methane Reforming (SMR) or Autothermal Reforming (ATR) and a process equipped with Carbon
Capture and Storage (CCS) technology to reduce carbon emissions. As described in 2.2 When
hydrogen is produced by SMR, the main reaction and water gas conversion reaction will release a
large amount of CO,.And then CO, is separated from the smoke of the SMR unit.Commonly the
capture efficiency can reach 85-95%.CCS can be divided into three main segments, carbon capture,
transport and carbon storage. First, there are three main methods of carbon capture.

Pre-combustion CO- capture: separation of CO, before fuel combustion such as coal gasification
hydrogen production process. Pre-combustion CO. capture process diagram is shown in Figure 6
below.
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Fig. 6 pre-combustion CO2 capture
Source: IEAGHG Technical Report 2019

Post-combustion CO; capture: Separation of CO, from the flue gas, commonly used chemical
absorption method, such as amine liquid absorption. Post-combustion CO, capture process diagram
is shown in Figure 7 below.
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Fig. 7 Post-combustion CO2 capture
Source: IEAGHG Technical Report 2019

Oxyfuel combustion processes: Use pure oxygen instead of air combustion, so that the CO,
concentration in the flue gas is higher. Oxyfuel combustion processes diagram is shown in Figure 8
below.
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Fig. 8 Oxyfuel combustion processes
Source: IEAGHG Technical Report 2019
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Then transportation is mainly through pipelines, ships or trucks to transport liquid or supercritical
CO;, to the storage site. Finally, storage. There are mainly three kinds of storage methods.

Geological storage: Injection into deep underground geological structures such as depleted oil and
gas fields, salt water layers, and unexploitable coal seams. For example,Norway's Sleipner project:
The CO, produced by hydrogen production from natural gas in the North Sea is sequestered into the
salt water layer of the sea floor, with a cumulative storage of more than 20 million tons.

Mineral sequestration: CO, reacts with metal oxides to form stable carbonates.For example,basalt
mineralization.

Marine sequestration: Sequestration of CO, in deep sea or seabed sediments.

A visual overview of each step in the CCUS process is shown in Figure 9 below. [
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Fig. 9 CCUS process
Source:Carbon Capture Utilisation and Storage - Energy System - IEA
It has already reached a certain scale and relies on carbon capture and storage technology.

2.4. Other methods

Biological hydrogen production and photocatalytic hydrogen production are two kinds of clean
hydrogen production technologies. The former uses microorganisms to convert water or organic
matter into hydrogen through photobiological hydrogen production, dark fermentation, or photo
fermentation, which is suitable for waste treatment and resource recycling. To be more specific,
according to the difference between microorganisms, hydrogen-containing substrate, and hydrogen
production mechanism, the hydrogen production method can be divided into three categories.
Photolysis of aquatic hydrogen. Green algae and Bacteria such as cyanobacteria decompose water
under light and anaerobic conditions to produce hydrogen. Hydrogen production by light fermentation.
Photosynthetic bacteria decompose organic matter to produce hydrogen under light and anaerobic
conditions. Dark fermentation hydrogen production. Anaerobic fermentation bacteria break down
organic matter to produce hydrogen in dark, anaerobic conditions.!”l This method uses a
photocatalyst to split water into hydrogen under light; it relies on solar energy, and its raw material
is clean. The photolysis process has three steps. Light excites the semiconductor. When the energy
absorbed by the semiconductor is equal to or greater than its own band gap, the electrons in the
valence band transition to the conduction band after excitation, and free electrons appear in the
conduction band, while holes are left in the valence band. Recombination and migration of photo-
generated carriers. Due to thermal vibration and other reasons, most of the photo-generated electrons
will re-transition to the valence band, the electron-hole pairs will be recombined, and the remaining
few photo-generated carriers will migrate to the semiconductor surface. Surface reaction. Some of
the carriers that reach the surface will still recombine on the surface, and the rest will be captured by
the water molecules adsorbed on the semiconductor surface, thus triggering the decomposition of
water molecules.[*¥lAlthough the two are currently inefficient and the technology is not fully mature,
they provide an important direction for a sustainable, low-carbon hydrogen economy in the future,
and have broad application prospects.
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3. Hydrogen energy storage and transportation

3.1. Hydrogen energy storage

Hydrogen storage technologies are divided into two directions: physical hydrogen storage and
chemical hydrogen storage [*%2°. Physical hydrogen storage mainly includes :Room-temperature
high-pressure hydrogen storage, Cryogenic liquid hydrogen storage,Cryogenic high-pressure
hydrogen storage and Porous material adsorption hydrogen storage. High-pressure gaseous hydrogen
storage equipment is convenient and has achieved mature commercialization. The storage of gaseous
hydrogen uses high-pressure gas cylinders as containers, there are four main types: Type | cylinders
are made of steel or aluminum and other metal materials, have relatively simple structures, and mainly
rely on the strength of the metal to withstand the internal high pressure, although strong but relatively
heavy and weak pressure bearing capacity; To solve the limitations of the weight and pressure bearing
capacity of the type I hydrogen storage cylinder; Type Il bottles use metal material as the inner liner
and wrap composite material around the outside as reinforcement, which doubles the load capacity
of the storage tank, but the pressure of hydrogen storage generally does not exceed 20MPa.. The type
I11 bottle also uses metal material as the inner liner, but the cladding form of the external composite
material changes to a combination of annular winding and longitudinal winding. The metal inner liner
provides air tightness, and the fully wrapped composite material improves the strength of the
hydrogen storage tank. In order to further reduce the weight of the hydrogen storage tank, increase
the hydrogen storage density and reduce the cost, the type 1V bottle replaces the original metal inner
liner with a plastic inner liner.[?!1 Several types of high-pressure hydrogen storage vessels are shown
in Table 1.1%2]

Table 1. Different types of hydrogen storage vessels

Fiberglass hoop
wrap, steel liner

All-carbon full wrap,
metallic liner

Fiberglass/carbon full wrap,
plastic liner

Material All steel

Working pressure (MPa)
Media compatibility
Mass hydrogen storage
density (Wwt%)

Volumetric hydrogen
storage density (g/L)

Service life (years)
Cost

Is the car available?

17.5-20

Hydrogen brittle,

corrosive

=1

14.28-17.23

15

Low

No

26.3-30

Hydrogen brittle,
corrosive

=1.5

14.28-17.23

15
Moderate

No

30-70

Hydrogen brittle,
corrosive

=2.4-4.1

35-40

15-20
Highest

Yes

>70

Hydrogen brittle, corrosive

=2.5-5.7

38-40
15-20
High

Yes

However, it has low hydrogen storage density and poses safety risks such as leakage, making it a

less preferred option for hydrogen storage technology in the long term 231, Cryogenic liquid hydrogen
storage requires liquefaction of hydrogen, which can significantly increase hydrogen storage density.
In the process of storage of liquid hydrogen, the spin isomer conversion of hydrogen is particularly
important. Orthohydrogen and Parahydrogen are two forms of hydrogen molecules with parallel and
antiparallel nuclear spin arrangements, respectively. ?*®IFigure 10.1%! shows the change law of the
ratio of Orthohydrogen and Parahydrogen hydrogen in equilibrium hydrogen with temperature and
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the change law of the specific enthalpy of Orthohydrogen and Parahydrogen hydrogen with
temperature.
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Fig. 10 The variation law of the ratio of positive and secondary hydrogen in equilibrium hydrogen
with temperature(left), and the variation law of the ratio of positive and secondary hydrogen with
temperature (right)

Orthohydrogen hydrogen is relatively stable at higher temperatures, while Parahydrogen hydrogen
is stable at low temperatures, and is the main form of liquid hydrogen and solid hydrogen. The
conversion of Orthohydrogen hydrogen to Parahydrogen hydrogen will release heat, which is the
main source of self-heating of liquid hydrogen. However, the energy consumption and cost of liquid
hydrogen storage are high [?"l. Commercial liquid hydrogen storage and transport technologies are
mature in Europe, the US, and Japan, unlike China, where high costs and limited core technology
restrict its use in aerospace %, Cryogenic high-pressure hydrogen storage technology improves
hydrogen storage density compared to high-pressure gaseous hydrogen storage and reduces energy
consumption compared to liquid hydrogen storage [ although it is still in the research and
development stage. Porous materials, such as carbon nanomaterials %3 and metal-organic
frameworks (MOFs) 322 have large specific surface areas and can adsorb hydrogen through van
der Waals forces. However, their adsorption performance and hydrogen storage capacity at room
temperature and pressure need improvement. Solid-state metal hydrogen storage offers high safety
and maintains high purity of hydrogen, but its hydrogen absorption/desorption performance and
cycling stability need enhancement. Chemical hydrogen storage primarily includes metal hydride
hydrogen storage and organic liquid hydrogen storage. Metal hydrogen storage materials store
hydrogen in alloys in the form of metal hydrides, including magnesium series, titanium series,
vanadium series, rare earth series and composite hydrogen storage alloys, etc. The hydrogen storage
capacity of magnesium alloy is large (up to 7.6%), but the hydrogen discharge temperature is high,
usually 300°C; The hydrogen storage capacity of titanium series, vanadium series and rare earth series
hydrogen storage alloys ranges from 1.4% to 2.4%, and the hydrogen discharge temperature is
significantly lower than that of magnesium series. The coordination hydride route requires alkali
metals (lithium, sodium, potassium, etc.) or alkaline earth metals (magnesium, calcium, etc.) or third
major group elements (aluminum, boron, etc.). In the process of hydrogen absorption, the alloy
hydrogen storage material takes on exothermic reaction to absorb hydrogen and form metal hydride
under certain temperature and hydrogen pressure. In the process of hydrogen dehydrogenation, the
metal hydride undergoes an endothermic reaction under heating to release the absorbed hydrogen. A
list of selected metal hydrides along with their hydrogen capacities is shown in Table 2.4
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Table 2. Hydrogen storage characteristics of metal hydrides

i H2 capacity|Desorption temperature| . .
Metal hydride (Wt%) (T) Desorption enthalpy (kj/mol H2)

MgH2 7.6 >300 75
Mg2NiH4 3.59 >280 65

Mgz2FeHs 5.5 >300 77.6
FeTiH 1.89 >30 28
LaNisHs 1.4 >100 31
MgHz-LiAlHs (1:1m)| 94 >250 45
MgH2-NaAlHs (1:1M), 7.6 >175 —
MgH2-LiBH4 11.4 >350 45

Microscopic mechanism: Hydrogen molecules are first adsorbed on the surface of the metal, and
are dissociated into hydrogen atoms with the hydrogen bond breaking. The hydrogen atoms enter the
gap of metal atoms through internal diffusion to form metal solid solution, and then the hydrogen
atoms in the solid solution further diffuse to the inside of the metal, reaching the solid solution and
transforming into the activation energy of chemical adsorption to form hydrides. Simplified model of
metal-hydrogen interaction is shown in Figure 11 below.%
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Fig. 11 Simplified model of metal-hydrogen interaction

In recent years, unsaturated hydrocarbon organic solutions have been regarded as promising
hydrogen carriers. They store hydrogen through hydrogenation reactions and release hydrogen
through dehydrogenation reactions, offering high hydrogen storage density and the potential to utilize
existing liquid fuel transportation infrastructure for hydrogen transport®¢-3"1. The basic principle of
this technology is catalytic hydrogenation reaction, loading hydrogen onto specific organic liquid
molecules to form hydrogen-rich organic matter to achieve efficient hydrogen storage.When
hydrogen is needed, it is released by catalytic dehydrogenation. In the hydrogenation stage, the liquid
organic hydrogen carrier such as aniline, methylcyclohexane, etc, reacts with hydrogen under the
action of a catalyst, and the hydrogen atoms are combined into the molecular structure of the organic
carrier to form a stable hydrogen-rich compound, at which time the hydrogen is "stored" in the liquid.
When hydrogen is needed, the hydrogen stored in the organic liquid is released by heating and
catalytic dehydrogenation.t® Currently, this technology is still in the research and development stage,
with catalysts requiring further optimization, and the hydrogen released after dehydrogenation
needing additional purification. The performance comparison of several typical hydrogen storage
technologies is shown in Table 3.
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Table 3. Performance Comparison of Hydrogen Storage Technologies

Hydroge Storage
n Storage Density Operating N .
Technolo | (Mass/Volu | Conditions Key Advantages Key Limitations | Applcations
gy me)
High-pressure
Room- Ambient Mature technology, safety risks,low Fuel
Temperat 1-5 wt% simple equipment, fast . cellvehicles,
. temperature, volumetric .
ure High- | 20-40kg/m=3 hydrogen . stationary
35-70 MPa ; density,heavy
Pressure charge/discharge ! storage
containers
High
Ultra-low Extremely high liquefaction Aerospace
Cryogenic | =100%liquid | temperature( nely nig energy(=30%of pace,
I : volumetric density,no large-scale
Liquid H, density . high-pressure containers H, hydrogen
Hydrogen | 70.8 kg/m3| 253°C).ambi gn-p ; energy),evaporat ydrog
required . . transport
ent pressure ion loss,strict
insulation
Cryogenic Low Combines low sirﬁﬁﬂ::]reegus
High- 5-8 wt% temperature( temperature and temperature/pres Industrial
Pressure 50-80 -50~- moderate pressure for P sure P storage,
Composit kg/m=3 1507C). enhanced storage | | laboratory use
o 15-35 MPa density control,complex
system design
Ambi Low-pressure Low storage
Porous 1-3 wit% mbient to operation,high safety. density,high
Material cryogenc(- adsorbent
. 10-30 o tunable . Smal-scale
Adsorptio 196°C). . . | cost,requires pre- .
0 kg/m3 310 MP materials(e.g.MOFs,acti coolina/regenera devices, R&D
i a vated carbon) (:[]iong
Safe low-pressure Low gravimetric Portable
1-7 wt% Ambient- storage,high density.thermal ower
Metal 50-150 200°C, volumetric managemen su%marihe
Hydride kg/m3 0.1-5 MPa density,reversible required,material
. . storage
reactions degradation
oraanic Ambient Ambient storage, High
Lig id 5-7 wt% conditions compatible with dehydrogenation | Long-distance
H d?o en 50-60 200(storage) existing energy, costly | transport,chem
g g kg/m=3 -300°C oilinfrastructure, high | catalysts, limited | ical industry
torage .
(release) safety cycle life

3.2. Hydrogen Energy

Transportation: Key methods for moving hydrogen include high-pressure gas, cryogenic liquid,
pipeline, and solid-state transport, plus options like liquid organic hydrogen carriers (LOHC) and
ammonia. Each involves a different technology for transporting hydrogen. At present, the most
mature hydrogen transport method is the high-pressure long tube trailer, which is suitable for
transportation in the city and meets the needs of short-distance hydrogen transport. The key
equipment technology of low-temperature liquid hydrogen transportation has been gradually
industrialization, and will become an important mode of hydrogen transportation in the civilian
hydrogen energy field in the future. In addition, pure hydrogen pipeline transportation has not been
popularized due to high cost, and will gradually be applied with the expansion of industrial
applications in the future. It is worth paying attention to the natural gas mixed hydrogen transport
mode, which can use existing natural gas pipelines to transport hydrogen, especially for civil
construction, and can achieve the purpose of reducing natural gas consumption without replacing
household cookware. Compared with the construction of pure hydrogen transport pipeline, hydrogen
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blending technology of natural gas pipeline is more economical. In the future, with the growth of
hydrogen demand in developed regions such as the east of China, the use of cheap renewable power
resources in the northwest region of the "Hydrogen Energy Huyong Line" to produce hydrogen and
incorporate it into natural gas pipelines is expected to achieve large-scale long-distance transmission
of hydrogen, which will help solve problems such as the imbalance of regional distribution of energy
in China and promote the rapid development of the hydrogen energy industry.*® In Germany,there
have been engineering cases of 20% mixed hydrogen in the natural gas pipeline network. The Gestion
des Réseaux par I’Injection d’Hydrogéne pour Décarboner les Energies (GRHYD) project in France
started injecting natural gas containing hydrogen (blending rate of 6%) into the gas network in 2018,
and the blending rate of hydrogen reached 20% in 2019. In the United Kingdom, zero-carbon
hydrogen production is implemented in the HyDeploy project, government has laid out that by 2023
it wishes to The hydrogen value chain work with industry to complete testing necessary to allow up
to 20% blending of hydrogen into the gas distribution grid for all homes on the gas grid. This is
supported by a Value for Money assessment being undertaken by BEIS in 2022.1401 The incorporation
of hydrogen into the existing natural gas pipeline system is an effective way to achieve large-scale
and low-cost hydrogen energy transportation and increase the consumption of renewable energy, but
the hydrogen embrittleness (HE) effect caused by hydrogen is a serious threat to pipeline safety.
Current studies mostly focus on the transportation conditions of hydrogen-doped natural gas, but due
to the differences in natural gas components, pipeline working conditions and storage and
transportation materials in different countries, the research results lack universality, and the law of
the influence of hydrogen-doped proportion on the pipeline network system is not clear. According
to the relevant data, it can be summarized that the focus should be carried out in three aspects: first,
according to the development level of hydrogen mixing technology in various countries, targeted
hydrogen embrittance research; The second is to establish a hydrogen mixing demonstration project
to systematically evaluate the impact of different hydrogen mixing ratios on the hydrogen embrittance
resistance of infrastructure; The third is to strengthen the research on the mechanism of hydrogen
embrittlement resistance of materials, build a material compatibility test platform, optimize the
compatibility of pipe network equipment and hydrogen-doped natural gas in terms of technical
indicators, user needs and economy, and provide theoretical support for the large-scale safe
transportation of hydrogen-doped natural gas.! !

4. Hydrogen application

4.1. Transportation

Hydrogen energy plays an important role in transportation, and its core advantage is to achieve
low carbon and efficient energy transition. As a zero-emission clean energy source, hydrogen fuel
cell vehicles only emit water vapor, which can significantly reduce greenhouse gases and pollutants,
especially for long-distance freight, public transportation and other traditional fuel consumption areas.
The high energy density of hydrogen gives it potential in heavy trucks, ships and aviation, overcoming
the limitations of battery life and charging time of pure electric vehicles. At the same time, hydrogen
can be produced by electrolyzing water from renewable sources, reducing dependence on fossil fuels,
improving energy security, and supporting localized energy supply. The commercialization of
hydrogen transportation continues to accelerate as technological advances drive fuel cell efficiency
and hydrogen storage costs down, and as national policies accelerate the promotion through subsidies
and infrastructure investments (such as hydrogen refueling stations). In the future, with the
breakthrough and large-scale application of green hydrogen production technology, hydrogen energy
is expected to become a key path for the decarbonization of multi-mode transportation and help
achieve the goal of global carbon neutrality.
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Table 4. The performance of the hydrogen systems in the transport sector is presented(?!

Application Capacity | Energy efficiency* | Investment cost™ | lifetime | Maturity

. Tank to wheel 43- 150,000 Early

Fuel cell vehicle | 80-120 kW 60% (HHV) $ 60 K-100 K Km market

. -80% inc.
Hydroggn retail 200 kg/day | compression to 70 $1.5-25M - Early
station market
MPa

Tube trailer | Up to 1000 -100% (without $1M ($ 1000 per .

. - Maturity
(gaseous) kg compression) kg payload)
o n a0
Liquid tankers Up to 4000 | Boil-off stream: 0.3% $75 K i Maturity
kg loss per day

Lower heating value*, $=USD
All power specific investment costs refer to the energy output™**
HHV-higher heating value

4.2. Industrial application

Hydrogen energy has a wide range of important uses in the industrial sector and is the key to
promoting the decarbonization of traditional high-carbon industries. In the chemical and oil refining
industries, hydrogen is used in ammonia synthesis, fertilizer production, refinery desulfurization and
methanol manufacturing, and is the core raw material of the chemical industry chain. In steel
manufacturing, hydrogen as a reducing agent (hydrogen direct reducing iron technology) can replace
coke, greatly reducing carbon emissions in the steelmaking process. In addition, hydrogen, as a high
caloric value fuel, provides high temperature heat sources for glass, ceramics, cement and other
industries, and gradually replaces fossil fuels for industrial boilers. In electronics and semiconductors,
high-purity hydrogen is used as a protective gas in chip manufacturing and liquid crystal panel
production.

4.3. Other industries

In energy storage and power systems, hydrogen energy can be used as a large-scale energy storage
medium, through electrolytic water to convert surplus solar energy into hydrogen storage, solve the
intermittent problem of renewable energy, and in the grid peak load through fuel cells or gas turbines
to generate electricity, improve the flexibility of the energy system. For example, the German
"Hybridge" project uses hydrogen energy to achieve cross-season storage of solar energy. In building
heating and power supply, hydrogen can be mixed with natural gas (up to 20% hydrogen) for home
heating, or fuel cells to provide combined heat and power to buildings, reducing carbon emissions.
Japan's Tokyo Gas Company pilot hydrogen energy housing, to achieve heating, and power
integration. In the medical field, hydrogen has also been proved to be effective in removing oxidation
groups and treating oxidative damage 344, In the food industry, hydrogen is often used to
hydrogenate fats and fats to improve the use value of fats and fats [>-46],

5. Policy and market

5.1. Policy

With the increasing global energy demand and the increasingly severe problem of climate change,
it is inevitable to accelerate the transition from traditional energy to clean and sustainable energy.The
world's major economies see hydrogen as an important option for energy security and carbon
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neutrality. By the beginning of 2021, more than 30 major economies, including the United States, the
European Union, Japan, and Australia, have formulated hydrogen development strategies and related
policies.The 2020 Fraunhofer Society's vision of the German Hydrogen Economy Development
Route (71 predicts that the expansion of hydrogen production capacity by electrolytic water in
Germany alone will require a capacity of 50-80 GW by 2050. Taking China as an example, China
has published a medium and long-term plan for the development of the hydrogen energy industry
(2021-2035). According to the plan, we can see that by 2025, a relatively complete system and policy
environment for the development of the hydrogen energy industry will be formed, the industrial
innovation capacity will be significantly improved, the core technology and manufacturing process
will be basically mastered, and a relatively complete supply chain and industrial system will be
initially established. Remarkable achievements have been made in the demonstration and application
of hydrogen energy, great progress has been made in clean energy hydrogen production and hydrogen
energy storage and transportation technologies, and the market competitiveness has been greatly
improved. A hydrogen energy supply system has been initially established that focuses on industrial
by-production of hydrogen and nearby utilization of hydrogen production from renewable energy
sources. The number of fuel cell vehicles is about 50,000, and a number of hydrogen refueling stations
have been deployed. Hydrogen production from renewable energy reaches 100,000 to 200,000
tons/year, becoming an important part of new hydrogen energy consumption, and achieving carbon
dioxide emission reduction of 1 to 2 million tons/year.After another five years of development, by
2030, a relatively complete hydrogen industry technology innovation system, clean energy hydrogen
production and supply system will be formed, the industrial layout will be reasonable and orderly,
and renewable energy hydrogen production will be widely used, which will strongly support the
realization of the carbon peak goal.By 2035, a hydrogen energy industrial system will be formed to
build a multi-component hydrogen energy application ecology covering transportation, energy
storage, industry and other fields. The proportion of hydrogen production from renewable energy
sources in terminal energy consumption has increased significantly, which plays an important
supporting role in the development of green energy transformation.[“él

5.2. Market

The hydrogen economy faces enormous challenges that cannot be solved by the market alone.
High production costs, low-cost performance for storage and transportation, market forces influenced
by vested interests in fossil fuels and existing profitable renewable technologies often hinder the
competitiveness and development of hydrogen. To overcome these problems, heavy government
intervention is therefore essential. According to Hydrogen Insights 2024, it is expected that by 2030,
the global hydrogen energy market will exceed 680 billion US dollars, the proportion of green
hydrogen will be significantly increased, and the hydrogen energy industry chain will gradually
mature, providing important support for the global carbon neutrality goal.[*®] The gas hydrogen is
suitable for short distances with medium and low transportation volumes or long distances with low
transportation volumes. Liquid hydrogen and liquid organic hydrogen carriers are both suitable for
long distances with large transportation volumes. Liquid organic hydrogen carriers have advantages
in daily transportation demand of more than 20,000 kg/day. Pipeline gas hydrogen is suitable for short
distances of less than 100 km with large transportation volumes. Then the economic analysis under
the 1-to-N hydrogen storage and transportation scenario is conducted to decrease the economic cost.
At 25 km, 1-to-N gas hydrogen transport can reduce the cost by up to 26.2% (300 kg H2/day) and 1-
to-N liquid hydrogen transport can reduce the cost by up to 69.5% (3000 kg H2/day). To step further,
the 1-to-N relay hydrogen storage and transportation scenario is proposed for high daily transportation
demand and long transportation distances. %
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6. Environmental impact

The impact of hydrogen economy on the environment is dual, with both significant positive
impacts and potential challenges. On the positive side, the hydrogen economy can significantly reduce
greenhouse gas emissions, especially green hydrogen produced through the electrolysis of water from
renewable energy sources, which produces almost no carbon emissions throughout the life cycle,
becoming a key path to decarbonization in industry, transportation and other fields. For example,
hydrogen energy can replace fossil fuels in high-carbon industries such as steel and chemicals, and
hydrogen direct reduced iron (H,-DRI) technology can reduce carbon emissions in the steel industry
by 90%. In the field of transportation, hydrogen fuel cell vehicles emit only water vapor, which can
significantly improve urban air quality. In addition, hydrogen energy, as a large-scale energy storage
medium, can solve the intermittent problem of wind and solar energy, promote the development of
renewable energy, and realize the cross-regional transmission of clean energy through hydrogen
carriers. However, the hydrogen economy also faces some environmental challenges. At present, 80%
[54of the world's hydrogen comes from fossil fuels (gray hydrogen), and the production process has
high carbon emissions, even when combined with carbon capture technology (blue hydrogen), there
is still a risk of carbon leakage. Hydrogen itself is an indirect greenhouse gas, and leakage into the
atmosphere can exacerbate the greenhouse effect. Overall, the environmental benefits of a hydrogen
economy depend on how hydrogen is produced and how well it is managed. As the cost of green
hydrogen falls, carbon capture technology improves, and leakage control technology improves, the
hydrogen economy has the potential to be an important support for achieving global carbon neutrality,
but its sustainable development requires a balance between technological progress, policy support,
and ecological management.

7. Conclusion

Hydrogen energy holds immense promise as a cornerstone of the global energy transition, offering
a pathway to decarbonize industries, transportation, and energy systems. Green hydrogen, produced
from renewable sources, represents the ideal solution for achieving zero emissions, while blue
hydrogen serves as a transitional option with reduced carbon footprints. However, the hydrogen
economy faces significant challenges, including high costs, technological barriers, and environmental
risks such as hydrogen leakage and resource consumption. Despite these hurdles, rapid advancements
in electrolysis, storage, and transportation technologies, coupled with strong policy support and
growing market investments, are accelerating the adoption of hydrogen. As nations strive to meet
their carbon neutrality goals, hydrogen is poised to play a critical role in bridging the gap between
renewable energy and sustainable development. By addressing current limitations and fostering
innovation, hydrogen can unlock its full potential, contributing to a cleaner, more resilient, and
equitable energy future.

References

[1] Schurer A P, Mann M E, Hawkins E, et al. Importance of the Pre-industrial Baseline for Likelihood of
Exceeding Paris Goals[J]. Nature Climate Change, 2017, 7(8): 563-567.

[2] Millar R J, Fuglestvedt J S, Friedlingstein P, et al. Emission Budgets and Pathways Consistent with
Limiting Warming to 1.5 °C[J]. Nature Geoscience, 2017, 10: 741-747.

[3] IPCC. Summary for Policymakers in IPCC Special Report on the Ocean and Cryosphere in a Changing
Climate[R]. London: Cambridge University Press, 2019.

[4] IPCC. Climate change 2014: Mitigation of Climate change[R]. London: Cambridge University Press,
2014.

[5] NeremR S, Beckley B D, FASULLO JT, et al (need all author name). Climate-change-driven Accelerated
Sea-level Rise Detected in the Altimeter Era[J]. PNAS, 2018, 115(9): 2022-2025.

113



Highlights in Business, Economics and Management MSIED 2025
Volume 61 (2025)

[6] Martin S, Richard B A, Eric R, et al. Twenty-first Century Sea-level Rise Could Exceed IPCC Projections
for Strong-warming futures[J]. One Earth, 2020, 3(6): 691-703.

[7] IPCC. Special Report: Global Warming of 1.5 °C[EB/OL]. (2018-10-08)[2021-02-19].

[8] Hydrogen Concil, Hydrogen for Net Zero,2021

[9] In depth analysis of the hydrogen energy industry: driving factors, development barriers, industry chain,
and related companies. Huibo Smart Investment Research. 2024

[10] A. Ursua, L. M. Gandia and P. Sanchis, "Hydrogen Production From Water Electrolysis: Current Status
and Future Trends," in Proceedings of the IEEE, vol. 100, no. 2, pp. 410-426, Feb. 2012, doi:
10.1109/JPROC.2011.2156750.

[11] Source: "Blue Book of China's Hydrogen Production Industry by Electrolytic Water 2020", Research and
Innovation Department of Huabao Securities.

[12] Qing Lu, Jia Jia, and Jiang Chang. Integrated Application of Generative Artificial Intelligence in
Literature Review of Green Hydrogen Production [J]. High tech and industrialization,2024,30(11):45-49.

[13] Electrolyser — Key Components and Material, Thermax, Thermax | Trusted Partner in Energy Transition

[14] A. Ursua, L. M. Gandia and P. Sanchis, "Hydrogen Production From Water Electrolysis: Current Status
and Future Trends," in Proceedings of the IEEE, vol. 100, no. 2, pp. 410-426, Feb. 2012, doi:
10.1109/JPROC.2011.2156750.

[15] Jincheng Luo, Suohua Li, Weike Shang.Development and prospects of hydrogen production technology
under the integration of fossil resources and new energy [J]. Applied Chemical
Engineering,2024,53(11):2777-2782.D0I:10.16581/j.cnki.issn1671-3206.2024.11.048.

[16] Carbon Capture Utilisation and Storage - Energy System - |IEAthe graph is from
[https://www.iea.org/energy-system/carbon-capture-utilisation-and-storage]

[17] Soares J F, Confortin T C, Todero I, Mayer F D, Mazutti M A. Renew. Sustain. Energy Rev, 2020, 117:
109484.

[18] Junwen Cao & Wengiang Zhang.Current status of hydrogen production technology in China [J].Chemical
develoopment,2021,33(12):2215-2244.

[19] Hirscher M, Yartys V A, Baricco M, et al. Materials for Hydrogen-based Energy Storage—past, Recent
Progress and Future Outlook[J]. Journal of Alloys and Compounds,2020,827:153548.

[20] Eberle U, Felderhoff M, Schuth F, et al. Chemical and Physical Solutions for Hydrogen storage[J].
Angewandte Chemie International Edition,2009,48(36):6608—6630.

[21] Haiping Jia, Yayi Wang, Lisha Ge,et al. Research progress on key technologies of hydrogen storage
equipment [J]. Journal of Xi'an Technological University2024,44(04):441-
462.D0I:10.16185/j.jxatu.edu.cn.2024.04.201.

[22] Li, M.; Bai, Y.; Zhang, C.; Song, Y.; Jiang, S.; Grouset, D.; Zhang, M. Review on the research of hydrogen
storage system fast refueling in fuel cell vehicle. Int. J. Hydrogen Energy 2019, 44, 10677-10693.
[Google Scholar] [CrossRef]

[23] Barthelemy H, Weber M, Barbier F. Hydrogen storage: recent improvements and industrial
perspectives[J]. International Journal of Hydrogen Energy 2017,42(11): 7254-7262.

[24] Leachman JW, Jacob Senrt, Penoncellosg,et al. Fundamental equations of state for para
hydrogen,normalhy drogen,and orthohydrogen [J]. Journal of Physicaland Chemical Reference Data,
2009,38(3):721.

[25] Bliesnerr M,Leachmanjw, Adampm. Parahydrogen—orthohydrogenconversionforen hancedvapor
cooledshieldingofliquidoxygentanks [J]. Journal of Thermophysics and Heat Transfer, 2014,28(4):717.

[26] Yining Huang, Jiajia Liang, Zhou Zhenjun,etal.Prediction of a diabatic performance of vapor cooling
screen/second positive conversion composite structure of liquid hydrogen tank[J].Vacuum and Low
Temperature,2023,29(5):459.( inChinese)

[27] Lyu Cui, Jinzhen Wang, Weiping Zhu, et al. Research progress and energy consumption analysis of
hydrogen liquefaction technology [J]. Cryogenics and superconductivity,2019,47(7):11-18.

[28] Xiaolu Chen, Xiaomin Liu, Juan Wang, et al. Liquid hydrogen storage and transportation technology and
standardization [J/OL]. Development of Chemical Engineering, DOI: 10.16085/j.issn.1000-6613.2021-
0162. (2021-06-03).

114



Highlights in Business, Economics and Management MSIED 2025
Volume 61 (2025)

[29] Yanxing Zhao, Maogiong Gong & Yuan Zhou. Theoretical analysis and comparison of density and energy
consumption of hydrogen storage at low temperature and high pressure [J]. Scientific
Communication,2019,64(25):2654—-2660.

[30] Sethia G, Sayary A. Activated carbon with optimum pore size distribution for hydrogen storage[J].
Carbon,2016,99:289-294.

[31] Mohan M, Sharma V K, Kumar E A, et al. Hydrogen storage in carbon materials: a review[J]. Energy
Storage,2019,1(2): e35.

[32] Balderas-Xicoh TENCATL R, Schlichten Mayer M, Hirscher M. Volumetric hydrogen storage capacity
in metal-organic frameworks[J]. Energy Technology,2018,6(3):578-582.

[33] Rosi N L, Eckert J, Eddaoudi M, et al. Hydrogen storage in microporous metal-organic frameworks[J].
Science,2003,300(5622):1127-1129.

[34] Muhammad R. Usman,Hydrogen storage methods: Review and current status,Renewable and Sustainable
Energy Reviews,Volume 167,2022,112743,I1SSN 1364-0321

[35] Tongxiang Ma, Leizhang Gao,Mengjun Hu,et al.. Research progress of solid hydrogen storage materials
[J].Functional Material,2018,49(04):4001-4006.

[36] Aakko-Saksa P T, Cook C, Kivia Ho J, et al. Liquid organic hydrogen carriers for transportation and
storing of renewable energy: review and discussion[J]. Journal of Power Sources,2018,396:803-823.
[37] Liqi Yi, Changging Guo, Hongyi Tan, et al. Energy efficiency analysis of hydrogen energy storage system
based on organic liquid hydrogen storage carrier [J]. New energy Development,2017,5(3):197-203.

[38] Haiping Jia, Yayi Wang ,Lisha Ge, et al.Research progress on key technologies of hydrogen storage
equipment [J]- Journal of Xi'an Technological University2024,44(04):441-
462.D0I:10.16185/j.jxatu.edu.cn.2024.04.201.

[39] Xiangyu Meng, Mingyun Chen, Alun Gu et al. China's Hydrogen Energy Development Strategy under
the "Dual Carbon" Goal [J]. Natural Gas Industry, 2022,42(04):156-179.

[40] HyDeploy2 Project Gas Network Innovation Competition // Cadent 3rd Project Progress Report (PPR) //
December 2021

[41] Guanwei Jia, Mingyu Lei, Mengya Li, Weiging Xu, Rui Li, Yanghui Lu, Maolin Cai,Hydrogen
embrittlement in hydrogen-blended natural gas transportation systems: A review,International Journal of
Hydrogen Energy,Volume 48, Issue 82,2023,Pages 32137-32157,ISSN 0360-3199.

[42] M.G. Rasul, M.A Hazrat, M.A. Sattar, M.I. Jahirul, M.J. Shearer, The future of hydrogen: Challenges on
production, storage and applications, Energy Conversion and Management,\Volume
272,2022,116326,ISSN 0196-8904,

[43] PRIYADARSINI K I, MAITY D K, NAIK G H, et al. Role of phenolic O-H and methylene hydrogen on
the free radical reactions and antioxidant activity of curcumin[J]. Free Radical Biology and
Medicine,2003,35(5):475-484.

[44] Huang C S, Kawamura T, TOYODA Y, et al. Recent advances in hydrogen research as a therapeutic
medical gas[J]. Free Radical Research,2010,44(9):971-982.

[45] Allen R R. Principles and catalysts for hydrogenation of fats and oils[J]. Journal of American Oil
Chemists' Society, 1978, 55(11):792-795.

[46] Xiaozhao Ye. Oil hydrogenation technologu. Guangzhou food industry science and technology.
1995,11(2):62-63.

[47] Fraunhofer Institute. Fraunhofer presents hydrogen roadmap for Germany [Z] German Energy Solutions
Initiative, 2020

[48] China’s formulation of a medium- and long-term plan for the development of the hydrogen energy
industry (2021-2035) Rare Earth Information,2022,(04):26-32.

[49] Hydrogen Insights. 2024.

[50] Yangyiming Rong, Shunyi Chen, Chengjun Li, Xi Chen, Lin Xie, Jianye Chen, Rui Long, Techno-
economic analysis of hydrogen storage and transportation from hydrogen plant to terminal refueling
station, International Journal of Hydrogen Energy, Volume 52, Part B,2024, Pages 547-558, ISSN 0360-
3199

[51] Hydrogen Insights. 2024.

115



