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Abstract: This paper provides a systematic visualization of the development, current status
and challenges of salt cavern hydrogen storage technology based on the relevant literature
from the past five years in the Web of Science Core Collection database. Using VOSviewer
(version 1.6.20) and CiteSpace software (advanced version 6.3.R3), this study analyzes the
field from a knowledge mapping perspective. The findings reveal that global research
hotspots are primarily focused on multi-energy collaboration, integration of renewable
energy systems and exploration of commercialization, highlighting the essential role of
salt cavern hydrogen storage in driving the energy transition and promoting sustainable
development. In China, research mainly concentrates on theoretical innovations and
technological optimizations to address complex geological conditions. Despite the rapid
growth in the number of Chinese publications, unresolved challenges remain, such as
the complexity of layered salt rock, and thermodynamic coupling effects during high-
frequency injection and extraction, as well as issues concerning permeability and microbial
activity. Moving forward, China’s salt cavern hydrogen storage technology should focus
on strengthening engineering practices suited to local geological conditions and enhancing
the application of intelligent technologies, thereby facilitating the translation of theoretical
research into practical applications.

Keywords: energy storage; salt cavern hydrogen storage; knowledge mapping; visualization;
technological challenges

1. Introduction

According to the United Nations, the global population has reached 8 billion, marking
an important milestone in human development [1]. It is projected that by 2030, the world’s
population will increase to 8.5 billion, rising further to 9.7 billion by 2050 and reaching
10.4 billion by 2100 [2]. As one of the most populous countries in the world, China has a
population of approximately 1.4 billion, accounting for nearly 18% of the global population.
The resource consumption and environmental pressure resulting from population growth
have led to increased societal focus on sustainable development. Hydrogen energy storage,
as a zero-emission energy source, offers advantages such as high energy density, large
storage capacity and seasonal storage, making long-duration hydrogen storage critical
for reducing carbon emissions and improving air quality [3]. China aims to peak carbon
emissions by 2030 and achieve carbon neutrality by 2060, and the development of hydrogen
storage technology will play a key role in achieving these goals [4].
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In the face of growing energy demand and environmental pressures, China must
accelerate the development of hydrogen storage technologies to enhance their efficiency,
safety and economic viability. This includes breakthroughs in new technologies such as
underground hydrogen storage (UHS), high-pressure hydrogen storage, liquid hydrogen
storage and solid-state hydrogen storage [5]. In 2022, the National Development and
Reform Commission and the National Energy Administration jointly issued the “Hydrogen
Energy Industry Development Mid- and Long-term Plan (2021-2035)”, which outlines
hydrogen energy as a key component of the future national energy system, an important
carrier for the green and low-carbon transformation of energy end-use and a strategic
emerging industry for future development [6]. In November 2024, the 12th meeting of
the Standing Committee of the 14th National People’s Congress passed the “Energy Law
of the People’s Republic of China”, which encourages and supports the development of
hydrogen energy, energy storage and other key and cutting-edge technologies for research,
application and industrialization [7].

Hydrogen gas has characteristics such as low density, small energy storage per unit
volume, and flammability, making the safe and efficient storage and transportation of
hydrogen a significant challenge [8]. The feasibility of achieving safe and efficient hydrogen
storage and transportation will directly affect the large-scale and commercial application of
hydrogen energy [9]. Currently, various hydrogen storage technologies are under devel-
opment and application [10], as illustrated in Figure 1. The ability to achieve large-scale,
seasonal energy storage is a critical factor in evaluating the future potential of hydrogen
storage technologies [11]. However, surface hydrogen storage faces limitations such as
limited storage capacity and high costs, making it difficult to meet the demands for large-
scale and long-term storage [12]. In contrast, UHS offers significant advantages, including
large-scale storage, low cost, long storage cycles, high safety and seasonal storage capabili-
ties, making it a promising solution for hydrogen storage [13]. Among these, salt cavern
hydrogen storage is regarded as one of the most promising geological storage solutions
due to its large scale, good sealing performance, low buffering gas requirements, high
operational pressure, and high injection and extraction efficiency [14]. Table 1 presents the
operational parameters of the four salt cavern hydrogen storage sites currently in operation
worldwide [15]. Research on UHS in China lags behind and while there is no completed
UHS project, a large-scale deep-salt cavern hydrogen storage project in Pingdingshan,
Henan, Asia’s first, is currently underway [16]. Compared with international salt dome
storage projects, China’s salt cavern construction sites are primarily composed of continen-
tal layered salt rock, which presents challenges such as low salt layer quality, numerous
interlayers, and high insoluble content, leading to difficulties in cavity formation and low
efficiency [17]. However, China’s abundant and widely distributed salt resources offer
significant potential and development space for salt cavern hydrogen storage, gas storage,
and other underground energy applications [18]. Figure 2 illustrates the distribution of
salt mines in China. Storing hydrogen in underground salt cavern can help address the
uneven distribution of energy resources in China and promote the large-scale and rapid
development of the hydrogen energy industry [19].

Table 1. Global operating salt cavern hydrogen storage projects.

Project Name Operating Conditions/MPa Depth/Meters Capacity/m?

Teesside (UK) 4.5 365 210,000
Clemens (USA) 7-13.7 1000 580,000
Moss Bluff (USA) 5.5-15.2 1200 566,000

Spindletop (USA) 6.8-20.2 1340 906,000




Energies 2025, 18, 1044

30f17

—>{Salt cavern hydrogen storage

—»IDepleted oil and gas reservoir hydrogen storage

—>| Aquifer hydrogen storage

95e10)s uoSoIpAy punoidiopun

Carbon fiber fully-wrapped hydrogen storage
tank with aluminum liner (Type IIT)

Onboard hydrogen storage tank

Carbon fiber fully-wrapped hydrogen storage
tank with plastic liner (Type I'V)

Hydrogen tank for aircraft (Type V ultra-high pressure)|

05e10)s uoSorpAy aanssard-ySryg

Cyclohexane

Ammonia borane

ASojouyoe} aSe103s UdS0IpAH

:{Cryogenic liquid hydrogen storage

Formic acid

o8e103s uoSoipAy pimbiy

—>|Novel organic liquid hydrogen storage materials

Carbon-based materials
Organic porous materials
Inorganic porous materials

Physisorption materials

Metal hydrides
Complex hydrides
Amide hydrides

28e103s uoS0IpAY 9)eIS-pIjog

Figure 1. Schematic diagram of different hydrogen storage technologies.

Based on this, this paper employs a scientific knowledge mapping methodology,
utilizing VOSviewer and CiteSpace software to conduct a visual analysis of the relevant
literature in the field of salt cavern hydrogen storage over the past five years from the Web
of Science Core Collection (WOSCC). This study systematically reviews the development
and current status of salt cavern hydrogen storage technology, explores the key challenges
it currently faces, and discusses potential breakthrough paths for its future development.
The aim is to provide scientific support for the large-scale application and high-quality
development of hydrogen energy, accelerating the realization of China’s “dual carbon”
strategy goals.
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Figure 2. Schematic map of major salt mine distribution in China.

2. Visualization Analysis

2.1. Basic Bibliometric Characteristics
2.1.1. Development of Hydrogen Storage Technologies

Figure 3 shows the development trends of global UHS and the subfield of salt cavern
hydrogen storage over the past five years, with statistics as of 18 December 2024. From
Figure 3, it can be seen that a total of 601 studies were published in the global UHS field, of
which 186 are related to salt cavern hydrogen storage. In China, 43 studies related to salt
cavern hydrogen storage were published.
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Figure 3. Development trends of UHS and its subfield—salt cavern hydrogen storage.
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The number of publications in the global UHS field has shown exponential growth,
highlighting that UHS has become an important research direction for achieving large-scale
energy storage. This growth trend reflects the urgent need for long-duration and large-scale
energy storage technologies in the context of global energy transition and the carbon peak
and carbon neutrality goals. As an essential component of UHS, salt cavern hydrogen
storage, with its advantages of high sealing performance, large scale and low cost, has
attracted increasing research attention year by year [20].

Research on salt cavern hydrogen storage in China started relatively late, with only
three related publications in 2020. However, in recent years, research in this field has shown
steady growth, with the number of publications reaching 18 in 2024, indicating a gradual
increase in research investment and accelerating technological progress.

Although the volume of Chinese publications on salt cavern hydrogen storage lags
behind the global level, China has significant development potential in this field, sup-
ported by its abundant salt mine resources, favorable policies, and research innovation.
The advancement of engineering projects, such as the deep salt cavern hydrogen storage
demonstration project in Pingdingshan, Henan, marks a step toward the practical applica-
tion of salt cavern hydrogen storage technology in China. In the future, with technological
innovation and the accumulation of engineering practices tailored to complex geological
conditions, China is expected to make breakthroughs in the field of salt cavern hydrogen
storage, gradually narrowing the gap with international leading levels.

2.1.2. Analysis of Research Contributions

Figure 4 and Figure 5, respectively, display the international collaboration status and
the network of research institutions in the field of salt cavern hydrogen storage over the
past five years, from macro and meso perspectives. Each node in the figures represents a
country/region or institution and the size of the node reflects the number of publications.
Larger nodes indicate higher research output, signifying greater scientific contributions
and influence. The lines between nodes represent collaboration between countries/regions
or institutions, with line thickness reflecting the intensity of cooperation. Different col-
ors represent different cooperation clusters, with tighter cooperation observed within
clusters [21,22].
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Figure 4. International collaboration network in the field of salt cavern hydrogen storage.
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Figure 5. Largest institutional collaboration network in the field of salt cavern hydrogen storage.

From Figure 4, it can be seen that a total of 40 countries/regions have contributed
to the publication of research in the field of salt cavern hydrogen storage. The top ten
countries/regions by publication volume are as follows: China (43 papers), the United
States (35 papers), Poland (24 papers), Germany (22 papers), Scotland (15 papers), Australia
(14 papers), England (13 papers), France (13 papers), the Netherlands (12 papers), and
Canada (10 papers). China and the United States are the largest nodes in the network,
indicating that both countries make the largest scientific contributions and play a leading
role in the global research system. In Europe, research on salt cavern hydrogen storage is
centered mainly in Germany and Poland, while countries/regions like the Netherlands,
Iran and Saudi Arabia are also increasingly integrated into the international research
network, reflecting the growing diversity in global salt cavern hydrogen storage research.
Notably, China’s research collaboration network includes countries/regions such as the
United States, Scotland, Austria, Germany, Australia, Canada, England, Spain, and France,
indicating China’s active participation in international collaborative research and close
connections with technologically advanced nations.

From Figure 5, it can be seen that research institutions in different countries/regions
have formed several core clusters in the field of salt cavern hydrogen storage, with the
cooperation networks among these clusters reflecting the concentration and distribution
of research resources. A total of 299 institutions have published papers in this field.
The top ten institutions by publication volume are as follows: the Chinese Academy of
Sciences (18 papers), Chongqing University (14 papers), the Polish Academy of Sciences
(12 papers), the University of Chinese Academy of Sciences (10 papers), the University of
Edinburgh (seven papers), Curtin University (six papers), the AGH University of Science
and Technology (six papers), China Petroleum Engineering Technology Research Institute
(four papers), the University of Alberta (four papers), and the University of Texas in Austin
(four papers). In terms of the largest institutional cooperation network, research in China
on salt cavern hydrogen storage is mainly concentrated in the Chinese Academy of Sciences
and Chongqing University, with the closest collaboration between the two, forming a strong
collaborative network with other domestic institutions. However, there is still room for
further expansion in cooperation with international core institutions.
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Among international institutions, the University of Edinburgh and Curtin University
are significant nodes, having established broad cooperation with multiple research insti-
tutions worldwide. Despite the Polish Academy of Sciences having a high publication
volume in the field of salt cavern hydrogen storage, it is not prominently displayed in
the cooperation network due to a lack of direct connections with the largest international
institutional clusters.

Overall, the international collaboration network reveals the core positions of coun-
tries/regions such as China, the United States and Germany in the field of salt cavern
hydrogen storage, as well as the formation of regional research networks centered around
Europe and North America. The largest institutional cooperation network further demon-
strates that China, led by the Chinese Academy of Sciences and Chongqing University, is
rapidly emerging as a key research cluster, showcasing significant development potential.
In the future, China can further strengthen its collaboration with core research institutions
in Europe and North America, drawing on their experience in salt cavern hydrogen stor-
age technology and engineering practices in regions with similar geological conditions to
enhance the development of domestic salt cavern hydrogen storage technology.

2.2. Research Hotspots and Theme Evolution
2.2.1. Analysis of Research Hotspots

Figure 6 presents the keyword co-occurrence network in the field of salt cavern hydro-
gen storage over the past five years based on the WOSCC database. Each node represents
a keyword, with the size of the node reflecting the frequency of its occurrence. The links
between nodes indicate the co-occurrence of keywords within the same publications and
the thickness of the links represents the strength of their association. Different colors
correspond to distinct keyword clusters, reflecting the clustering of research themes. The
distribution of nodes, links and colors reveals the research hotspots and their internal
associations in the field of salt cavern hydrogen storage [21].
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Figure 6. Keyword co-occurrence network in the field of salt cavern hydrogen storage.

From Figure 6, it is observed that the co-occurrence network contains 72 keywords
with a threshold of 5, divided into three main clusters representing different research direc-
tions. The red cluster focuses on the fundamental applications of UHS and multi-energy
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synergy; the green cluster is centered on system optimization in salt cavern hydrogen
storage; and the blue cluster addresses the physical properties of rock salt and engineering
design. These three clusters are complementary. The top ten keywords by frequency of
occurrence are as follows: salt cavern (87 occurrences), hydrogen storage (68 occurrences),
UHS (50 occurrences), energy storage (46 occurrences), natural gas (39 occurrences), carbon
dioxide (28 occurrences), hydrogen (28 occurrences), rock salt (27 occurrences), gas storage
(23 occurrences), and porous media (22 occurrences). Among these, the core keyword
salt cavern indicates that salt cavern hydrogen storage is the central focus of the research
field, while the high-frequency keyword rock salt highlights that the study of the phys-
ical properties of rock salt is fundamental to the development of salt cavern hydrogen
storage technology.

The following provides a detailed analysis of the three main clusters:

(1) Red Cluster: “UHS and Energy Synergy Technology”. This cluster’s high-frequency
keywords include “UHS”, “natural gas”, “carbon dioxide” and “porous media”. The focus
is on exploring the multifunctionality of UHS technology and its synergy with other
energy forms.

Salt caverns not only store hydrogen but are also widely used for natural gas storage.
Exploring the co-storage technology of hydrogen and natural gas can reduce the cost and
technical difficulty of hydrogen storage by utilizing existing natural gas storage facilities.
Hibbard et al. [23] assessed the potential of active and abandoned natural gas storage sites
in the United States as hydrogen storage facilities. The study found that active natural gas
storage sites in the U.S. could store 312 TWh of hydrogen, which would almost meet the
hydrogen storage needs of a 100% renewable energy grid. Twenty-three abandoned sites
could store 3.9 TWh of hydrogen, making them suitable for seasonal hydrogen storage.
Using existing natural gas infrastructure can reduce both economic and technical barriers.

Carbon dioxide, as another underground gas storage research hotspot, shares certain
technical similarities with hydrogen storage. Carbon dioxide storage enhances geological
sealing capacity through dissolution and mineral reactions, while hydrogen has lower
reactivity and smaller losses. The synergistic research between hydrogen storage and carbon
dioxide sequestration can provide a more environmentally friendly solution for integrated
energy systems. Tayeb et al. [24] investigated the dissolution dynamics of carbon dioxide
in salt caverns and aquifers, revealing the impact of diffusion and natural convection on
the dissolution rate. Although there are certain similarities in the geological interactions
between carbon dioxide and hydrogen (such as gas migration behavior and geological
interaction mechanisms), significant differences exist between the two in terms of solubility,
storage mechanisms, and leakage risks. In contrast, the underground storage experience
with natural gas is more comparable to that of hydrogen, particularly in terms of gas-
phase sealing, injection and production strategies, and leakage control. Therefore, future
hydrogen storage research should draw more from the engineering practices of natural
gas storage rather than directly adopting carbon dioxide storage methods. Tarkowski
et al. [25] explored the potential and challenges of underground spaces for storing natural
gas, hydrogen and carbon dioxide, noting that hydrogen storage requires further research.
While the experience with natural gas and carbon dioxide can be referenced, multi-purpose
development may lead to resource conflicts and requires improved legal and planning
frameworks. Wallace et al. [26] simulated and compared the storage performance of
hydrogen, natural gas and gas mixtures in salt cavern, finding that hydrogen storage shows
significant fluctuations and low capacity. They suggested that adjustments to the operating
cycle and infrastructure optimization are necessary to reduce structural risks and mixed-gas
storage can reduce fluctuations but increases peak pressures and temperatures.
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Porous media, such as depleted oil and gas reservoirs and aquifers, are core compo-
nents of hydrogen storage sites and their porosity characteristics directly influence the
hydrogen storage efficiency and leakage risk. Alms et al. [27] studied the geological and
infrastructure requirements for underground porous media hydrogen storage in Germany,
with a focus on analyzing the storage potential of depleted natural gas reservoirs and
aquifers. The study found that sandstone at depths of 800-1100 m, with porosity greater
than 20% and permeability greater than 500 mD, is an ideal hydrogen storage formation.
Porous media hydrogen storage will become an important component of Germany’s fu-
ture hydrogen infrastructure, meeting industrial hydrogen storage needs and potential
hydrogen imports.

(2) Green Cluster: “Salt Cavern Hydrogen Storage and System Optimization”. This

v a7

cluster’s high-frequency keywords include “salt cavern”, “energy storage”, “renewable
energy” and “system”, with research directions gradually shifting from single-technology
development to energy system integration. The frequent co-occurrence of the keywords
“renewable energy” and “seasonal storage” indicates that salt cavern hydrogen storage is
becoming an important energy storage method for renewable energy sources (such as wind
and solar energy), aimed at addressing the intermittency of energy supply.

Takach et al. [28] reviewed the methods of hydrogen production through water elec-
trolysis using renewable energy and its storage in salt cavern, analyzing the potential and
economic feasibility of salt cavern hydrogen storage in balancing energy fluctuations. The
study compared the advantages and disadvantages of existing technologies, explored the
technical challenges, cost issues, and integration constraints of hydrogen production and
storage, and pointed out that salt cavern hydrogen storage is one of the most promising
energy storage methods in the future, helping to alleviate fluctuations in renewable energy
and optimize energy utilization.

The keywords “feasibility” and “system” indicate that researchers are beginning to
focus on the economic feasibility assessment of salt cavern hydrogen storage, including
investment costs, operational costs and the overall optimization design of energy systems.
Kuterbekov et al. [29] explored innovative methods for hydrogen production and storage,
with a focus on its integration with renewable energy. The results show that salt cavern
hydrogen storage can achieve an efficiency of up to 90%, significantly enhancing grid
stability. Epelle et al. [30] reviewed the formation and storage mechanisms of underground
hydrogen and natural hydrogen, emphasizing that salt cavern hydrogen storage, due to its
safety and high energy density, is the best solution, although challenges related to leakage
and cost remain. Natural hydrogen development shows potential but requires further
verification of its economic feasibility.

In the rapid injection and extraction processes of hydrogen in salt cavern, pressure
and temperature fluctuations may occur, potentially affecting the integrity of the cavern
walls and the stability of operations. Liu et al. [31] conducted a pressure optimization
simulation for hydrogen storage in layered salt rock with multiple interlayers, providing
optimization recommendations for the operation design of deep salt cavern hydrogen
storage. The study showed that appropriately increasing the minimum operating pressure
can significantly improve rock stability and increasing the injection and production rate
can reduce cumulative leakage and improve storage efficiency.

(3) Blue Cluster: “Rock Salt Properties and Engineering Applications”. The high-
frequency keywords in this cluster include “rock salt”, “permeability”, “model” and “be-
havior”, with the focus of research on the physical and mechanical properties of rock salt
and its engineering applications. These studies provide a solid foundation for the engineer-
ing implementation of salt cavern hydrogen storage, particularly for safety assessments
and optimization designs under complex geological conditions.
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Aftab et al. [32] pointed out that salt caverns are an ideal geological structure for
hydrogen storage, offering advantages such as high safety, low permeability and mature
technology, but are limited by their relatively low storage capacity. Technical challenges
include the impact of microbial activity on pore permeability and the variation in wall
thermal stability under pressure and temperature fluctuations. Optimizing operational
conditions and addressing these technical challenges are key to improving the efficiency of
salt cavern hydrogen storage. Li et al. [33] conducted a stability evaluation and optimization
of operational parameters for salt cavern hydrogen storage under high-frequency injection
and production conditions. They indicated that both excessively high and low frequencies
are detrimental to the stability of hydrogen storage, emphasizing the need for further
study of salt rock creep and fatigue effects. Grgic et al. [34] experimentally studied the gas
permeability changes in rock salt under different loading conditions, finding that rock salt
has a high plasticity and self-healing ability, with limited long-term permeability changes,
making it suitable for hydrogen storage in salt cavern. However, the study also highlighted
the need to consider the potential impact of transport mechanisms such as hydrogen
diffusion on storage safety. Falcon et al. [35] examined the geophysical and transport
properties of rock salt and assessed the monitoring potential of seismic and electromagnetic
methods in salt cavern development and gas storage. Their experiments showed that the
elasticity and permeability of rock salt are linearly related under pressures below 20 MPa
and higher pressures can enhance the sealing and mechanical stability of rock salt. This
research provides important references for UHS site selection and monitoring, though
more extensive data are needed to broaden the applicability of these conclusions. Navaid
et al. [36] reviewed the challenges facing UHS, analyzing the suitability of salt caverns,
depleted oil and gas reservoirs and aquifers, covering capacity, risks and operational
optimization, and providing design and operational recommendations to support large-
scale application.

In summary, research hotspots in the field of salt cavern hydrogen storage focus on
the synergistic applications of UHS, system optimization and the engineering properties
of rock salt. The research shows a trend of combining fundamental research with applied
research, as well as balancing system integration with technological innovation, providing
theoretical support and practical reference for the future development of large-scale salt
cavern hydrogen storage technologies.

2.2.2. Topic Evolution Trend

Figure 7 shows the keyword timeline in the field of salt cavern hydrogen storage
over the past five years in WOSCC. The horizontal axis represents time, reflecting the
development of different research themes from left to right. Solid lines indicate the active
periods of research themes, while dashed lines represent periods of lower popularity. Each
node in the figure represents a keyword, with the node size reflecting the frequency of that
keyword in the literature. Once a keyword appears, its node is fixed in the year of its first
occurrence. Although the keyword may appear again in subsequent years, it is not shown
again in the figure. The frequency is increased by 1 in the year of its first occurrence. The
lines between nodes indicate that two keywords co-occur in the same document, with the
line color reflecting the year of appearance. Betweenness centrality is an indicator used in
network analysis to reflect the role of a node as a bridge in the entire network. Nodes with
a betweenness centrality of at least 0.1 are highlighted with a purple outer circle, indicating
that these keywords play an important bridging role between different research themes.
These are key research points or important nodes for knowledge flow across themes in the
field [37,38].
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Figure 7. Keyword timeline in the field of salt cavern hydrogen storage.

From Figure 7, the research in the field of UHS in salt caverns can be categorized into
10 major clusters. Each cluster revolves around a specific research focus, with keywords
in the same cluster aligned horizontally. The clusters include the following: Cluster #0
“hydrogen underground storage”, Cluster #1 “machine learning”, Cluster #2 “bedded salt
cavern”, Cluster #3 “transport”, Cluster #4 “hydrogen storage”, Cluster #5 “energy storage”,
Cluster #6 “permeability”, Cluster #7 “microbial loss”, Cluster #8 “energy transition”, and
Cluster #9 “underground energy storage”.

Clusters #0, #4, #5, #8 and #9 primarily focus on the multifunctional development
and integration of underground energy storage systems, emphasizing the central role of
hydrogen in the future energy landscape. These studies aim to enhance energy synergy
efficiency and optimize underground storage technologies to promote sustainable energy
development, laying the technical foundation for clean energy systems. Chen et al. [39]
analyzed the critical role of UHS in achieving China’s carbon peak by 2030 and promoting
the development of renewable energy. By integrating geological storage facilities with
techno-economic analysis, they identified key UHS sites in China and their alignment
with renewable energy supply and demand. The study also explored core processes and
technological challenges impacting UHS efficiency, including hydrogen loss mechanisms,
multiphase flow behavior and reservoir integrity. Shahriar et al. [40] provided a compre-
hensive review of the crucial role of UHS in carbon neutrality and the hydrogen economy;,
examining storage losses, economic feasibility and infrastructure development. They em-
phasized the need for enhanced support in geomechanics, geochemistry and policy to drive
technological advancement. Kumari et al. [41] explored the prospects and challenges of
UHS in Australia and globally, focusing on reservoir characteristics such as salt cavern,
hydrogen flow and reaction mechanisms, storage capacity and leakage risks, providing
experimental and demonstration project support for future technological developments.

Cluster #1 emphasizes the importance of interdisciplinary approaches in salt cavern
hydrogen storage research, particularly the application of machine learning in parameter
modeling and system prediction, which helps improve the accuracy and efficiency of
studies. This direction has driven the transition of research from traditional geological and
engineering analyses to intelligent and automated approaches, providing technological
support for refined management in complex hydrogen storage scenarios. Du et al. [42]
explored the potential and challenges of UHS in China, covering three storage methods: salt
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caverns, depleted oil and gas reservoirs, and aquifers. The study highlighted the potential
of machine learning in optimization modeling and proposed directions to address scientific
challenges, offering policy recommendations to achieve carbon neutrality goals.

Cluster #2 focuses on issues related to the geological characteristics of salt rock in
China, particularly its layered structure and multi-layered features. Related research
provides key scientific support for the design and engineering application of salt cavern
hydrogen storage in China, promoting localized technological practices. Méndez et al. [43]
investigated the impact of shotcrete lining on the stability of layered salt cavern hydrogen
storage. The results indicated that shotcrete lining significantly improves the structural
performance and durability of salt cavern, effectively reducing vertical displacement,
axial strain and volumetric deformation at the top of the cavern, thus enhancing overall
structural stability. This technology performs particularly well in wide cavern and deep
high-temperature environments, but the study also emphasized the need for optimization
between lining thickness, storage capacity and cost to achieve a balanced solution.

Cluster #3 focuses on issues related to hydrogen transportation, including forms of
hydrogen transport (liquid hydrogen, ammonia, etc.), technological optimization and site
selection. Ma et al. [44] reviewed the current status and challenges of large-scale storage
and transportation of green hydrogen, covering methods such as compressed hydrogen
storage, liquid hydrogen storage, pipeline transportation and ammonia as a hydrogen
carrier. The study highlighted that technological advancements and economies of scale will
lower costs, but challenges remain in optimizing storage methods, transportation models
and efficiency. It also emphasized the need for research on salt cavern hydrogen storage,
ammonia decomposition processes, and infrastructure transformation to provide direction
for the sustainable hydrogen energy industry.

Cluster #6 explores the impact of permeability changes on hydrogen leakage risks
from a microscopic perspective, emphasizing the central role of permeability in hydrogen
storage safety assessments. Jadhawar et al. [45] evaluated the UHS performance of deep
saline aquifers in the North Sea through 3D numerical simulations. The study found that
improved permeability uniformity increases recovery efficiency, while relative permeability
hysteresis effects lead to a reduction in hydrogen recovery. The individual effects of
hydrogen dissolution and diffusion were found to be minor, but their combined influence
with hysteresis effects was significant, highlighting the importance of a comprehensive
analytical approach.

Cluster #7 is an emerging research theme in recent years, focusing on the potential
threat of microbial activity to hydrogen loss and storage safety. This direction reveals the
complexity of microbial-geological interactions during hydrogen storage, emphasizing the
impact of microbial activity on hydrogen leakage and storage stability, providing a new
research perspective for hydrogen storage safety management. Ebere et al. [46] evaluated
the hydrogen storage potential of the Red River Group abandoned oil and gas reservoirs
in North Dakota, finding that the reservoir has good porosity and permeability, with no
significant geochemical changes or environmental impacts, making it suitable for long-term
hydrogen storage. However, they suggest that future research should focus on microbial
effects, buffer gas mixing, and caprock integrity to ensure safety and stability.

In summary, the keyword timeline chart illustrates the diversified research directions
in the field of salt cavern hydrogen storage. From multi-energy collaboration, intelli-
gent optimization, and geological characteristic studies to micro-mechanism analysis, the
research comprehensively covers the key scientific and technical issues of salt cavern hydro-
gen storage, providing significant support for the large-scale application and sustainable
development of this technology.
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3. Discussion

With the growing global demand for clean energy, salt cavern hydrogen storage has
gradually emerged as a key technology to meet large-scale energy storage needs owing to
its excellent sealing performance, large storage capacity, and low cost. However, China’s
salt cavern hydrogen storage technology is relatively new and lags behind that of Europe
and North America. The salt caverns in China are primarily composed of terrestrial,
layered salt rock, characterized by low salt levels, numerous interlayers and high insoluble
content. These unique geological conditions make it difficult to directly apply the mature
salt dome-based hydrogen storage technologies from other countries.

In terms of the number of domestic research publications and collaboration networks
in the field of salt cavern hydrogen storage, China has made significant progress in recent
years. Over the past five years, the number of related publications in China has increased
from 3 in 2020 to 18 in 2024, reflecting sustained research investment and rapid technological
innovation. Core research institutions in China, such as the Chinese Academy of Sciences
and Chongqing University, have formed a tight collaboration network in this field while also
actively engaging in international cooperation, establishing close ties with technologically
advanced countries such as the United States, Germany and Australia. This not only drives
the development of hydrogen storage technologies under complex geological conditions
but also lays a solid foundation for breakthroughs and large-scale applications of salt
cavern hydrogen storage technology in China.

From a global perspective, research on salt cavern hydrogen storage technology has fo-
cused primarily on three areas: multi-energy synergy in UHS, system optimization design,
and salt rock characteristics. Global research highlights the role of salt cavern hydrogen
storage as a crucial component in multi-energy integration, enhancing the overall efficiency
of energy systems by combining it with natural gas and carbon dioxide sequestration
technologies. In terms of system optimization, studies focus on the integration of salt
cavern hydrogen storage with renewable energy, evaluating its economic feasibility and
operational stability for seasonal energy storage. Meanwhile, research on the physical and
mechanical properties of salt rock provides fundamental support for hydrogen storage
engineering design under complex geological conditions, particularly in terms of perme-
ability control, hydrogen diffusion and the impact of microbial activity on storage stability.
Overall, global research trends reflect a comprehensive development from basic theory
to engineering practice, providing important scientific guidance for the large-scale and
sustainable application of salt cavern hydrogen storage technology.

In order to better understand the similarities and differences in the development of
salt cavern hydrogen storage technology between China and the rest of the world, as well
as the driving factors behind these developments, the following analysis combines data
to examine the characteristics, challenges, and potential solutions for China’s salt cavern
hydrogen storage technology. Figure 8 presents the co-occurrence network of keywords in
China’s salt cavern hydrogen storage field over the past five years, as indexed by WOSCC.

From Figure 8, it is evident that the high-frequency keywords in China’s salt cavern
hydrogen storage field primarily include salt cavern, hydrogen storage, energy storage,
natural gas, rock salt, model, feasibility analysis, renewable energy, simulation, and per-
meability characteristics, which are categorized into six main research clusters. Research
hotspots encompass system optimization and technical evaluation, multi-energy synergy,
salt rock characteristics, engineering design, safety and permeability analysis, hydrogen
storage fluid dynamics, and operational parameter optimization. These trends reflect that
China’s salt cavern hydrogen storage technology is gradually developing in both depth
and breadth, providing clear guidance for future technological breakthroughs.



Energies 2025, 18, 1044

14 of 17

roggalt
L o8
wips
feaslibliey permegb
o sapct
hape -
scale hy@ogen storage . feasbliigenalysis
Eeddedgalt rock
model
simligticn e
umw‘ torage
gas Stgrage hy 4
energiiforage
natded) gas
sale
gy underground hydrogen storage
saltrock
scabllity | tighties

permeacility gharacteristics optimigagon

t cavern hyIOgeR storag powento-gas cushig g

P carbon diggoe storage
ety A
carofffioxide
renewalile energy
Incegfaciabtension poroumedia
pragre energy natural g storage.

wattet 1ty
na Zeobemigy reac i

nterface tension

Figure 8. Keyword co-occurrence network in China’s salt cavern hydrogen storage field.

When comparing China’s research hotspots with those at a global level, both com-
monalities and differences can be identified. Table 2 summarizes the core research topics
and areas of focus in the salt cavern hydrogen storage field in China and globally, further
revealing the shared needs for technological development and regional characteristics. This
provides a clear direction for in-depth research and engineering practice in salt cavern
hydrogen storage technology.

Table 2. Comparison of research trends in salt cavern hydrogen storage technology in China and globally.

Research Direction

China

Global

geological conditions

Focusing on the complexity of layered salt
rock, optimization of sealing
and permeability

Primarily based on salt dome salt rock, with
a focus on multi-gas co-storage

Engineering practice

Primarily theory- and simulation-based, with
insufficient engineering experience

Has mature projects and leads in
commercialization exploration

Thermal coupling effect

Focus on the impact of high-frequency
injection and production on cavern stability

Optimizes thermo-mechanical
coupling effects

Microbial activity

Limited research, has not yet
become a hotspot

Focus on the impact of microorganisms on
hydrogen loss and reservoir stability

Economic optimization

Focus on techno-economic feasibility and
model optimization

Emphasizes commercialization
and cost optimization

Multi-energy collaboration

Salt cavern and multi-energy collaborative
storage with natural gas
and renewable energy

Covering multi-energy integration of natural
gas, carbon dioxide and hydrogen

4. Conclusions

Salt cavern hydrogen storage, as an advanced technology for large-scale hydrogen

energy storage, is not only a crucial means to address the volatility of renewable energy
and enhance energy efficiency but also a key support for achieving global carbon neutrality
targets and accelerating energy transition. Based on a comprehensive visualization analysis
of the most recent five years of the salt cavern hydrogen storage literature from WOSCC
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using VOSviewer and CiteSpace scientific knowledge mapping software, the development,
current status, and challenges of domestic and international salt cavern hydrogen storage
technologies are summarized. The main conclusions are as follows:

(1) In recent years, China has made substantial progress in salt cavern hydrogen
storage technology. The number of publications increased from 3 papers in 2020 to 18 in
2024, covering various areas such as system optimization, multi-energy coordination and
salt rock characteristics. Domestic research institutions, such as the Chinese Academy of
Sciences and Chongqing University, have formed close collaboration networks and have
partnered with leading countries like the United States, Germany, and Australia. This
cooperation has further driven the continuous development of theoretical research and
technological innovation.

(2) China’s salt cavern hydrogen storage faces unique challenges in adapting to the
complex geological conditions of layered salt rock, including multiple salt layers, high
content of insoluble materials, and other issues that impose higher requirements on cavern
stability and sealing. Additionally, problems such as thermodynamic coupling effects under
high-frequency injection and extraction conditions, permeability control, and microbial
activity have not yet been systematically addressed.

(3) The global research hotspots in salt cavern hydrogen storage primarily focus
on the multifunctional collaborative applications of UHS, integration with renewable
energy systems, economic feasibility, and commercialization. In contrast, research in
China places more emphasis on foundational theories and simulations/optimizations in
complex geological conditions. With the accumulation of technological practices and deeper
international cooperation, China has significant room for improvement in research on
microbial activity, engineering experience, and the introduction of intelligent technologies.

Looking forward, China should focus on its localized geological conditions, strengthen
research on the sealing and permeability control of layered salt rock, and further opti-
mize cavern design and operational parameters. At the same time, by learning from
successful international cases, China should explore multi-energy coordination and com-
mercialization pathways, gradually transforming theoretical research into practical en-
gineering applications. With technological innovation, international collaboration and
policy support, China’s salt cavern hydrogen storage technology is expected to achieve
rapid breakthroughs, providing strong support for the “dual carbon” goals and global
energy transition.
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