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Abstract — Hydrogen is a pivotal energy carrier in achieving carbon neutrality, offering high versatility as both a fuel
and chemical feedstock across diverse sectors. This review categorizes hydrogen technologies into production, storage,
and utilization, providing an in-depth analysis of advancements made over the past five years. Production pathways
include water electrolysis, methane pyrolysis, biomass conversion, and waste-derived hydrogen. Storage methods such
as compressed and liquefied hydrogen, LOHCs, ammonia, methanol, and underground storage are evaluated in terms of
density, safety, and infrastructure compatibility. Utilization technologies span fuel cells, direct combustion, hydrogen co-
firing, ammonia-based indirect use, and industrial applications such as steelmaking and chemical synthesis. The review
emphasizes the integration potential across the hydrogen value chain, identifying key challenges such as energy efficiency,
economic feasibility, and system-level compatibility. Based on these findings, technical directions and integration strategies
are proposed for establishing a sustainable and resilient hydrogen energy system.
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Table 1. Summary of Key Hydrogen Technologies and Representative References

Section Keyword Overview Reference

Fossil fuel-based Steam Methane Reforming (SMR) and coal gasification are the primary
Conventional Hydrogen SMR, Coal, Fossil fuel, methods for hydrogen production, widely applied across industries due to high technological
Production Technology =~ Small-scale maturity and economic feasibility. Overall, high carbon dioxide emissions have raised the
need for a technological transition to achieve carbon neutrality.

[21-45]

Considered a representative carbon-neutral technology due to its compatibility with renewable
energy. Differences exist in efficiency, responsiveness, and durability among technologies, [53-72]
with large-scale demonstrations based on PEM being actively pursued.

Green Hydrogen Electrolysis, AWE,
Production Technology ~PEM, SOEC, AEM

A transitional technology that combines existing fossil fuel reforming processes with Carbon
Capture and Storage (CCS) to capture carbon dioxide. It is advantageous for infrastructure [76-83]
utilization, but securing CCS economic viability is a challenge.

Blue Hydrogen SMR, ATR, CCS, CO,
Production Technology capture

. Methane Pyrolysis, Produces hydrogen and solid carbon by decomposing methane at high temperatures. It has
Turquoise Hydrogen . . . o . .
. Solid carbon, high potential as it emits no carbon, but faces technical challenges such as high-temperature ~ [81-86]
Production Technology . o
Carbon black operation and catalyst deactivation.
. Biomass, Waste, Hydrogen production based on organic waste. It has high sustainability with nearly zero net
Bio-based Hydrogen . . S . LS . .
Production Technology Gasification, greenhouse gas emissions, and even net-negative emissions are possible, but yield and process [46,87-96]
Negative GHG stability are challenges.
gﬁggﬁzﬁ;%?al/ MOF, Photocatalysis,  Hydrogen production based on solar or waste heat with no carbon dioxide emissions. Currently, [97-102]
Hydrogen Production Thermochemical technological maturity is low, but it is considered a promising long-term technology group.
. By-product, Chlor-alkali . . L
Industrial By-product . Recovers and uses hydrogen generated as a by-product of industrial processes. Carbon emissions
. process, Industrial . . [103-107]
Hydrogen Production recovery and energy input are low, but process dependency and purity assurance are key factors.
Conventional Hydrogen Compressed gas, Liquid Dominated by storage technologles using high-pressure gas, liquid hydrogeq, solid hydrides
Storage Technology hydrpgen, Metal (e.g., MgHz), and porous materials (e.g., MOFS)..E.ach has advantages and disadvantages [117-131]
hydride regarding storage density, safety, and transportability.
LOHC Hvdrogen Stores hydrogen in organic liquids, making it advantageous for ambient temperature storage
Storage T}e/:chn%)lo LOHC, DBT, NEC and long-distance transport. Recent developments include electrochemical-based [133-136]
g 24 low-temperature systems and high-stability catalysts.
Mgthanol/Fon’mc . Methanol, Formic acid, Enables hydrogen release gt relatnfely low temperafures and is easy to handle in its liquid [135,137-
Acid-based Chemical state. Research focuses on improving catalyst efficiency and creating carbon-neutral
Low-Temperature . 141]
Storage systems through CO: cycling.
Ammonia-based . . Gaining attention for its high hydrogen content and compatibility with existing infrastructure.
Ammonia, Cracking, . . .
Hydrogen Storage Hvdrogen carrier Hydrogen can be recovered through high-temperature cracking or used directly for [5,142]
Technology yarog combustion. Key issues are NOx reduction and catalyst improvement.
Underground Hydrogen Underground storage, ~ Suitable for large-scale, long-term storage and managing seasonal demand. Challenges [143-146]
Storage Technology Cavern, Large scale include geological constraints like stratum leakage, ensuring sealing, and long-term stability.
Convendonal Hydrogen Fue el Chemical . 0t 0t e amology toup difes i e o effcieny cos and 172113
Utilization Technology  feedstock & p ’ £y group ¥ cosh 147-153]

infrastructure compatibility.

A high-efficiency system that converts hydrogen into electrical energy. PEM is suitable for
transportation and residential use, while SOFC is advantageous for combined heat and power. [154-166]
Catalyst durability and hydrogen purity requirements are technical challenges.

PEMFC, SOFC, PAFC,

Fuel Cell Technology MCEC

Supplies high-temperature heat through the direct combustion of hydrogen. Technologies like
co-firing, low-temperature combustion, and EGR are used in parallel to address the issue of [167-181]
NOx generation.

Hydrogen Combustion ~ Hydrogen burner, NOx
Technology reduction, Gas turbine

Ammonia, methanol,  Utilizes hydrogen carriers by either direct combustion or reforming. Suitable for infrastructure

Hy(.irogen C.arru.er-based DMFC, Hydrogen compatibility and long-distance transport. Challenges include reaction efficiency, toxicity, [182-191]
Indirect Utilization .
extraction and NOx management.
Industrial Utilization DRI, H; Reduction, Used as a reducing agent and feedstock in the steel, chemical, and refining industries. It is a
Technolo refinery, Methanol key area for the carbon-neutral industrial transition, requiring a high-purity hydrogen supply [192-200]
ey synthesis and process conversion.

For hydrogen technology, integrated system design that considers the compatibility and
linkage between production, storage, and utilization is crucial. A strategy is needed to maximize  [201-203]
energy efficiency, economic feasibility, and infrastructure compatibility.

Integrated Hydrogen Lifecycle optimization,
Lifecycle Technology =~ Technology integration
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Fig. 1. Overview of representative hydrogen production pathways by feedstock and process.
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Table 2. Comparison of characteristics of each water electrolysis [56,64,67,71,72]

Water Electrolysis Operating Hydrogen Production

Technology Temperature (°C) Efficiency Advantages Disadvantages
- No catalyst required. - Low current density.
. - 0,
AWE 40-80 30~70% - High technological maturity. - Low dynamic responsiveness.
- High-purity hydrogen production. - Requires expensive precious metal catalysts.
). 600
PEM 30-80 30-60% - High current density. - Electrolyte (membrane) lifespan.
- High hydrogen production efficiency. - Requires high-temperature operation.
SOEC 600-800 75~85% - Can be integrated with external heat sources 4 gh-temp ©op ’
. - Low technological maturity.
like waste heat.
AEM 4060 60~70% - Can use low-conc?ntratlon alkaline electrolytes. - Low elec?qcal efficiency.
- Can use non-precious metal electrodes. - Low stability.
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Table 3. Comparison of hydrogen production methods with focus on environmental impact (GWP) and technological characteristics [1,96,108,

109,113,114]

GWP

H; Classification Production Type (kg CO, — eq/kg Ha)

Advantages

Disadvantages

- High technological maturity

- High greenhouse gas emissions

Gray SMR 10~13 - High economic feasibility - Low environmental sustainability
G Hams 03 o oaerion T Sl s posr s
Blue SMR +CCS 333 : EZ?I?;Z(iccizﬂJZ?:iemiSSionS : lgz;s;zg:;asstcs cost and infrastructure
Tuquose  Methane Pyroysis 1999 Typ it MU yproduct - Carbon epostonn e s
Bio-H, Biomass gasification -20.8 ~-15.1 : Eﬁit{cirzlztiit;?lt}o(r)i\giisgtec;iizir-ieesgative - Difficult process control - Low processing efficiency
Industrial By-Product 001 ~7.1 - Utilizes existing processes - High dependency on industrial processes

- Potential for low carbon emissions

- Environmental impact varies with the power source
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Fig. 2. Overview of representative hydrogen storage pathways by feedstock and process.
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Table 4. Comparison of representative hydrogen storage technologies [5,118,119,122-124,146]

Storage Method Primary Form Storage Density Advantages Disadvantages
Compressed - Fast refueling speed - Low storage density
Gas 35-70 MPa (Gas) 20-40 g/L. - High technological maturity - Risk of high-pressure leakage
Liquid o o - High storage density - Energy loss during liquefaction
Hydrogen -253°C (Liquid) gL - Suitable for long-distance transport - Boil-off phenomenon occurs
. MgH,, N - Reversible storage - Requires high-temperature conditions
Metal Hydrides LaNis (Solid) 17 W% - Solid-state storage - Slow reaction kinetics
R 0
Porous MOFs, Activated ! 8%9th1§ /(l({g orz tzrr:ils) - Lightweight structure - Low performance at room temperature
Adsorbents Carbon (Solid) t(;:m;)y g - Capable of low-temperature operation - Limitations on high-density storage
.o - Storage at ambient temp. & pressure - High temperature needed for dehydrogenation
_ )
LOHC DBT, NEC (Liquid) 37wt - Utilizes existing infrastructure - Catalyst degradation
. .o - High hydrogen content - Requires high-temperature decomposition
0,
Ammonia NH; (Liquid) 17.6 wi% - Easy to liquefy - NOx control issues
o - Can be used in direct fuel cells - Requires a reforming process
0,
Methanol CH5OH (Liquid) 121 wi% - Utilizes existing infrastructure - Generates carbon dioxide
. . .o - Low-temperature hydrogen release - Risk of corrosion
0,
Formic Acid  HCOOH (Liquid) 44wtk - Produces high-purity hydrogen - Low storage stability
Underground Saline aquifers, N/A - Large-scale, long-term storage - Requires geological stability
Storage caverns (Gas) - Good for managing seasonal demand - Risk of leakage
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Table 5. Comparison of hydrogen utilization technologies across key applications, advantages, and limitations[155,168,186,194,195]

Utilization Energy Conversion . Lo .

Technology Method Main Application Areas Advantages Disadvantages
Fuel Cell (PEMFC,  Electrochemical  Transportation, buildings, - High-efficiency electricity production - Catalyst required

SOFC, etc.) reaction power generation - Miniaturization - Durability and stability issues

Hydrogen Combustion reaction Boilers, turbines, - Provides high-temperature heat source - NOx generation

Combustion combustors - Reduces carbon emissions - Combustion stability issues

Hy.drogen Chemical and Power generat19n, - Can be used directly - NOx and CO, generation

Carrier-based combustion reactions ful cells, chemical Can utilize existing infrastructure - Toxicity and corrosivity issues
Utilization industry feedstock & vy vy
Industrial . Steel, chemicals, - Reduces carbon emissions - High-purity hydrogen required
o Redox reaction . . . ..

Utilization refining - Large-scale demand source for hydrogen - Requires conversion of existing processes
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