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Abstract

The hydrogen energy industry is rapidly developing, positioning hydrogen refueling sta-
tions (HRSs) as critical infrastructure for hydrogen fuel cell vehicles. Within these stations,
hydrogen compressors serve as the core equipment, whose performance and reliability
directly determine the overall system’s economy and safety. This article systematically
reviews the working principles, structural features, and application status of mechanical
hydrogen compressors with a focus on three prominent types based on reciprocating mo-
tion principles: the diaphragm compressor, the hydraulically driven piston compressor,
and the ionic liquid compressor. The study provides a detailed analysis of performance
bottlenecks, material challenges, thermal management issues, and volumetric efficiency
loss mechanisms for each compressor type. Furthermore, it summarizes recent technical
optimizations and innovations. Finally, the paper identifies current research gaps, particu-
larly in reliability, hydrogen embrittlement, and intelligent control under high-temperature
and high-pressure conditions. It also proposes future technology development pathways
and standardization recommendations, aiming to serve as a reference for further R&D and
the industrialization of hydrogen compression technology.

Keywords: hydrogen refueling station; mechanical hydrogen compressor; structural
optimization; performance analysis; hydrogen safety

1. Introduction

At present, countries around the world are confronted with tremendous environmen-
tal pressure and an energy crisis where non-renewable fossil energy is gradually being
exhausted [1-6]. In 2024, global energy demand is affected by extreme temperatures. The
global cooling days (an indicator of cooling demand) in 2024 were 6% higher than those
in 2023 and 20% higher than the long-term average from 2000 to 2020 [7]. Regions with
high refrigeration demands are particularly affected [8,9], including China, India, and
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the United States. Extreme hot weather has increased energy demand [10-12]. Global
energy demand grew by 2.2% in 2024, significantly faster than the average annual growth
rate of 1.3% from 2013 to 2023 [7]. The continuous expansion of energy demand forces
us to seek a renewable, green, and pollution-free energy sources to replace traditional
fossil energy [13-15]. Hydrogen energy, as a renewable and high-energy-density clean
energy source, is demonstrating its unique advantages—being environmentally friendly
and having a high energy conversion efficiency. It is expected to replace traditional fossil
energy in the near future [16,17]. In terms of investment scale and the number of projects,
the global hydrogen energy industry has announced 1572 hydrogen projects, with an in-
vestment of 680 billion US dollars expected by 2030, among which gigabit projects account
for more than half, with an investment of over 380 billion US dollars [18]. Figure 1 shows
the distribution and investment situation of global hydrogen energy projects.
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Figure 1. Distribution and investment scale of hydrogen energy projects that have been announced
globally as of 2024 [18].

The hydrogen energy sector holds great potential for development, and it is expected
that the hydrogen energy industry will become a pillar industry in the future energy
system [19-21]. The hydrogen energy industry chain is mainly divided into three main
parts: the energy end, the key equipment end, and the application end [22,23]. Figure 2
is a schematic diagram of the hydrogen energy industry chain. On the energy end of
the hydrogen energy industry chain—hydrogen production, storage, transportation, and
refueling—the sources of hydrogen are diverse. They are mainly divided into green hydro-
gen (produced by electrolyzing water using renewable energy), blue hydrogen (industrial
by-products), and gray hydrogen (from fossil fuels) [24-33]. Figure 3 shows the global
supply and demand relationship of hydrogen energy. The application of hydrogen in-
volves multiple fields. It is used in transportation (such as cars, special vehicles, and
ships) [34], power generation and energy storage [35], and industrial fields (such as metal-
lurgy and chemical industry) [36]. Although the transportation field, including fuel cell
electric vehicles, is a key area for hydrogen application and an important driving force for
demand [37,38], this study is conducted in the context of broader hydrogen production,
storage, transportation, and refueling.
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Figure 2. Schematic diagram of the hydrogen energy industry chain, encompassing three main
segments: the energy end, key equipment, and the application end.
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Figure 3. A schematic diagram illustrating the dynamic supply and demand of global hydrogen
energy. The left side (supply) section classifies the methods of hydrogen production. The demand-side
section shows the main consumption areas and their interrelationships [3].
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HRSs are one of the most crucial and prominent links in the hydrogen energy appli-
cation chain, and they are especially crucial for supporting fuel cell vehicles [39,40]. As
shown in Figure 4, a typical hydrogen refueling station consists of four main systems: the
hydrogen unloading system, pressurization system, hydrogen storage system, and hydro-
gen refueling system [41,42]. Throughout the entire chain, the hydrogen compressor, as the
core equipment of the pressurization system, is responsible for pressurizing hydrogen for
storage and refueling. Its performance, reliability, and service life directly determine the
operational efficiency, economic feasibility, and safety of the hydrogen refueling station.
Therefore, the focus of this review is precisely on this key equipment.
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Figure 4. Flowchart of different hydrogen supply chain paths for fuel cell vehicles, including on-site
production and subsequent transportation after off-site production. The core components of HRS are
highlighted.(a—c) show routes of the hydrogen supply chain of HRS with external hydrogen supply.
(d,e) show routes of the hydrogen supply chain of HRS with internal hydrogen production. [43].

Figure 5a shows the growth in the number of hydrogen refueling stations in various
regions from 2022 to 2024. As of June 2024, the number of hydrogen refueling stations in
operation worldwide was close to 1200, showing a slight increase. Among them, China
topped the list with 400 seats, followed by Europe with 280, South Korea with 180, and
Japan with over 170. Figure 5b shows the ratio of fuel cell vehicles (FCEVs) to hydrogen
refueling stations in various regions from 2020 to 2024. During this period, the ratio of fuel
cell vehicles to hydrogen refueling stations in regions such as China, Japan, and Europe
remained basically stable. In South Korea, due to the increase in vehicle sales and the
construction of approximately 50 new hydrogen refueling stations, the ratio was maintained
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at around 200 FCEVs per hydrogen refueling station. However, due to the closure of several
hydrogen refueling stations in California, USA, local FCEV users are facing difficulties in
refueling their vehicles, especially since the ratio of FCEVs to HRS exceeded 300 in 2023.
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Figure 5. (a) The growth trend of the number of operating HRSs in major regions worldwide (China,
Europe, South Korea, Japan, and the United States) from 2022 to June 2024. (b) The proportion of fuel
cell electric vehicles (FCEV) corresponding to each hydrogen fueling station in these regions from
2020 to 2024 [44].

Figure 6 shows the distribution of the number of review articles on hydrogen energy
published globally from 2010 to 2023. Hydrogen production and storage are the main
research fields, accounting for the majority of the total number of articles, approximately
94.79%, while hydrogen transportation and compression account for a relatively low
proportion, especially in the field of hydrogen compression, which only makes up 0.21%.
This indicates that there is relatively little research on the field of hydrogen compression
at present. Therefore, it is very important to study hydrogen compression, and hydrogen
compressors play a crucial role in hydrogen compression.

Due to the physical property of low volume density of hydrogen and the high purity
requirements of hydrogen in fuel cell systems [45,46], the structure and working principle of
hydrogen compressors play a very crucial role. Hydrogen compressors are broadly catego-
rized into two types: mechanical and non-mechanical. Mechanical hydrogen compressors
primarily achieve gas compression through positive displacement or dynamic principles.
This review focuses on positive displacement compressors based on reciprocating action,
which include the diaphragm compressor, the hydraulically driven piston compressor (a
subtype of reciprocating piston compressors), and the ionic liquid compressor. It is note-
worthy that while linear compressors are also mechanical, they fall outside the scope of this
paper. Table 1 lists some of the more classic review studies on hydrogen compressors and
points out their review contents and compressor types. It is not difficult to find that there
are relatively abundant review studies on non-mechanical hydrogen compressors. Among
them, some scholars take the broad category of non-mechanical hydrogen compressors as
the entry point and comprehensively review the technical status of non-mechanical hydro-
gen compressors (MHHC, ECHC, AHC, and CCHy); an in-depth discussion was conducted
on its working principle, key materials, system design, global R&D progress, performance
parameters, advantages and disadvantages, and challenges, with particular attention paid
to its application potential and economic considerations in hydrogen refueling stations [47].
Some scholars, taking a certain type of non-mechanical hydrogen compressor as the entry
point, have elaborated in detail on its working principle, current research and development
status, future development, and challenges [48-52]. In conclusion, there is currently a
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considerable amount of review literature on non-mechanical hydrogen compressors. It in-
cludes both systematic discussions on non-mechanical hydrogen compressors and detailed
descriptions of a specific type of non-mechanical hydrogen compressor.

The existing articles on mechanical hydrogen compressors rather one-sidedly dis-
cuss a specific type of mechanical hydrogen compressor, such as the following: Tahan
et al. elaborated in detail on the application of reciprocating and centrifugal hydrogen
compressors in the hydrogen industry [53]; Kermani et al. focused on the selection of
ionic liquid in ionic liquid compressors [54]; Giuffrida et al. discussed the application
and challenges of diaphragm hydrogen compressors [55]; and Otsubo et al. expounded
on the application of mechanical compressors such as reciprocating, screw, and turbine
compressors in the hydrogen supply chain [56]. However, there are relatively few review
studies that systematically discuss mechanical hydrogen compressors, or they have not
been published for a long time.

To quantitatively substantiate this research gap, a complementary literature search
was conducted on the Web of Science core collection using the same methodology as Parida
et al. [47]. The results reveal a striking disparity: while review articles on “metal hydride
hydrogen compressor” number over 35, and “electrochemical hydrogen compressor” ex-
ceed 20, combined reviews specifically focusing on “mechanical hydrogen compressor”,
“diaphragm compressor” AND “hydrogen”, and “piston compressor” AND “hydrogen”
amount to fewer than 10. This represents less than 5% of the total review literature on
hydrogen compressors when compared to the non-mechanical types quantified in Fig-
ure 6, clearly underscoring the scarcity of systematic reviews in this domain. Therefore,
there is an urgent need for a review article from the perspective of mechanical hydrogen
compressors to systematically expound the structural composition, working principle,
research status, development direction, and challenges of various types of mechanical
hydrogen compressors.

1600

Number of review artcles published worldwide
pertaining to hydrogen energy from 2010-2023

® Hydrogen Production =1(078

1200 H™Hydrogen Compression. -3 .\ & R/

® Hydrogen Transport  —7¢4
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Figure 6. Distribution of the number of published review articles on hydrogen energy worldwide
from 2010 to 2023 [47] (Data from the Web of Science database maintained by Clarivate Analytics [57]).
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Table 1. Previous reviews of the literature on hydrogen compressors.

References (Year)

Summary

Overview of Compressor
Types

Kermani et al.

1. A comprehensive study on the selection of ionic
liquids in ionic liquid compressors is reviewed.

2. The specific criteria for selecting ionic liquids were
determined, and the roles of anions and cations, as

Selection of an ionic liquid

! (2020) [54] well as the influence of temperature, were for ionic liquid
. . compressors
widely reviewed.
3. It is believed that trifluoromethanesulfonyl is the
best choice for liquid pistons.
1. The progress of compression technology in the field
of large-scale hydrogen applications is reviewed.
2. The operating conditions of compressors under I
. . e . The application of
different working conditions in the hydrogen industry . .
Tahan et al. . X reciprocating and
2 were analyzed in detail. . .
(2022) [53] . . . centrifugal compressors in
3. The advantages and disadvantages of reciprocating .
. . . the hydrogen industry
and centrifugal mechanical compressors in the
application of the hydrogen industry
were summarized.
1. Systematically review the application of hydrogen
compressor and frequency conversion technology in
hydrogen energy transportation. The application of
2. The product demands and industry applications of  hydrogen compressors and
3 Zhang et al. frequency conversion technology were summarized, related frequency
(2025) [58] with a focus on promoting leading enterprises and conversion technologies in
their products in the industry. hydrogen energy
3. Indicates the development direction of hydrogen transportation
compressors and related frequency conversion
technologies: smarter, safer, and more efficient.
o 1. The hydrogep application and operational - The Application and
Giuffrida et al. challenges of diaphragm compressors are reviewed. :
4 . . . . Challenges of Diaphragm
(2025) [55] 2. Summarized the core issues that engineers face in Hydrosen Compressors
enhancing the performance of diaphragm compressors. yaros P
1. The development history and application of air
compressors in fuel cell systems are reviewed. The development and
5 Lietal 2. Analyze the working state and performance upper application of air
(2020) [59] limit of the compressor through thermodynamics. compressors in fuel
3. The improvement of system efficiency by cell systems
compressor efficiency is summarized.
1. It is believed that centrifugal air compressors will be
the mainstream development direction of fuel
cell systems.
2. The current development status and problems were The current development
Wu et al. . . status and trends of
6. systematically reviewed, and the future development

(2023) [60]

direction was proposed.

3. The durability test of centrifugal compressors was
discussed, and the conditions for their life test

were provided.

centrifugal air compressors
in fuel cell systems
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Table 1. Cont.

References (Year)

Summary

Overview of Compressor
Types

Parida et al.
(2025) [47]

1. A thorough summary of non-mechanical
compressors was made from their working principles
and design challenges, to potential solutions.

2. The relevant key experimental findings were
summarized to evaluate the performance of
non-mechanical compressors in terms of efficiency,
compression speed, and economic feasibility.

3. Affirm the advantages of non-mechanical
compressors in hydrogen refueling stations and point
out the important research gaps and

technical bottlenecks.

Metal hydride,
electrochemical,
adsorption, and cryogenic
system compressors, etc

Zhu et al.
(2025) [48]

1. Elaborate on the structure and working principle of
the EHC in detail and conduct a comparative analysis
with traditional hydrogen compressors.

2. The research progress of core components such as
proton exchange membranes, gas diffusion layers, and
catalytic layers of EHC was summarized.

3. The moisture management and toxicity inhibition
strategies for membrane electrode assemblies were
reviewed, and the challenges faced by EHC and its
future development directions were summarized.

Low-pressure
electrochemical hydrogen
compressor

Myekhlai et al.
(2024) [49]

1. This paper reviews the working principle,
adsorption process, porous materials, and the latest
research and development achievements of physical
adsorption compressors.

2. A physical adsorption compressor based on MOF
adsorbent is proposed, which can increase the
compression pressure of hydrogen refueling stations to
900 bar.

3. Design a fast-charging, safe, and efficient physical
adsorption hydrogen compressor.

Physical adsorption
hydrogen compressor

Peng et al.
(2022) [50]

1. The working principle of MHHC, the thermodynamic
and kinetic properties of hydrogen compression materials
are reviewed, and a design scheme of three-stage MHHC
is proposed.

2. The research progress of various grades of MHHC
materials was discussed, among which lanthanum-nickel
penta-based alloys were used for the first stage of
compression, and titanium-chromium dia-based alloys

were used for the second and third stages of compression.

3. It mainly summarizes the influence of different
alloying elements on hydrogen storage performance,
as well as related challenges and future directions.

Metal hydride compressor

Durmus et al.
(2021) [51]

1. The advantages and disadvantages of ECHC and
mechanical compressors are compared and analyzed, and
ECHC is considered to be the solution to replace the
mechanical compressor.

2. The recent research achievements on hydrogen
purification methods are reviewed.

3. The working principle of ECHC, the progress of
material research and development, and the
mathematical modeling methods were summarized.

Electrochemical hydrogen
compressor
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Table 1. Cont.

References (Year) Summary

Overview of Compressor
Types

Lototskyy et al.
(2014) [52]

1. A large number of papers and patent documents on
MH hydrogen compressors are reviewed.

2. From the application point of view, the material,
structure, and phase equilibrium characteristics of the
metal-hydrogen system for hydrogen compression are
mainly discussed.

3. Starting from applied thermodynamics, this paper
reviews the structure, performance, and application
scenarios of MHHC.

Metal hydride hydrogen
compressor

Otsubo et al.
(2025) [56]

1. It focuses on elaborating the crucial role of

compressor technology in the hydrogen supply chain,

as well as the technical difficulties and

economic challenges.

2. Compare the application scenarios, energy efficiency, = Mechanical compressors
and operational characteristics of reciprocating, screw, such as reciprocating,
and turbine compressors to reveal the adaptability of screw, and turbine types
hydrogen treatment at different stages.

3. It is recommended to adopt life cycle assessment

(LCA) to evaluate environmental impacts and optimize

the overall performance of the compressor system.

As the core equipment of hydrogen storage, transportation, and refueling systems, the
performance of hydrogen compressors directly affects the efficiency and safety of hydrogen
energy systems. This article systematically reviews the research hotspots and difficulties
of hydrogen compressors in recent years, conducts an analysis from three dimensions:
hydrogen energy demand, national policies, and domestic and international technological
research trends, discusses the key technical challenges of hydrogen compressors in terms
of performance analysis, volumetric efficiency, and material compatibility, and based on
the current technological status of hydrogen compressors, puts forward suggestions for the
development of key technologies of hydrogen compressors. With the aim of providing a
reference for the autonomy of hydrogen energy equipment.

2. Strategic Policies Related to Hydrogen Energy

Hydrogen energy has great potential for development, and countries around the
world are strongly supporting the progress of the hydrogen energy industry and related
technologies. Countries around the world are constantly introducing strategies related
to hydrogen energy at a strategic level. Figure 7 shows the years when countries around
the world first proposed hydrogen energy-related strategies. As of October 2024, in the
past full year, 19 new hydrogen energy strategies have been added globally, with a growth
rate of 46.34%, covering more than 84% of countries with energy-related carbon emissions
worldwide, mostly focusing on hydrogen production and export [44]. The mainstream
policy support measures mainly include direct subsidies, competitive bidding, and tax
incentives. The first two measures are more commonly seen in developed countries, while
tax incentives are more prevalent in EMDEs. Nearly 100 billion US dollars of public funds
have been announced, come into effect, and allocated globally to support hydrogen energy
projects, of which 95% of the funds come from developed countries, especially in Europe.
Nearly two-thirds of the funds are still in the announcement stage and have not yet been
implemented. The supply-side funds are approximately 62 billion US dollars, while the
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demand-side funds are only 40 billion US dollars, with a difference of nearly 22 billion US

dollars between the two.
2017 2018 2019 2020 2021 2022 2023 2024
Japan France Australia Canada Belgium Austria Algeria Iceland
Korea Chile Colombia China Argentina Egypt
European " Costa
Union Czech Republic Rica Bhutan Kazakhstan
Germany Denmark Croatia Brazil Lithuania
Netherlands Hungary Namibia Bulgaria Tunisia
Norway Luxembourg Oman ECOWAS Viet Nam
. South
Spain Morocco Africa Ecuador
Portugal Poland Estonia
; Slovak "
Russia Republic India
United .
Kingdom Indonesia
Ireland
Israel
Kenya
2 100% aHubs Malaysia
2 akxisting Mauritania
e 80%
g aNew New
g eo% ainforce Zealand
s — Panama
- P Romania
aSupply Singapore
20% SENDE Sri Lanka
@Developed Turklye
o% Type of country Value chain Status Demand type Ugll'tnel(l:"a'?ersb
b United
( ) States
Uruguay

(a)

Figure 7. Shows the years when various countries first announced their hydrogen energy-related
strategies (a) and the proportion of public funds related to hydrogen energy in 2023 (b) [44].

However, at present, the shortcomings of demand-side policies are prominent. The
existing policies can only meet the total demand for low-emission hydrogen of 6 million tons
per year in 2023, which is only 15-20% of the production target and even lower than what is
needed in a carbon-neutral scenario. To stimulate hydrogen demand, countries around the
world have successively put forward relevant policies. Table 2 shows the policies released
after 2023 to promote hydrogen demand. The United States has approved nearly 1.7 billion
US dollars worth of six hydrogen-related projects for industrial demonstration programs,
aiming to boost hydrogen demand growth [61]; Japan has released more information
about the hydrogen and ammonia cluster support plan, supporting the development of
infrastructure covering storage and transportation to meet industrial demands [62]; China,
in its planning for the oil refining and ammonia industries, emphasizes the use of renewable
hydrogen energy to achieve the goal of energy conservation and emission reduction [63];
Germany has announced tender for a 12.5 GW hydrogen power plant in 2024 /2025 and
requires the plant to switch to low-emission hydrogen in its eighth year of operation [64];
Australia has allocated 490 million Australian dollars to seven hydrogen energy centers
to promote the development of hydrogen energy centers in its remote areas [65]; the
South Korean government has launched a 15-year power generation contract, with the
technical route being all-hydrogen power generation, hydrogen co-combustion in gas-fired
power plants, and ammonia co-combustion in coal-fired power plants. The annual power
generation capacity of the project can reach 6.5 TWh/yr [66].
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Table 2. Policy measures announced and implemented after September 2023 to promote hydrogen
demand [44].

Country Status Sector Description

The Australian government’s “Regional Hydrogen Centres Programme”
announced in 2022 allocated 490 million Australian dollars
Australia In force Hubs (approximately 324 million US dollars) to support seven hydrogen
centers. Ultimately, 2.8 million tons of renewable hydrogen can be
produced annually (with additional investment).

Up to 60% of the fee, up to 1 million US dollars, can be paid to create

Chile Announced All demand and demonstrate new uses.

The National Development and Reform Commission has released four

industry plans, mainly aiming at improving efficiency and energy

conservation, and emission reduction. Although the plans for oil
refining and ammonia synthesis do not set clear targets, they explicitly

China In force  Industry mention the use of renewable hydrogen. Any capacity below the
efficiency threshold (currently accounting for 15% of refining capacity
and 11% of synthetic ammonia capacity) needs to be improved or shut

down by 2025. Moreover, newly built ammonia plants should utilize
renewable energy and hydrogen.

INR 2 billion (approximately USD 24 million) is allocated during
FY2025-2026 to establish at least two renewable hydrogen hubs, each
with a minimum capacity of 0.1 million Mtpa. Larger-scale hubs will be
prioritized, accounting for 50% of the evaluation criteria.

India Announced  Hubs

5-consultation with stakeholders. 15% renewable hydrogen quot State a
India Announced Industry for the refining sector starting from 2026 -owned Indian Oil Corporation
has set its own -2027. Draft regulations are under target of 50% by 2030.

To support industrial hydrogen energy investment, a fund established in
2023 will allocate 550 million euros (approximately 596 million US
Italy Announced Industry  dollars) and 400 million euros (approximately 434 million US dollars)
from the national recovery and restoration plan. By 2026, the maximum
grant for each project will be 200 million euros (217 million US dollars).

The project plans to completely replace diesel trains with hydrogen fuel
cell trains in six regions by June 2026. The total investment amounts to
300 million euros (approximately 325 million US dollars). This fund will
be allocated as follows: 24 million euros (approximately 26 million US
dollars) will be used to purchase the train itself, and the remaining
276 million euros (approximately 299 million US dollars) will be
invested in the supporting renewable hydrogen production, storage and
refueling facilities.

The results of the first round of CCfD funding of 4 billion euros
(approximately 4.3 billion US dollars) will be announced in the third
quarter of 2024. This fund will be used to support industrial fuel
conversion projects for 15 years. The second round of financing of
19 billion euros (approximately 20.6 billion US dollars) is also planned to
be completed by the end of the same year.

JPY 234 billion/yr (Japanese yen) (USD 1.5 billion/yr) awarded to five
coal plants (770 MW of capacity) to co-fire ammonia (at 20% volume)
and one gas plant (55 MW) to co-fire hydrogen (at 10%). OPEX support
granted for 20 years.

Italy Announced  Rail

Germany In force  Industry

Japan In force Power
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Table 2. Cont.

Country

Status Sector

Description

Netherlands

Announced  Road

A subsidy program for hydrogen refueling stations and trucks with a
total budget of 150 million euros (about 163 million US dollars) has
entered the public consultation stage. This plan aims to launch at least
40 hydrogen refueling stations. The subsidy standards are as follows:
40% of the capital expenditure of hydrogen refueling stations (up to
2 million euros), and 80% of the cost of trucks (up to 3 million euros for a
single application, with an upper limit set by vehicle category).

Singapore

In force Power

Two out of the twenty-six proposals received were selected for
restrictive proposal requests. It is expected that the developer of the
ammonia gas turbine with a capacity of 55-65 megawatts will announce
it in the first quarter of 2025.

Spain

By 2030, at least two hydrogen valleys will be promoted, with an

In force Hubs electrolytic capacity of at least 200 megawatts and a qualified funding of

200 million euros (217 million US dollars) for each hydrogen valley.

Sweden

The scope includes a 690-megawatt electrolyzer, a direct reduction plant,
and two electric arc furnaces, as well as cold rolling and finishing

In force Steel facilities. The target production capacity is 2.4 million tons of steel, and

it will start operation in 2026. A grant of 265 million euros (287 million
US dollars) was allocated to support Stegra.

United
Kingdom

Announced Aviation

By 2030, all flights departing from the UK must use 10% of the
sustainable aviation fuel (SAF) quota, and this figure will increase to
22% by 2040. By 2040, the specific quota for synthetic fuels should
account for 3.5% of the demand for aviation fuel. The reward is
equivalent to 6 to 6.4 US dollars per liter. Awaiting parliamentary
approval. If approved, this regulation will come into effect from 2025.

United States

In force  Industry

CAPEX grants totaling USD 1.7 billion across six projects as part of the
Industrial Demonstration Program.

United States

Seven hydrogen hubs (through the H2Hubs initiative), with an
investment of 7 billion US dollars, will be operational within 8 to

In force Hubs 12.5 years. The H2DI Alliance will design and implement demand-side

support mechanisms to facilitate the purchase of hydrogen produced
by H2Hubs.

United States

Announced  Road

USD 98 million for HRS and research facilities.

3. Working Principles and Research Trends of Various Mechanical
Hydrogen Compressors

3.1. Diaphragm Hydrogen Compressor
3.1.1. Structure and Working Principle of Diaphragm Hydrogen Compressor

Figure 8 is a structural schematic diagram of an L-shaped diaphragm hydrogen com-
pressor developed by Howden Company. The typical structure of a diaphragm hydrogen
compressor is shown in Figure 8b. The main structure is mainly composed of the cylinder
block, hydraulic oil distribution plate, diaphragm, gas chamber plate, cylinder head, and
related valves. The concave part of the gas chamber plate is inverted in the concave part of
the oil distribution plate, separated by a diaphragm in the middle to form the compressed
gas chamber and the hydraulic oil chamber. The outermost cylinder head and cylinder
block are fixed by bolts. Therefore, the gas cavity plate and the oil distribution plate can
be closely attached to prevent gas and oil leakage problems. The working principle of
the diaphragm hydrogen compressor is as follows: The crankshaft drive motor drives the
crankshaft to rotate. The crankshaft pushes the push rod connected through the crosshead,
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1. Crosshead-piston assembly
2. Oilinjection circuit

3. Crankshaft

4. Connecting rod

5. Ol compensating pump
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and the push rod then drives the piston to perform a reciprocating motion. In this way,
the hydraulic oil in the hydraulic oil chamber is regularly pressurized and depressurized,
causing the diaphragm to reciprocate and bend. Meanwhile, the volume of the compressed
gas chamber changes with the movement of the diaphragm, achieving the compression
and transportation of hydrogen.

Discharge valve Suction valve
\ /

Cylinder head

Gas cavity plate —

Bolt —

Diaphragm ——
Qil distribution plate
Cylinder block —

Oil check valve i

Diaphragm technology provides total gas
confinement with zero leakage and zero contamination.

Leak fightness to 1x10% om/sec I:l Gas in the suction pipe Piston
Static O-rings maintain secure sealing between . y i Piston rod
the diaphragms and the head. - Gas in the discharge pipe

Crosshead

Gas in the compressor chamber — .
Lo P = Connecting rod

6. Oillmiter retun circut 11. Static contacts and o-ring seals Hydraulic ol

ydraulic oif
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8. High grade material gas plate 13. Ol plate ] = Crank shaft
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Figure 8. Schematic diagram of the structural composition of the Howden Diaphragm Hydrogen
Compressor. (a) Three-dimensional model diagram. (b) Simple structural diagram [67].

Figure 8 shows the structure diagram of the Howden diaphragm hydrogen compressor,
and Figure 9 presents a complete working process of the diaphragm hydrogen compres-
sor. Table 3 lists the types and characteristics of valves used in mechanical hydrogen
compressors.

———gas plate

~—+——oil plate

Figure 9. Shows the working diagram of the diaphragm hydrogen compressor. The oil pressure oil is
the orange part, and the compressed gas is the green part. Figures (a) and (f), respectively, show six
representative states of the compressor in one working cycle [55].
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Table 3. Types and characteristics of valves used in mechanical hydrogen compressors.
. Operating
Valve Type Typical Material Pressure Range  Key Features Comr.nor}
Structure Applications
(MPa)
nghtwelght, Diaphragm
Spring-loaded Stainless Steel rapid response, compressors
Plate Valve 0.1-90 suitable for . .
plates (316L, 347) hi Reciprocating
igh-frequency
. types
operation
. o PEEK, PTFE Good seghng, L}quld-drlven
Ring Valve Concentric rings . 10-100 wear-resistant, piston
composites low noise compr
pressors
High ﬂow Ionic liquid
capacity, durable
Cone-shaped Inconel, : COmMpressors,
Poppet Valve . 5-70 under high- .
plug Titanium alloys High-pressure
temperature stages
conditions &
Simple structure,
. . Spring steel, low inertia, Small-scale
Reed Valve ;l;l;ilnsﬂeXIble Composite 0.5-50 suitable for reciprocating
p materials high-speed compressors
compression
Automatic
. Spring-actuated  Stainless steel, operation, All mechanical
Self-acting Valve - 1-100+ responsive to compressor
disc Coated alloys
pressure types
differentials

Valve dynamics have a significant impact on the volumetric efficiency and energy
consumption of compressors. Delayed valve closure or premature valve opening can lead
to backflow, thereby reducing the effective compression effect and increasing power loss.
To accurately capture these effects, future simulation models should include a valve sub-
model, which needs to consider the following aspects: the spring-mass-damper dynamics
of the valve plate, the pressure—force interaction during the opening/closing process, the
flow resistance, and leakage in the valve gap. Such a sub-model can be integrated into
computational fluid dynamics (CFD) or lumped parameter simulations to predict the
real-time valve behavior under different operating conditions.

Figure 9a represents the state at the moment before the compressor’s suction process.
At this time, both the intake valve and the exhaust valve of the compressed gas chamber
are closed, the metal diaphragm is at the top, dead center, tightly adhering to the top of the
compressed gas chamber. Meanwhile, the check valve of the hydraulic oil chamber is closed,
and the oil pressure safety valve is open. Due to the imbalance of oil pressure on both sides
of the valve body, the hydraulic oil in the oil chamber begins to be discharged. Figure 9b
shows the state of the compressor during the suction process. At this time, the intake valve
of the compressed gas chamber is open, and the piston starts to move downward, driven
by the motor, and the diaphragm also begins to reset. A negative pressure is formed in the
compressed gas chamber, and hydrogen is sucked into the chamber. At the same time, the
check valve of the hydraulic oil chamber also opens. Due to the expansion of the volume of
the hydraulic oil chamber under the influence of the piston movement, it is sucked into
the chamber. Figure 9c represents the state when the suction process of the compressor is
about to be completed. The piston continues to move downward, causing the diaphragm
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to bend downward, and, finally, it reaches the bottom, dead center, that is, the position of
the bottom attachment of the hydraulic oil chamber. The hydraulic oil through the check
valve of the oil chamber mainly fills the expanded oil chamber due to the movement of the
piston. Figure 9d shows the state of the compressor during the compression and exhaust
process. At this time, both the check valve and the safety valve in the oil chamber are
closed, and the piston starts to move upward, increasing the pressure of the hydraulic oil
in the oil chamber. The diaphragm begins to return to its original position upward, and the
hydrogen is compressed. Meanwhile, the intake valve of the air chamber is closed, and the
exhaust valve is open, allowing the hydrogen to be discharged through the exhaust valve.
The state of Figure 9f is consistent with that of Figure 9a, except that the state represented
by Figure 9a is that of the previous cycle. Due to the existence of Figure 9f, the working
cycle process of the compressor can be fully reflected.

3.1.2. Current Development Status and Existing Problems

The Howden Company is the inventor of diaphragm compressor technology. For
over a century, it has been dedicated to the research and development of diaphragm
compression technology, constantly enhancing the safety and performance of compressors.
Among them, the operation of the compressor cannot do without the power transmission
and heat dissipation effect of the hydraulic oil. At present, some scholars have studied
the influence of hydraulic oil characteristics on the performance of compressors. Long
et al. [67] conducted simulations using ANSYS(v2022R1) Fluent and found that increasing
the viscosity of hydraulic oil would lead to an extended hydraulic oil discharge time and
a shortened exhaust time, thereby reducing volumetric efficiency. They also found that
when the hydraulic oil temperature dropped from 50 °C to 10 °C, the flywheel torque
increased by 25.84%, the volumetric efficiency dropped to 39.48%, and the radial stress at
the diaphragm suction port increased by 43.71 MPa. Ren et al. [68] conducted a systematic
study on the influence of hydraulic oil temperature on the performance of a 90 MPa
diaphragm compressor. The study found that reducing the oil temperature from 95 °C to
35 °C not only significantly lowered the exhaust temperature by 49 °C but also increased
the volumetric efficiency from 36.2% to 43.5%. This phenomenon can be explained from
the perspectives of thermodynamics and fluid dynamics: Low-temperature hydraulic
oil has a higher density and lower compressibility, reducing the elastic energy loss of
the oil during the compression process and thereby enhancing the effective compression
stroke. Additionally, the low-temperature oil also helps to reduce the thermal stress on the
diaphragm and the wall of the gas chamber, delaying material fatigue. However, excessively
low oil temperatures (such as <10 °C) would cause a sudden increase in viscosity and an
increase in flow resistance, which might actually reduce the system’s response speed and
efficiency [67]. Therefore, in practical applications, the oil temperature control strategy
needs to be optimized based on the system pressure and operating frequency. Ren et al. [69]
focused on the impact of hydraulic oil compressibility on performance. They found that
the compression and expansion of hydraulic oil have a decisive influence on volumetric
efficiency. The compressibility of hydraulic oil can lead to a volumetric efficiency loss of
approximately 37%, and for every 10 MPa increase in oil spill pressure, the volumetric
efficiency decreases by 5%. Zhao et al. [70] found that the suction volume loss caused
by hydraulic oil expansion and clearance gas exceeded 40% per volume, reducing the
volumetric efficiency by 60%. Secondly, some scholars have carried out structural design
and optimization on diaphragm compressors, mainly in three aspects: innovation of
cavity profile, design of freely moving pistons, and improvement of the thermal—structural
coupling of the cylinder head. Hu et al. [71] proposed a new type of cavity profile busbar
based on the compound shape optimization method. Compared with the a-type busbar, the
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maximum stress and central stress of the diaphragm in the cavity designed by this busbar
are reduced by 8.2% and 13.9%, respectively. Jia et al. [72] investigated the influence of a
new type of membrane cavity profile generator on the gap volume and flow rate of the
compressor cavity. They compared the motion states of three types of membrane cavities
defined by busbars and found that the diaphragms of the two new types of membrane
cavity profile generators, B and C, would form an additional gap volume of 1.11% and
3.44%, respectively, but the minimum flow rate reduction rate would exceed 4.11%. Li
et al. [73] developed a new type of cavity profile busbar. Compared with the traditional
cavity, the cavity volume was increased by approximately 10%, the maximum radial
force was significantly reduced by 13.8%, and the reduction in the central area of the
diaphragm could reach 19.6%. Ren et al. [74] proposed a novel diaphragm compressor
design method using a freely moving piston to replace the traditional structure. The
highlights of this structural design are as follows: it can achieve the separation of the
piston head and the piston rod and form a “zero pressure” state during the suction process.
This design method can significantly enhance the volumetric efficiency of the cavity. For
a 90 MPa diaphragm compressor, its volumetric efficiency increases from 37% to 66%,
while for a 200 Mpa compressor, it rises from 19% to 64%. Wang et al. [75] proposed a
thermal-structural coupling method to analyze the deformation and stress distribution
of diaphragm compressors, as shown in Figure 10. They evaluated the fatigue life of the
cylinder head bolts and, based on this, proposed a structural improvement scheme by
increasing the size of the exhaust hole and adding an independent valve seat to reduce
the stress of the exhaust hole. Zhao et al. [76] introduced and studied a new type of
circumferentially cooled diaphragm hydrogen compressor, as shown in Figure 11. Its
structural feature is that the cooling pipe is wound around the exhaust pipe, and part of the
pipe is parallel to the suction pipe. They found that the new surround-cooled diaphragm
hydrogen compressor had a more significant cooling effect at high pressure than at the
conditions, with a maximum temperature reduction of 189.5 ° C.

Equivalent stress (MPa)
g B 3
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47.693

[MPa]

Discharge holes Discharge valve
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Figure 10. Shows the improved structure of the DHC cylinder head (a), the equivalent stress
distribution diagram of the exhaust hole (b), and the maximum stress variation curves of the two
types of exhaust holes (c) [75].
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Figure 11. Schematic diagram of the surrounding cooling channel structure (a), experimental platform
(b), and experimental system (c) [76].

The structure of diaphragm hydrogen compressors is complex, and the working
conditions are harsh. Even the slightest fluctuation in any parameter can significantly
affect the performance, lifespan, and safety of the compressor. Therefore, conducting
sensitivity analysis is an indispensable research step. At present, the important research
objects of most scholars are factors such as pressure, rotational speed, and pressure ratio.
Sun et al. [77] studied the sensitivity analysis based on a two-stage diaphragm compressor.
They found that the volume efficiency of the compressor is the most sensitive to the suction
temperature, with the sensitivity coefficients of the first and second stages being —2.28
and —1.67, respectively. The shaft power is most sensitive to the rotational speed, with
a sensitivity coefficient of 0.976. The isentropic efficiency is most sensitive to the suction
temperature of the first stage, with a sensitivity coefficient of —2.059. Zhao et al. [78]
conducted sensitivity analyses on suction pressure, overflow pressure, pressure ratio, and
rotational speed. They found that isentropic efficiency was mainly affected by factors
such as suction pressure, pressure ratio, and rotational speed, while volumetric efficiency
was mainly influenced by pressure ratio and rotational speed. Zhao et al. [70] studied
the sensitivity analysis of a 90 MPa diaphragm compressor. When % =11,
the volumetric efficiency and isentropic efficiency of the compressor were the highest.
They also found that the volumetric efficiency and isentropic efficiency would significantly
decrease as the suction pressure decreased. In addition, Jia et al. [79] conducted a study that
was different from the above-mentioned scholars. They mainly investigated the influence
mechanism of factors such as the fillet radius of the groove, the groove width, and the
diaphragm thickness on the diaphragm diameter stress. The diaphragm radial stress was
less affected by the fillet radius, while the diaphragm deflection and radial stress showed a
significant downward trend with the increase in diaphragm thickness or the decrease in
groove width.

In conclusion, diaphragm compressors have been widely applied in hydrogen refuel-
ing stations due to their oil-free and high-purity compression characteristics. At present,
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research on diaphragm hydrogen compressors mainly focuses on the optimization of hy-
draulic oil performance, innovative design of cavity profile, free-moving piston structure,
thermal-structural coupling analysis, and improvement of cooling systems. However, it
still faces some key issues. The high-pressure hydrogen environment is prone to hydro-
gen embrittlement and material fatigue problems, especially for austenitic stainless steel,
whose fatigue limit drops significantly after pre-filling with hydrogen. The excessively
high temperature in the exhaust hole area leads to thermal stress concentration, which
seriously affects the sealing performance and service life. The volumetric efficiency is also
significantly reduced by up to 37% due to the compressibility of the hydraulic oil and the
influence of clearance gas [69]. In addition, during the industrialization process, it also
faces problems such as high manufacturing costs due to special anti-hydrogen embrit-
tlement materials and high-precision processing, as well as the complexity of operation
and maintenance caused by professional maintenance requirements, which restrict its
further promotion.

3.2. Liquid-Driven Piston Hydrogen Compressor
3.2.1. The Working Principle of the Hydraulic-Driven Piston-Type Hydrogen Compressor

The liquid-driven piston hydrogen compressor is a type of compressor that uses
hydraulic oil to drive the piston to reciprocate, thereby pressurizing and transporting
hydrogen. It belongs to the category of positive displacement compressors. A typical
physical structure of a two-stage liquid-driven piston hydrogen compressor is shown in
Figure 12, which is a double-head structure, and it can mainly be divided into three parts.
The first part is mainly composed of a first-stage cylinder, a first-stage gas piston, a piston
rod, a gas valve, and a water-cooling channel. The second part mainly consists of an
isolation chamber, a hydraulic piston, a piston rod, and a hydraulic oil channel. The third
part is roughly the same in structure as the first part. Among them, the first-stage gas
piston of the first part, the hydraulic piston of the second part, and the second-stage gas
piston of the third part are, respectively, fixed on the far left, middle, and far right of the
piston rod, and these three move along with the movement of the piston rod.

Gas valve
Gas piston

Oil channel
Hydraulic
piston
Piston rod
Water cooling
channel
Gas valve
Cylinder
head

Figure 12. Physical structure of two-stage hydraulic-driven piston compressor [80].

The piston of the two-stage liquid-driven piston hydrogen compressor can achieve two
pressurizations of hydrogen in one reciprocating cycle, with high compression efficiency.
The working principle is shown in Figure 13, and the working process is as follows. The
hydraulic oil booster pressurizes the hydraulic oil and injects it into the isolation chamber
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through the hydraulic oil channel in the second part, pushing the hydraulic piston to move
to the right. At the same time, the first-stage gas piston in the first part is also driven to start
moving to the right, and the gas valve used for intake opens, allowing the hydrogen to be
compressed and to be sucked into the first-stage cylinder. When the hydraulic piston moves
to the right, dead center, the intake valve closes, and the hydraulic piston starts to reverse
and move to the left. At this time, both the intake valve and the exhaust valve are in the
closed state, and the first-stage cylinder is in a completely sealed state. Hydrogen begins
to be compressed by the first-stage gas piston. Then, when the hydrogen in the first-stage
cylinder reaches the first-stage compression pressure, the gas valve used for hydrogen
exhaust opens, and the hydrogen is transferred from the first-stage cylinder to the second-
stage cylinder through the connecting pipeline. At this point, the first-stage compression
process of hydrogen is completed, and the second-stage compression process is about
to begin. The second-stage compression process is similar to the first-stage compression
process. Hydrogen is further pressurized in the second-stage cylinder to the second-stage
compression pressure (which is also the final exhaust pressure) and then discharged from
the second-stage cylinder. As this compressor is of a double-head structure, when the
first-stage cylinder is undergoing expansion and intake processes, the second-stage cylinder
is simultaneously performing compression and exhaust processes. Due to the existence of
the intermediate isolation chamber and the connecting pipeline air valve, the operation of
these two cylinders is independent and does not affect each other.

§ Gas in Oil in Oil out
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’ Gas
compression
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§ Gasin Oil in Oil out
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Gas Oil out Oil in
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Figure 13. Working principle of hydraulic-driven piston compressor: (a) The time when the first-stage
piston is at the top dead center; (b) the suction process of the first stage; (c) the time when the
second-stage piston is at the top, dead center; and (d) the suction process of the second stage [80].
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3.2.2. Research Status and Existing Problems

As the oldest type of compressor, the piston compressor was invented by British
engineer George Medhurst in 1799 as a single-stage steam-driven piston air compressor
for mine ventilation, which was the first industrial compressor. Today, piston compressors
still shine brightly in the industrial field due to their high-pressure capacity, technological
maturity, and high adaptability. Among them, the crankshaft drive is the most classic
power transmission form for piston compressors. Its main advantages are high mechanical
efficiency and relatively low mass production cost. However, its disadvantages are also
quite prominent: relatively large vibration and noise, insufficiently sensitive control, and
difficulty in achieving pure oil-free compression. For the problems existing in crankshaft-
driven piston compressors, using high-pressure liquid instead of crankshaft-driven pistons
is a good choice. The feature of the liquid-driven piston compressor is that it can flexibly
and precisely control the exhaust pressure and flow of the compressed gas by adjusting the
flow and pressure of the hydraulic oil. Because the hydraulic oil chamber is completely
isolated from the compression cylinder chamber, it is easier to achieve oil-free compression.
Up to now, liquid-driven piston hydrogen compressors have accumulated a great deal
of industrial experience, and the related technologies are relatively mature. Research
on liquid-driven piston hydrogen compressors mostly focuses on the influence of piston
rings and operating conditions on the compressors. Piston rings, as indispensable sealing
components of compression cylinders, play a crucial role in sealing the cylinders, ensuring
the normal progress of the compression process, and preventing air leakage. Yu et al. [81]
established a mathematical model for simulating the unsteady flow within the piston
ring clearance. Through this mathematical model. The pressure distribution of the piston
rings was obtained, revealing the mechanism of non-uniform wear of the ring components.
H.Winkelmann et al. [82] proposed an advanced design concept for the piston rings in the
cylinder friction contact of piston compressors based on the hydrogen compression process,
that is, to use PI and PPS plastics modified by dry-lubricated polytetrafluoroethylene
and reinforced with carbon fibers to meet the requirements of high-stress friction inside
the compressor. Constructing a mathematical model to study and predict the changes in
hydrogen parameters inside the compressor is also a good choice. Ye et al. [83] developed a
transient model using ANSYS Fluent with dynamic mesh technology and the NIST Real Gas
Model to accurately simulate hydrogen flow and heat transfer. The model was validated
against experimental data with a deviation of less than 6.29 K in exhaust temperature.
Moreover, Ye et al. [84] also utilized a real hydrogen model and dynamic grid technology
to construct a three-dimensional numerical model based on the reciprocating operation
conditions of the compressor to reveal the influence of the opening and closing states of
the gas valves used for hydrogen intake and exhaust on the pressure fluctuations and
temperature inside the cylinder. Operating conditions are also important factors affecting
the performance of compressors. Currently, relevant research focuses on aspects such as the
reciprocating frequency of the piston, load conditions, and suction pressure. Zhao et al. [85]
developed a novel capacity control system (CCS) for reciprocating compressors, which
accurately compressed hydrogen based on actual demand. Carbon emissions and costs
were reduced by 41.93% and 36.49%, respectively, significantly lowering the storage and
transportation costs of hydrogen. Based on the two-end liquid-driven piston compressor,
Qi et al. [86] adjusted the oil supply rate of each hydraulic cylinder to achieve a balanced
pressure ratio between the two stages at different suction pressures. As a result, the
power difference between the two stages was reduced from 35.8 kw to 11.9 kw, and
the temperature deviation was decreased from 200.8 K to 5.6 K. Some scholars have
proposed a non-destructive monitoring method for different operating pressure conditions,
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obtained the p-V curves of two-stage liquid-driven piston compressors, and analyzed the
performance of compressors under different pressures [87].

The performance and durability of liquid-driven piston hydrogen compressors are
significantly influenced by the materials used for key components, such as the piston,
cylinder liner, and piston rings, as well as the thermal conditions during operation. Pistons
are typically manufactured from high-strength aluminum alloys or forged steel, chosen
for their favorable strength-to-weight ratio and fatigue resistance. Cylinder liners are
commonly made from cast iron, ductile iron, or hardened steel, often featuring chrome
plating on the inner surface to enhance wear resistance and reduce friction. For piston rings,
gray cast iron or advanced polymer composites (e.g., PTFE-modified polyimide (PI) or
polyphenylene sulfide (PPS) reinforced with carbon fibers) are widely employed to achieve
a balance between sealing performance, low friction, and compatibility with high-pressure
hydrogen environments [82].

In a typical compressor piston ring and cylinder liner pairing structure, as shown
in Figure 14, the sealing function is accomplished jointly by the rider belt and the piston
ring. The rider straps on both sides of the piston are mainly used to support and guide
the movement of the piston. They do not play a sealing role because they have pressure
relief grooves. Therefore, the piston ring is the core seal. The cutout of the piston ring and
the microscopic gap formed during processing can lead to leakage. Its sealing is based
on the principle of throttling, so a multi-ring combination is often adopted to ensure the
sealing effect [88].
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Figure 14. Schematic of piston ring sealing system (a) and 3d structure of piston ring/rider
band (b) [88].

During the operation of the liquid-driven piston compressor, the friction pair formed
by the piston ring and the cylinder liner is the core and one of the most vulnerable parts.
The frictional properties and material selection of this friction pair directly determine the
sealing performance, wear rate, and service life. In a high-pressure hydrogen environment,
this challenge is particularly severe.
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Firstly, the low viscosity characteristic of hydrogen gas makes it difficult for it to form
an effective fluid dynamic pressure lubrication film at the friction interface, causing the
piston ring and cylinder liner to often be in boundary lubrication or even dry friction states,
which aggravates the wear of the materials. As shown in Figure 14, uneven wear can
lead to the failure of the piston ring’s sealing, an increase in hydrogen leakage rate, and a
decrease in volumetric efficiency [88].

Secondly, hydrogen embrittlement is a common problem faced by compressor ma-
terials. For piston rings and cylinder liners, hydrogen atoms will penetrate the metal
under high pressure and accumulate at defects such as dislocations and grain boundaries,
resulting in decreased material plasticity and a lower threshold for crack initiation. Under
the combined action of alternating mechanical stress (from the reciprocating motion of
the piston) and thermal stress, it is highly likely to trigger the initiation and expansion of
micro-cracks, ultimately leading to brittle fracture of the piston ring or peeling of the inner
wall of the cylinder liner [89,90].

Therefore, in terms of the material selection for piston rings, researchers are working
on developing high-performance polymer composite materials. For instance, Winkelmann
et al. [82] proposed using polyimide (PI) modified by dry lubrication with polytetraflu-
oroethylene (PTFE) and polyphenylene sulfide (PPS) and reinforced with carbon fibers.
These materials not only have self-lubricating properties to reduce the friction coefficient
but also have non-metallic characteristics that make them insensitive to hydrogen em-
brittlement, while maintaining good mechanical strength and dimensional stability to
adapt to the high-stress friction conditions inside the compressor. For metal components
such as cylinder liners, high-nickel content austenitic stainless steel (such as AISI 316L,
304) or special alloys need to be selected. These materials have relatively lower hydrogen
embrittlement sensitivity in high-pressure hydrogen environments [91,92].

The cylinders of hydrogen compressors are usually made of iron—carbon alloys such
as cast iron, ductile iron, and forged steel. However, iron—carbon alloys will undergo
hydrogen corrosion at 200-300 °C, as shown in Figure 15. The metal reacts with hydrogen
to form methane. The methane molecules generated exist in the grain boundary gaps,
causing cracks and reducing the plasticity of the cylinder, leading to hydrogen corrosion.
Therefore, the hydrogen embrittlement phenomenon that occurs in the cylinder during the
hydrogen compression process is a common problem in hydrogen compressors, as shown
in Figure 16.
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Figure 15. Schematic diagram of hydrogen permeation and hydrogen embrittlement [89].
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Figure 16. (a) The influence of test temperature on the relative area reduction rate of 316 type
and 304 series stainless steel in a 1.1 MPa hydrogen and helium environment (304 (S) and 316 (S)
sensitized 304/316 stainless steel) [90]; (b) determined maximum thermal expansion coefficients
(theatrical expansion coefficient: THE) of AISI 304, (c) AISI 316, (d) iron-nickel-based superalloys,
and (e) ferritic steels; the max value (for relevant material data and test information, please refer to
references [92,93]).

In summary, current research on liquid-driven piston hydrogen compressors mainly
focuses on the optimization of piston ring materials and structures, flow field and heat
transfer simulation based on real hydrogen models and dynamic grids, and the devel-
opment of capacity control systems, as well as the regulation and balancing strategies
under multi-parameter operating conditions. However, it still faces key issues such as wear
and leakage of the piston ring sealing assembly, hydrogen embrittlement of the cylinder
material, complex vibration and temperature control during operation, and the difficulty
in balancing efficiency and stability under high-load conditions. At the same time, the hy-
draulic and pneumatic systems need to be highly coordinated, and the control complexity
is high. During the industrialization process, the energy efficiency of the system decreased
significantly under variable working conditions [86], and there was a lack of unified perfor-
mance testing and evaluation standards, which further restricted the large-scale application
and interchangeability of the equipment.
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3.3. Ionic Liquid Hydrogen Compressor
3.3.1. The Working Principle of Ionic Liquid Hydrogen Compressor

The traditional piston compressor, due to its numerous internal mechanical compo-
nents, has problems such as high mechanical wear and large heat loss at low power. Ion
liquid compressors have solved the problems of sealing and lubrication under high pres-
sure in traditional piston compressors, and they have good adaptability to a wide range of
operating conditions and an efficient compression process. It is also suitable for design as a
large-displacement model. Its core technical feature lies in the use of an ionic liquid with
special physical and chemical properties to be filled into the cylinder, and the gas is com-
pressed under the drive of a hydraulic piston. The ionic liquid is driven into the cylinder by
a high-pressure liquid pump and recycled. Ionic liquids are almost incompressible, do not
dissolve or contaminate hydrogen, and also have good lubricating and cooling properties,
which solves the drawbacks existing in several other types of compressors.

Figure 17 shows the structural schematic diagram of the ionic liquid compressor. Its
structure consists of an oil suction valve, an oil discharge valve, a liquid piston, a gas
chamber, a free piston, an oil chamber, and a hydraulic system—a radial plunger pump.
The main working principle is that the radial plunger pump drives the oil through the
hydraulic system, pushing the piston to reciprocate and thereby changing the volume of
the gas chamber to increase gas pressure.

Suction valve

Discharge

valve

Liquid piston

Gas chamber

Free piston

Oil chamber

Radial plunger pump

Figure 17. Schematic diagram of the structure of the ionic liquid compressor [93].

3.3.2. Current Development Status and Existing Problems

As a core piece of equipment in the hydrogen energy industry chain, ion liquid
compressors have made remarkable progress in recent years, especially in the field of
high-pressure and large-displacement hydrogen compression. Represented by the world’s
first ion liquid seal compressor of Dongde Industrial, it has achieved a technological leap of
over 100 MPa in ultra-high pressure and 50,000 standard cubic meters in large displacement.
Moreover, it has achieved zero hydrogen leakage by relying on the circulating ion liquid
seal technology. Energy consumption is reduced by 20-30%. Currently, ionic liquid
compressors are mainly applied in hydrogen refueling stations, hydrogen production
plants, hydrogen storage and transportation, and other scenarios. Due to their zero-leakage
feature, they have been extended to special gas treatment fields such as petrochemicals.
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The future development trend focuses on higher pressure scale, intelligent Internet of
Things control, and multi-field applications, but it also faces challenges such as long-term
reliability verification, cost optimization, and standard improvement. The current research
status of ion compressors is shown in Table 4.

Table 4. Research status of ion compressors.

Author

Research Content

Guo et al. [94]

1. Adopt Computational Fluid Dynamics (CFD) and image processing technologies.
2. At an operating frequency of 3 Hertz, the highest isothermal efficiency for hydrogen transportation can be
achieved.

Wang et al. [95]

1. The gas-liquid interface in multi-stage compression was studied through an experimentally verified
numerical simulation model.

2. Solid pistons in the high-pressure stage are at risk of exposure to hydrogen.

3. This study determined the minimum liquid column piston height required for the first to fifth stages.

Guo et al. [96]

1. The thermodynamic performance of a new type of concentric double-piston ion compressor was studied.
2. The design parameters of the compressor were optimized through the Taguchi method.

3. The results summarize the piston diameter, the stroke diameter ratio of the piston, the trajectory parameters,
and the optimal design parameters of four pistons per unit energy consumption.

Jin et al. [97]

1. Establish a three-dimensional computational fluid dynamics model of the ionic liquid compressor.

2. The two-phase flow and heat transfer characteristics of hydrogen and ionic liquids in compression cycles at
different frequencies were studied.

3. The results show that the two-phase distribution significantly increases the heat transfer area and relative
velocity, thereby greatly enhancing the heat transfer efficiency.

4. At a frequency of 5 Hertz, the temperature of hydrogen gas rose by 55.69 K, and the pressure-enthalpy index
was 1.114, which was very close to the isothermal process.

Guo et al. [98]

1. The Taguchi method and analysis of variance were adopted to study the percentage contribution of four
design parameters of ionic liquids to the performance of the compressor.

2. By integrating gray relational analysis (GRA), optimization was carried out with the aim of the mass of
discharged liquid and unit energy consumption.

3. The results show that liquid height is the most significant parameter and its contribution rate to the mass of
discharged liquid and unit energy consumption.

4. The final optimization yields a combination of four parameters: liquid height, liquid density, liquid viscosity,
and surface tension.

Kang et al. [99]

1. A two-phase CFD simulation involving the movement of the valve was conducted using the dynamic mesh
method.

2. The results show that the flow through the valve enhances the heat transfer at the liquid surface.

3. A new conjugate heat transfer (CHT) model with good consistency with CFD results was proposed to
calculate the heat transfer between hydrogen and ionic liquids.

Jinetal. [100]

1. The dynamic characteristics of the free piston of an ionic liquid compressor are modeled through
fluid-structure coupling.

2. Research shows that in the absence of shock, oil pressure changes exhibit buffering, injection and overflow
phenomena.

3. Three characteristics were discovered in the motion curve.

Guo etal. [101]

1. A design method for ionic liquid compressors was proposed.

2. The influence of different liquid viscosities on the dynamic flow behavior within the compression cycle was
analyzed by numerical simulation.

3. When the viscosity is 1 mPa-s, the maximum discharge mass of hydrogen and the minimum discharge mass
of ionic liquid are obtained.

4. Taking into account the flow characteristics, discharge mass and turbulent kinetic energy comprehensively,
it is recommended to select an ionic liquid with a viscosity of 100 mPa-s at the minimum peak of the total
turbulent kinetic energy.

In conclusion, ionic liquid compressors, as an emerging oil-free compression technol-
ogy, have attracted attention due to their high sealing performance and thermal manage-
ment advantages. The research focuses on two-phase flow simulation, valve optimization,
and system integration. However, during the long-term use of ionic liquids, their corrosive
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effect on metal structural materials is a challenge that cannot be ignored. The chemical
properties of different ionic liquids vary greatly, and their corrosive effects on materials
also differ significantly. For instance, it has been shown [102] that ionic liquids containing
[NTf,]™ anions have a relatively weak corrosive effect on AISI 347 stainless steel, demon-
strating good compatibility, while the same ionic liquids may exhibit a stronger corrosive
tendency towards nickel-based superalloys such as Hastelloy C-276. This corrosion not
only damages the structural integrity of core components such as compressor cylinders
and valves, but also the corrosion products may contaminate the ionic liquids and the com-
pressed hydrogen gas, which is fatal for fuel cell applications with extremely high purity
requirements. Therefore, developing low-cost structural materials and surface protective
coatings with optimal compatibility with specific ionic liquids is a problem that ionic liquid
compressors must solve for large-scale industrialization. Moreover, the movement of the
piston can cause the liquid surface to break, generating droplets and bubbles, which affects
its sealing and heat transfer [97]. There are still design and manufacturing issues. The auto-
matic valves in ionic liquid compressors are highly sensitive to the two-phase gas-liquid
flow. Unstable valve movement may cause liquid entrainment or gas backflow, thereby
reducing performance. We propose to integrate a valve—piston coupling sub-model within
the simulation framework to optimize the following aspects: valve spring characteristics,
the number and geometry of the flow channels, and the timing of valve movement relative
to piston movement. This approach will help minimize flow losses and improve heat trans-
fer efficiency, thereby achieving nearly isothermal compression. Moreover, there is a lack of
standards for the initial liquid-level setting, which relies on design experience [95]. The
system integration is difficult. The coupling control between the hydraulic drive and the
compression chamber is not yet mature, and the fault diagnosis and maintenance system is
not perfect.

4. Challenges and Solutions Faced by Various Mechanical
Hydrogen Compressors

4.1. Diaphragm Hydrogen Compressor

In the actual operation of diaphragm hydrogen compressors, multiple technical chal-
lenges are faced, which seriously affect their working efficiency and reliability, especially
under high-pressure and even ultra-high-pressure conditions (>90 MPa) where the prob-
lems are more prominent. Firstly, the actual suction volume is significantly lower than
the theoretical design value, mainly due to the compressibility of the hydraulic oil, the
expansion of the residual gas in the clearance, and the incompleteness of the diaphragm
deformation process. These factors collectively lead to a significant reduction in volumetric
efficiency, especially under ultra-high-pressure conditions above 90 MPa, where volumetric
loss is even more severe, greatly restricting the improvement of the overall machine perfor-
mance. Secondly, during the operation of compressors, the problem of excessively high
exhaust temperature is common, often exceeding 200 °C. The continuous high-temperature
environment not only causes thermal stress concentration in key components, but also
significantly accelerates the fatigue aging of the diaphragm, and even induces hydrogen
embrittlement. Hydrogen embrittlement will further reduce the mechanical properties
and fracture toughness of materials, seriously threatening the long-term safe operation of
equipment. As a core moving component, the short lifespan of the diaphragm is also a key
factor restricting the promotion and application of this type of compressor. Due to the fact
that the diaphragm needs to undergo repeated flexural movements at high frequencies and
constantly come into contact and rub against the compression chamber, microscopic cracks
are prone to occur and gradually expand, eventually leading to diaphragm perforation
or complete failure. This failure mode not only leads to an increase in the frequency of
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compressor shutdowns for maintenance, but also significantly raises the maintenance cost
throughout its entire life cycle. Finally, the working performance of the hydraulic oil has
a significant impact on the overall behavior of the compressor. The temperature, viscos-
ity changes, and compressibility of the oil are all directly related to the energy transfer
efficiency and sealing effect. Especially in low-temperature environments, the viscosity
of the hydraulic oil rises sharply, resulting in increased flow resistance and a decrease in
effective power, which further reduces the overall efficiency and response capability of the
compressor. Therefore, the optimization of hydraulic oil characteristics and the adaptation
to working conditions have become significant challenges in system design.

To address these issues, there are numerous solutions. Firstly, the structure can be
optimized, for instance, by adopting a freely moving oil piston design [74], achieving
a “zero-pressure” suction stage and significantly enhancing volumetric efficiency. For
example, for the 90 MPa model, it can be increased from 37% to 66%. By adopting a
new cavity profile design [71,73], the diaphragm stress concentration is reduced and the
maximum radial stress is decreased by 8.2% to 19.6%.Alternatively, a circumferential
cooling structure [76] can be adopted to effectively reduce the exhaust temperature, with a
maximum cooling of up to 189.5 °C. Secondly, a hydraulic oil temperature control system
can be used. By controlling the oil temperature (for example, from 95 °C to 35 °C), the
volumetric efficiency can be enhanced [68], and at the same time, the thermal stress can
be reduced. Intelligent monitoring and diagnosis can also be used, based on dynamic oil
pressure signals [70] or acoustic emission technology [72], to achieve real-time monitoring
of diaphragm status and early fault warning.

4.2. Liquid-Driven Piston Hydrogen Compressor

In the actual operation of the liquid-driven piston hydrogen compressor, there are
multiple technical challenges. Firstly, the problems of friction, wear, and sealing are the
most prominent. Due to the compressor’s long-term operation in a high-pressure hydrogen
environment, the non-uniform wear between the piston ring and the cylinder wall occurs
due to poor lubrication, which seriously affects the sealing effect and leads to an increasing
leakage rate. At the same time, the high-pressure hydrogen environment will induce
the hydrogen embrittlement phenomenon of the materials, causing micro-cracks or even
fractures in the piston ring under alternating stress, further reducing its service life and
sealing reliability. Secondly, there is the issue of excessive vibration and noise. Due to
the inherent unbalanced inertial force of the traditional crank connecting rod mechanism,
significant vibration can be caused, which not only reduces the smoothness of equipment
operation but also affects the structural safety of the compressor unit foundation and
connected pipelines. Intense vibration and high-frequency noise also have adverse effects
on the internal environment of hydrogen refueling stations and the comfort and safety
of equipment maintenance personnel. The last issue is the instability of thermodynamic
performance. Due to the fluctuation of suction pressure and the unreasonable distribution
of compression ratios between each stage, it is easy to cause an imbalance in the matching
between stages and an uneven distribution of exhaust temperature, which in turn affects
the power consumption and efficiency stability of the entire machine. Especially under
variable working conditions, this problem is more prominent, seriously restricting the
working range and adaptability of the compressor.

There are also many solutions. Firstly, the surface materials of the friction pairs can be
optimized. For instance, high-performance polymer composite materials [82] can be used to
manufacture piston rings, or the surface of the metal cylinder liners can be modified (such as
nitriding, chrome plating, or using diamond-like carbon (DLC) coatings) to simultaneously
enhance their wear resistance, reduce the friction coefficient, and improve their resistance
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to hydrogen embrittlement. Secondly, the control system was optimized by introducing a
variable speed control strategy [86] to adjust the fuel supply rate of each section, achieving
a balanced pressure ratio, reducing power deviation by 66.7% and temperature deviation
by 97.2%. The capacity control system (CCS) [85] was developed to achieve precise load
control from 0% to 100%, reducing unit energy consumption and vibration and shock by
77.6%. Non-destructive monitoring technology is used to assist in detection, such as the
dynamic pressure monitoring system based on strain sensors [80], with a deviation of less
than 2.01%, achieving non-invasive condition assessment.

4.3. Ionic Liquid Hydrogen Compressor

As an emerging compression technology, ionic liquid hydrogen compressors have
shown potential in terms of high efficiency and energy conservation as well as hydrogen
purification. However, their further development still faces several key challenges. Firstly,
the two-phase flow pattern in the compression chamber is extremely complex. Unstable
gas-liquid interfaces, droplet entrainment, and dynamic changes in flow patterns occur
frequently, which not only affect the stability of the compression process but also reduce
the volumetric efficiency and the final purity of the compressed hydrogen. Secondly, there
are significant challenges in the thermal management of the system. The heat transfer effi-
ciency between ionic liquids and hydrogen is relatively low, which causes the compression
process to approach an adiabatic state. A large amount of mechanical energy is converted
into thermal energy and is difficult to effectively dissipate, resulting in energy loss and
possibly causing local overheating. In addition, the dynamic response performance of the
self-acting valve in a gas-liquid two-phase environment is poor. There is a lag in the action
of the valve plate, which can easily lead to gas backflow or liquid hammer phenomena,
seriously affecting the reliability and service life of the compressor. Finally, material com-
patibility and corrosion protection are also major challenges. Ionic liquids, especially under
high-temperature and high-pressure conditions, may cause corrosion to metal structural
components. It is necessary to comprehensively consider multiple aspects, such as material
selection and surface treatment, to ensure the long-term safety and stability of the system
operation. The systematic solution to these problems is the key to promoting the large-scale
industrial application of this technology.

Firstly, porous media can be adopted to enhance heat transfer [103], combined with
the SOBP-SO algorithm to optimize parameters, achieving energy savings of 26.8%. This
time, the number of flow channels of the self-acting valve can be optimized (four or six
channels are optimal) to reduce the liquid entraining rate (<9%) and enhance the heat
transfer performance [104], or the piston movement trajectory can be controlled (such as
the T8 trajectory) to improve the liquid-level stability and exhaust quality [105]. In the
F-C operating mode, the piston hardly ever collides or remains at the top or bottom dead
center [106].The service life of components can be prolonged by developing corrosion-
resistant coatings or composite materials. AISI 316L or 347 stainless steel is selected, which
exhibits excellent corrosion resistance in most ionic liquids [102].

4.4. Comparative Analysis of Comprehensive Performance and Discussion of Future
Technology Paths

This article systematically reviews the research progress and technical challenges of
three types of mechanical hydrogen compressors. From the perspective of performance
comparison, diaphragm compressors have significant advantages in purity and sealing,
but their volumetric efficiency is greatly affected by the characteristics of hydraulic oil;
liquid-driven piston compressors perform exceptionally well in high-pressure adaptability,
but they have prominent vibration and wear issues; ionic liquid compressors have great
potential in thermal management and energy efficiency, but the control of gas-liquid two-
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phase flow remains a challenge. In the future, with the deep integration of materials science,
intelligent control, and multi-physics field simulation technologies, mechanical hydrogen
compressors will develop towards the direction of high efficiency, intelligence, and high
reliability. Especially in high pressure (>90 MPa), high frequency, and variable condition
scenarios, interdisciplinary research is urgently needed to achieve the leap from “laboratory
performance” to “industrial reliability.

5. Conclusions and Future Solutions
5.1. Conclusions

This paper systematically reviews the key role of mechanical hydrogen compressors
in hydrogen refueling stations, with a focus on analyzing the working principles, structural
features, performance bottlenecks, and research progress in recent years of diaphragm,
liquid-driven piston, and ion liquid compressors. Through the review and summary of a
large number of documents, the following main conclusions are drawn:

(1) Diaphragm compressors have become one of the mainstream technologies for
compressing high-pressure hydrogen in hydrogen refueling stations due to their leak-free
and high-purity output characteristics. Research shows that their performance significantly
depends on the characteristics of the hydraulic oil, the design of the cavity structure, and
the thermal management strategy. Appropriately lowering the oil temperature can help
improve volumetric efficiency and control exhaust temperature, but if the temperature is
too low, it will cause the oil to become viscous, which will affect efficiency. By improving the
piston design, optimizing the cavity profile, and conducting thermal-structural coupling
analysis, the equipment efficiency and diaphragm life can be effectively enhanced. In
addition, factors such as suction temperature, pressure ratio, and rotational speed have a
significant impact on overall performance, and multi-variable collaborative optimization
needs to be carried out.

(2) Liquid-driven piston compressors have the advantages of high-pressure output,
flexible control, and high volumetric efficiency, and have broad application prospects. The
core issue lies in the sealing performance of the piston rings and the material’s resistance to
hydrogen embrittlement. The use of polymer composite materials such as PTFE-modified
PI/PPS can effectively reduce the impact of wear and hydrogen embrittlement. The
introduction of variable speed control and multi-stage pressure regulation strategies helps
to reduce energy consumption and temperature fluctuations and enhance operational
stability. Meanwhile, technologies such as strain gauge monitoring and p-V curve analysis
provide strong support for real-time status diagnosis and early fault warning.

(3) As an emerging technology, ionic liquid compressors have attracted extensive
attention due to their high efficiency, low vibration, and oil-free output characteristics. The
gas-liquid two-phase flow behavior, valve control, and the utilization of porous media to
enhance heat transfer are crucial for achieving near-isothermal compression. Parameters
such as the piston movement law, spring characteristics, and the number of flow channels
also significantly affect performance, and multi-objective optimization is required to achieve
the best operating conditions. The application of hydraulic-pneumatic coupling simulation
and intelligent control algorithms has further enhanced the dynamic response and energy
efficiency of the system.

In summary, based on the current technology readiness level (TRL), operational
experience, and market penetration, the diaphragm compressor holds the greatest near-
term industrial potential for widespread deployment in hydrogen refueling stations. Its
oil-free, high-purity output, combined with well-established manufacturing processes and
a proven track record in handling high-pressure (e.g., 90 MPa) hydrogen, makes it the most
reliable and readily scalable solution for the coming 5-10 years. Meanwhile, the liquid-
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driven piston compressor remains a strong contender for applications requiring very high
flow rates and flexible control, particularly in large-scale hydrogen production and storage
hubs, provided that challenges related to piston ring wear and hydrogen embrittlement are
further mitigated.

Looking forward, research efforts should focus on a dual track. In the short term, the
priority is to enhance the reliability and reduce the lifetime cost of incumbent technologies
(diaphragm and liquid-driven piston). This includes developing advanced anti-hydrogen
embrittlement materials and coatings, implementing intelligent health monitoring and
predictive maintenance systems, and optimizing thermal management for higher energy
efficiency. In the mid-to-long term, the research focus should shift towards breakthrough
innovations for next-generation compressors, with the ionic liquid compressor being a
primary candidate. Key research thrusts here must include mastering the gas-liquid
two-phase flow to achieve near-isothermal compression, designing highly responsive
and durable self-acting valves, and discovering or synthesizing novel ionic liquids with
ideal thermophysical properties and minimal corrosivity. Ultimately, the convergence
of digitalization (e.g., digital twins and Al-driven control) and material science will be
pivotal in advancing all compressor types towards higher efficiency, greater intelligence,
and enhanced sustainability.

5.2. Future Research and Development Directions

Although mechanical hydrogen compressors have made significant progress in tech-
nology and application, several challenges still need to be addressed for their wide applica-
tion in the next generation of hydrogen refueling stations. Future research and development
should revolve around the following strategic directions, classified by compressor type:

(1) Diaphragm compressor

Innovate materials and develop new hydrogen embrittlement (HE) resistant materials
and advanced coatings (such as ceramic or amorphous metal coatings) for the surfaces of
diaphragms and cavities to extend service life under ultra-high-pressure (>90 megapascals)
conditions. Use integrated real-time temperature monitoring and adaptive cooling systems
(such as annular cooling channels or microchannel heat exchangers) to reduce thermal
stress and improve volumetric efficiency. Digital twin technology is adopted to establish a
multi-physics coupling model (fluid—structure-thermal) to simulate diaphragm fatigue,
predict faults, and achieve predictive maintenance.

(2) Liquid-driven piston compressor

A multi-stage sealing system is designed with self-lubricating polymer composite
materials and surface textures to reduce wear and hydrogen leakage. Systematically
study the hydrogen embrittlement mechanism in Fe-C alloys and develop anti-hydrogen
embrittlement materials. Or introduce an active vibration-damping system and optimize
the kinematics of the piston to enhance operational stability and comfort. Implement
artificial intelligence (Al) and digital twin platforms to optimize multi-level pressure ratios,
capacity control, and energy efficiency in real-time under variable load conditions.

(3) Ionic liquid compressor

Design new ionic liquids and develop customized ionic liquids with high thermal
stability, low corrosiveness, and optimal viscosity to enhance heat transfer and sealing
performance. Optimize the piston trajectory and valve design to stabilize the gas-liquid
interface and reduce droplet entrainment. Enhance heat transfer by integrating porous
media or microstructures in the compression chamber to promote near-isothermal compres-
sion and improve energy efficiency. Establish standardized protocols for initial liquid-level
setting, valve performance testing, and system reliability assessment to promote large-scale
industrial applications.
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(4) Suggestions at the cross-domain and system levels:

The industry also needs to jointly promote the standardization and certification sys-
tem construction of high-pressure hydrogen compressors and facilitate the coupling of
hydrogen compressors with renewable energy sources (such as solar and wind energy) and
smart grids to achieve green and low-carbon hydrogen compression. Intelligent health
management: By leveraging Internet of Things (iot)-based monitoring technology and big
data analysis, real-time fault diagnosis, performance prediction, and life cycle management
of compressor systems are achieved.
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