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Abstract: As the global economy moves toward net-zero carbon emissions, large–scale energy storage 

becomes essential to tackle the seasonal nature of renewable sources. Underground hydrogen storage 

(UHS) offers a feasible solution by allowing surplus renewable energy to be transformed into 

hydrogen and stored in deep geological formations such as aquifers, salt caverns, or depleted 

reservoirs, making it available for use on demand. This study thoroughly evaluates of UHS concepts’, 

procedures, and challenges. The paper analyzes the most recent breakthroughs in (UHS) technology 

and identified special conditions needed for its successful application, including site selection 

guidelines, technical and geological factors, and the significance of storage characteristics. The 

integrity of wells and caprock, which is important for safe and efficient storage, can be affected by 

the operating dynamics of the hydrogen cycle, notably the fluctuations in pressure and stress within 

storage formations. To evaluate its potential for broader adoption, we also examined economic 

elements such as cost-effectiveness and the technical practicality of large-scale storage. We also 

reviewed current UHS efforts and identifies key knowledge gaps, primarily in the areas of hydrogen-

rock interactions, geochemistry, gas migration control, microbial activities and geomechanical 

stability. Resolving these technological challenges, regulatory frameworks and environmental 

sustainability are essential to UHS’s long-term and extensive integration into the energy industry. 

This article provides a roadmap for UHS research and development, emphasizing the need for further 

research to fully realize the technology’s promise as a pillar of the hydrogen economy. 

Keywords: underground hydrogen storage; geochemical interactions; hydrodynamics; cushion gas; 

microbial effects 

 

1. Background and Significance of UHS 

By 2050, it is anticipated that there will be 10 billion people on earth and there will be an 

increasing need for energy to meet this growth and demand [1]. To be able to address this need, many 

countries are turning to renewable energy sources as a supplement to fossil fuels. The limited 

resource of fossil fuels necessitates the usage of alternative energy sources as the need for energy rises 

[2]. Consuming fossil fuels without extreme environmental controls substantially impacts the 

environment, including greenhouse gas emissions leading to global warming [3]. Scientists have 

emphasized that if global warming continues unchecked, the consequences will be severe. However, 

immediate action is still needed to mitigate global warming such as reducing greenhouse gas 

emissions by integrating more sustainable energy into our energy mix, advancing carbon capture and 

storage (CCS), and increasing climate resilience and adaptation. The world energy outlook 2024 

reports that renewable energy is outpacing electricity demand growth reducing fossils fuel 

dependency. In 2023, renewables supplied 30% of the global electricity, which fossil fuels dropped to 

60%their lowest share in 50 years. 

In 2020, carbon emissions from energy use dropped by over 6%, making the most significant 

decline since 1945, driven by a sharp reduction in global primary energy demand due to impacts of 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 January 2025 doi:10.20944/preprints202501.0092.v1

©  2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202501.0092.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 32 

 

the global COVID-19 pandemic had on energy markets. Thus, the decline in the energy demand 

primarily impacted fossil fuels, while renewables especially hydroelectricity, wind and solar 

continued to grow because of their competitive costs and supportive policies. This reduction aligns 

with the increasing adoption of renewables such as wind, solar and hydroelectric power, which 

continued to grow despite the overall energy downturn [3]. These energy sources depend on seasonal 

changes in sunlight, wind strength, and other geographical factors. The interplay and changing 

yearly energy demands can result in either excess or shortages of renewable energy. Because of the 

unpredictability of these renewable sources, hydrogen offers a reliable alternative that is not 

dependent on seasons. It can be stored and used when demand increases. Hydrogen can be derived 

from both renewable and non-renewable sources.  It has the highest energy content and is the most 

common and lightest element [4]. Hydrogen can be seen as a key replacement for fossil fuels because 

it can be burned, stored and used similarly. This makes hydrogen an attractive alternative for 

decarbonizing high-demand industries such as shipping, aviation, and steel and iron production [5–

7]. The smooth operation of large-scale hydrogen value chains requires adequate storage capacity 

and performance. Geological storage is considered the most effective method for large-scale, long -

term storage. Hydrogen can be stored in underground geological formations such as aquifers, rock 

caverns, and depleted oil and gas reservoirs [8]. Subsurface hydrogen storage is less advanced than 

gas storage methods like CO2 and CH4. Large -scale underground hydrogen storage is crucial for 

managing seasonal energy supply and driving the hydrogen economy. Hydrogen storage plays an 

important role in enhancing electricity system stability, integrating renewable energy sources, and 

advancing decarbonisation efforts. It provides long-term energy storage, enhances energy security, 

and powers industries and transportation [9]. Underground natural gas (UGS) has several similarities 

to underground hydrogen storage (UHS). The knowledge gained in UGS can often be applied to UHS 

projects such as site selections, storage methods, monitoring, and managing injection and withdrawal 

cycles. The key fundamental difference is that Hydrogen has a higher chemical reactivity compared 

to natural gas, meaning that hydrogen can participate in biological, microbial, and chemical activities 

[10]. In addition, unique hydrogen properties such as mobility and low viscosity result in fingering, 

gravity segregation, and overriding [10]. 

Hydrogen may become a major energy vector by 2050, supplementing or replacing coal and 

natural gas by 2050 [11]. It is’ predicted to be widely employed in aviation, shipping, transportation, 

steelmaking and chemical. H2 plays a crucial role in efforts to establish a carbon-neutral economy 

thereby supporting goals outlined in the Paris Climate Agreement and the European Green Deal. 

This paper reviews the potential of underground hydrogen storage to meet the growing global 

energy demand by 2050. Its highlights technological advancements, environmental benefits, and 

economic feasibility, emphasizing its role in reducing greenhouse gas emissions. Addressing gaps in 

existing research, the study covers storage capacity, efficiency, safety. And sustainability, along with 

integration into renewable energy systems. It also evaluates policy frameworks and real-world 

applications, offering insights for enhancing energy security and promoting the adoption of 

hydrogen storage. 

2. Sources of Hydrogen 

Hydrogen production related CO2 emissions vary depending on the energy source, including 

wind, solar, biomass, natural gas, and nuclear. Electrolysis, which employs water to produce H2, has 

evolved greatly to produce low-emission options. Most of the hydrogen produced today comes from 

natural gas (76%) and coal (23%), while some are produced via electrolysis [11]. The EU used 7.94 

million metric tons of Hydrogen in 2024, largely in refineries (57%) and the chemical industry, where 

it is used to manufacture products like ammonia (25%) and methanol (12%), which account for 8% of 

global production. However, most EU-produced hydrogen is still “gray”, meaning it comes from 

fossil fuels rather than renewable resources [11]. The various processes that produce hydrogen are 

represented by the color code blue, green, black, brown, turquoise, yellow, pink, gray, and white. 
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These colors also symbolize how each process affects the environment as shown in (Figure 1). The 

three most abundant forms of hydrogen are green, gray, and blue [11]. 

 

Figure 1. Color–Dependent of Production Hydrogen and modified from [12]. 

Hydrogen derived from fossil fuels is known as gray hydrogen, produced through the steam 

methane reforming process, which releases CO₂ emissions. At about $1 per kilogram, this method 

remains the most cost-effective way to produce hydrogen, accounting for around 6% of the world's 

natural gas. Carbon capture and storage (CCS) can help mitigate emissions from gray hydrogen, but 

as clean energy alternatives expand, green hydrogen is expected to gradually grow [12]. Endothermic 

steam reformation uses steam that is between 700 oC and 1000o C. 

2𝐶𝐻4 + 2𝐻2𝑂 ⇌  2𝐶𝑂 +  3𝐻2      ∆𝐻 + 206𝑘𝐽/𝑚𝑜𝑙                      (1) 

𝐶𝑂 +  𝐻 2 𝑂 ⇌  𝐶𝑂 2  + 𝐻 2   ∆𝐻 − 41 𝑘𝐽/𝑚𝑜𝑙 Water-gas shift reaction exothermic 

                                                                             (2)  

The cost of producing gray hydrogen is influenced by several technical and financial factors, 

with capital expenditures and gas costs being the most significant. Between 45% and 75% of 

production costs are attributed to gas expenses. Additionally, the production of hydrogen from this 

process generates 9 -12 tons of CO2 per unit of hydrogen produced [13]. The production of blue 

hydrogen involves steam methane reforming, with carbon capture and storage (CCS) technologies 

used to capture the CO2 emissions produced during its generation [14]. The most common technique 

for generating hydrogen today is using this fossil fuel-based process. In 2024, the price for producing 

hydrogen using fossil fuels, ranges from $0.98-$2.93 per kilogram, according to the IEA, about three 

times cheaper than the peak pricing for hydrogen generated from renewable electricity [12]. 

Although this price disparity is predicted to shrink by 2050, blue hydrogen will likely remain the 

more economical. Future costs will depend on factors such as technological advancements, 

production scale, availability of CO₂ storage, and price of natural gas. However, blue hydrogen 

synthesis is energy - intensive; only 70 – 75% of the initial natural gas heat is retained in the final 

hydrogen product. Additionally, in order to reach carbon neutrality, adding carbon capture and 

storage (CCS) technology raises production costs by roughly $0.5 per kilogram, with overall costs 

varying between $1.5 to $2.5 per kilogram, depending on natural gas prices [12].  

In contrast, green hydrogen is generated through zero-emission methods like water electrolysis 

powered by renewable energy sources like solar, wind, biomass gasification [15]. Green hydrogen is 

costly so it currently makes up only a portion of the hydrogen mix. According to a study conducted 

in 2020, called “Path to Hydrogen Competitiveness”, the present cost of green hydrogen was about 

$6/kg, which makes it costlier than blue and gray hydrogen [12]. Aiming to promote hydrogen to 
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facilitate the clean energy transition, the worldwide CEO-led Hydrogen Council, composed of top 

companies, is pushing for $2/kg to be the tipping price point for green hydrogen to become a desirable 

option for use in a variety of industries [16]. Influenced by global goals, trends, and sector-specific 

actions, Price waterhouse coopers(PwC) forecasts that green hydrogen demand would rise modestly 

until 2030 and reach 150 – 500 million tons annually by 2050. 

Black hydrogen is produced by gasifying coal to create syngas, a mixture of carbon dioxide, 

hydrogen, carbondioxide and methane. The composition of the syngas can vary based on the 

feedstock and gasification method used. This process involves heating coal at high temperatures with 

steam and oxygen. Brown hydrogen, on the other hand, is produced directly from coal through a 

more basic method of extraction, typically without the additional step of gasification. In both 

processes, the hydrogen output can be enhanced by further treatment of the syngas. However, black 

hydrogen is typically associated with a more complex gasification process, while brown hydrogen 

comes from simpler, less processed coal [17]. 

                           3𝐶 +  𝑂2 +  𝐻2𝑂 ⇌  3 𝐶𝑂 +  𝐻2                                          (4) 

                       𝐶𝑂 +  𝐻2𝑂 ⇌  𝐶𝑂2 +  𝐻2   ∆𝐻 − 41 𝑘𝐽/𝑚𝑜𝑙 water–gas shift  reaction       (5) 

The cost of producing brown hydrogen is between $1.20 and $2.20 per kilogram. However, each 

year, it emits a considerable amount of CO2, approximately 830 million tonnes which is not 

environmentally desirable. The market for brown hydrogen is projected to reach $48.9 billion by 2030, 

driven by its economic benefits. However, over time, environmental concerns regarding emissions 

may reduce its appeal. 

Pink hydrogen, also known as purple or red hydrogen, is produced by using nuclear energy to 

electrolyze water. Initiatives in the United States and the United Kingdom are advancing the use of 

nuclear energy for hydrogen production, with costs currently between $2 - $6 per kilogram. In the 

next decade, the US Department of Energy (DOE) aims to reduce the cost of clean hydrogen generated 

from hybrid nuclear systems, which use leftover heat and electricity, down to $1 per kilogram [12].  

Nuclear hydrogen generation costs anywhere from $2 - $6 depending on the production process. For 

example, the Japan Atomic Energy Agency has successfully tested this technique on a small scale and 

intends to produce hydrogen for under $3 per kilogram using high-temperature reactors [18].  

The Turquoise Hydrogen method uses a process of methane pyrolysis, thus splitting natural gas 

into solid carbon and Hydrogen without emitting CO₂. When powered by renewable energy, 

turquoise hydrogen is carbon-neutral. Companies like Mitsubishi are investing in turquoise 

hydrogen as an appealing option that bridges traditional and renewable hydrogen production, 

leveraging existing gas infrastructure with minimal emissions. The process becomes carbon neutral 

if the energy required to produce heat for the breakdown of natural gas comes from renewable 

sources [19]. The process may be carbon-negative if the natural gas is derived from biogenic sources. 

The goal is to increase the appeal of turquoise hydrogen to consumers by lowering its price to 

conventionally produced (gray) hydrogen. 

White hydrogen is a naturally occurring substance that occurs in rock formations and geological 

zones of the Earth's crust without the help of humans. A potentially carbon-neutral resource, it has 

been found in regions like Australia and Mali, though it has not been widely exploited so far [20]. 

Early modelling assessment by the US Geological Survey (USGS) indicate that the United States has 

at least two key regions with promising geology for significant natural hydrogen accumulations: The 

Atlantic Coastal Plain and Central area such as the Great plains and the upper Midwest. Like natural 

gas production, hydrogen can become a clean, affordable energy source. There will probably be more 

exploration and extraction projects as the field develops. Hydrogen, produced from geologic sources 

deep underground, holds significant potential as the most cost-effective and competitive alternative 

to fossil fuels. While estimates of its global production vary, research suggests that hydrogen may be 

present in large quantities in the Earth’s crust. Recently, large hydrogen reservoirs have been 

identified, driving new exploration efforts. This finding has generated a wave of rivalry among 

businesses seeking exploration rights, with 18 white hydrogen drilling licenses already issued or filed 
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in South Australia. Despite these advancements, the white hydrogen market remains in the initial 

stages of development [12]. 

3. General Consideration of Underground Hydrogen Storage 

The small molecular size, low density, and viscosity of hydrogen pose a major concern for 

storage. A good reservoir for a hydrogen storage system should have suitable permeability and 

porosity with a great caprock seal. Geological storage formation approaches vary in terms of depth 

deposits, lithology of the site storage, storage capacity, geological tightness, recent experience, 

availability of structures, and existing infrastructure. Geological, technical, environmental, and 

economic factors are critical in site selection [20]. Hydrogen exhibits low solubility in water and 

argillaceous rocks, with a correspondingly low diffusion coefficient. During storage cycles, 1% is lost 

due to operational procedures and 0.4% due to hydrogen dissolving in brine, causing undesired 

hydrodynamic behavior. The hydrodynamic behavior during cyclic processes shows unwanted 

behaviors such as viscous fingering, cushioning gas mixing and lateral spreading [21]. These events 

have led to the development of numerically simulated strategies to mitigate the adverse subsurface 

hydrodynamic behavior of hydrogen. Key mitigation techniques employed are selective technology, 

increasing the number of storage cycles, optimizing the arrangement of extracted wells and 

controlling the injection rate [22]. Hydrogen can also catalyze subsurface settings and induce bacterial 

activity which may lead to several adverse effects, including hydrogen loss, compromised geological 

integrity, and reduced permeability. The impact of the subsurface hydrodynamic behavior of 

hydrogen is a universal concern for all underground hydrogen storage (UHS) methods, but it is 

particularly significant for depleted reservoirs and aquifers [21,22]. Fluid management in 

underground hydrogen storage must address challenges such as environmental concerns and 

rheological performance [23]. The distinct physical characteristics of hydrogen have major relevance 

in the effectiveness of underground hydrogen storage (UHS). Hydrogen, is significantly less dense 

as compared to methane and carbon dioxide which have been extensively researched and stored 

underground for years. Hydrogen's lower viscosity and solubility enhance the efficiency in storage 

and retrieval cycles, preventing fluid coning problems and reducing losses in saline aquifers or 

depleted reservoirs, particularly in water, hydrogen, and salt systems [24]. Table 1 illustrate the 

difference in physiochemical properties of H2, CO2 and CH4 that’s are relevant for consideration 

during storage purposes. 

Table 1. Physiochemical Properties [20,24]. 

Properties CO2 CH4 H2 

Molecular Weight (u) 

Critical Temperatures 

Density (25◦C , 1 atm) 

44.09 16.043 2.016 

-31◦C -82.3◦C -239.95◦C 

1.98 kg/m3 0.657 kg/m3 0.082 kg/m3 

Viscosity (25◦C, 1 atm) 

Boiling point ( ◦C) 

1.49 × 10− 5 Pa s 1.1 × 10− 5 Pa s 0.89 × 10− 5 Pa s 

− 78.44 − 165 − 253 

Critical Temperature (◦C) 

Critical Pressure (atm) 

Diffusion in pure water (25◦C, 1 atm) 

Flash Point (◦C) 

− 31 − 82.3 − 240 

72.79 45.79 12.8 

1.60 × 10− 3 m2 /s 1.85 × 10− 9 m2 /s 5.13 × 10− 9 m2 /s 

- − 188 − 253 

Heating Value (kJ/g) 

Solubility in pure water (25◦C, 1 atm) 

- 50 – 55.5 120 - 142 

1.45 × 10− 3 g/L      22.7 × 10− 3 g/L 16 10− 4 g/L 

Auto ignition temperature(◦C) 

Flammability (◦C ) 

             - 

             -         

540 

5 - 15                

585 

4 – 75 
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4. Key Drivers for Utility-Scale UHS 

To overcome the problem of energy curtailment that emerges with renewable sources, utility -

scale UHS, is crucial. Because of fluctuating weather, shifting demand, sluggish transmission 

networks, fluctuating fuel prices, varying consumption patterns, and geographic constraints, extra 

energy frequently goes underutilized during peak output periods. To augment the total 

dependability and efficiency of renewable resources, UHS offers an effective solution for storing 

excess energy for later use. Effectively capturing and storing excess renewable energy, such as 

hydrogen (H2) can help mitigate seasonal fluctuations in renewable energy generation. When 

renewable energy production is low, utilizing this storage method minimizes and optimizes the use 

of clean energy resources. [25–27]. Leveraging natural gas infrastructure for UHS can significantly 

boost H2 storage capacity quickly and affordably, reducing additional investments and expediting 

utility-scale deployment, thereby facilitating a low-carbon energy future. Global interest in H2 

production projects and political actions for their widespread use has increased, with national and 

international projects aiming to increase H2 production, as shown in (Figure 2). As of December 2023, 

national H2 strategy road maps and, first drafts have been published in more than 40 countries. More 

than 1000 project plans have been revealed by the global H2 Sector, and since 2022, more than 350 

additional plans have been added. 

 

Figure 2. Global Hydrogen Projects and Investment Overview in 2023 [28]. 

The Storage of large volumes of energy above the earth appears unworkable due to pressure 

limitations and the need for specialized materials. Long-term use and extensive energy output make 

UHS more feasible. UHS technology improves the feasibility for extended duration and large-scale 

energy generation. Figure 3 data encompasses gigawatts-hours to terawatt-hours over timeframes 

ranging from weeks to seasons in salt caverns and porous media such as saline aquifers and depleted 

reservoirs [26,29]. 
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Figure 3. Hydrogen Storage options with corresponding storage power and duration. 

The global spread of subterranean hydrogen storage projects is being fueled by the switch to 

renewable energy sources, advancements in subsurface storage technologies, and increased 

investments in sustainable energy infrastructure. Table 2 gives an overview and summary of 

worldwide underground hydrogen storage (UHS) demonstrated projects and feasibility studies 

conducted in many nations. Germany leads with the biggest number of projects, mostly focused on 

feasibility studies for porous formations. Other notable countries, such as the Netherlands and the 

United States, also show significant interest in cavern and porous storage planning. Operational 

projects remain restricted, illustrating the early–stage development of UHS technology worldwide. 

Table 2. Global Outlook Development of Underground Hydrogen Storage Projects [ 30, 31, 32]. 

Location      Project Name   Storage Type     Storage Capacity      Status  

USA          Moss Bluff 

              Clemens Dome 

          Advance Clean Energy Storage 

              Spindle Top                    

                

 Salt cavern 

 Salt cavern 

 Salt cavern 

120–123 GWh 

81–92 GWh 

300 GWh 

Successful 

Successful 

 

 Salt cavern 274 GWh Successful 

   

UK           Teesside  

              HySecure 

              ANGUS+ 

              Midland Valley 

         Rough gas Storage Facility        

 Salt cavern 

 Salt cavern  

Depleted gas field 

Oil reservoir  

25–27 GWh 

Over 1000 tons 

- 

- 

Successful 

Prospective  

 

 

Depleted natural gas reservoir -  

Germany   GET H2 Nukleus Gronau-

Epe 

Bad Lauchstädt 

Kiel 

Ketzin 

Caves & Waves 

Rhaetian, Schleswing Holstein 

Salt cavern 67 GWh  

Salt cavern 150 GWh  

Salt cavern 

Aquifer 

Salt cavern 

Gas reservoir 

32m3 (1000m3)           

130,000 (1000m3)     

 

 

  Successful 

  Successful 

 

 

   

Argentina       Hychico Depleted gas field               49500 (1000m3)  Prospective 

Belgium     Loenhout Hydrogen Aquifer   2–3 TWh  Prospective 

Ireland    Green hydrogen@Kinsale       Depleted gas field 3 TWh  Prospective 

Poland         Damasławek Salt cavern Unknown  
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France     HyCAVMobil Rüdersdor 

HyGreen Provence 

Hypster 

HyGéo 

Westküste 100 

H2Cast 

Jemgum Storage 

HPC Krummhörn 

Salt cavern 

Salt cavern 

Salt cavern 

Salt cavern 

Salt cavern 

Salt cavern 

Salt cavern 

Salt cavern 

500 m3 

     Unknown 

       
           1.5 GWh 

Unknown  

Unknown (scalable) 

48Mm3 

0.2Mm3 

 Successful 

 

 

 

 

 

 

 

Italy    North Adriatic Hydrogen Valley Depleted gas field Unknown  

Sweden        HyBRIT Lined rock cavern 120(1000m3)  Prospective 

Portugal    Sines H2 Hub, Carriço  Salt cavern Unknown  

Netherlands    HyStock Salt cavern 6000 tons  

Slovakia         H2I Depleted gas field Unknown  

Spain       San Pedro belt                   Saline aquifer Unknown  

Turkey      Tuz Golu gas storage        Salt cavern   

Hungary      Aquamarine Depleted gas field Unknown  

Canada      Mount Simon Aquifer 

             Salina A2 & B                

Saline Aquifer 

Salt cavern 
  

Austria     Sun Storage 2030 

Sun Storage FlexStore 

HyStorage Bierwang 

Sun Conversion 

FlexStore 

Depleted gas field                          

Depleted gas field 

Depleted gas field 

Depleted gas field 

6,000,000 (1000m3) 

Unknown 

 

Unknown 

 

 (Texting Only)  

5. Subsurface Geological Formations for UHS 

There are several types of UHS options currently under consideration: aquifers, which are 

natural underground water reservoirs; (b) depleted hydrocarbon deposits, such as those in natural 

gas or oil reservoirs; (c) salt caverns, created by dissolving rock salt; (d) Subterranean mining areas, 

including abandoned salt or limestone mines along with rock caverns. Each offers unique 

characteristics that influence the hydrogen storage efficiency and suitability.  

 

Figure 4. Hydrogen storage in porous reservoir rocks. 
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5.1. Depleted Oil and Gas Reservoirs 

Depleted oil and gas fields have suitable infrastructure and clearly defined geological 

formations, making them a good candidate for hydrogen storage.  Formation storage capacity, 

storage depth and caprock formation thickness are essential considerations when choosing a storage 

location [20]. Depleted Gas offers advantages, particularly the residual gas and well-characterized 

underlying structures. Hydrogen is preserved in geological formations by mostly reversible trapping 

mechanisms such structural/ stratigraphic, capillary trapping and solubility /dissolution in fluids. A 

number of parameters must be satisfied for UHS in depleted reservoirs to operate reliably over the 

long term. A comprehensive assessment of a reservoir’s structural integrity, economic feasibility, and 

safety is important. The demonstrated tightness of depleted hydrocarbon reservoirs, filled with gas 

confined for millions of years, is a major benefit of using them. Residual gases might persist in the 

reservoirs chosen for UHS, and they might serve as cushion gases and aid in pressure maintenance. 

A cushion gas volume of 50% - 60% is typically required [33,34]. Notwithstanding this economic 

advantage, hydrogen may mix with the reservoir’s residual native gases. The extent of interactions 

between several phases and the components in the reservoir may induce contamination of the 

hydrogen stored. The reservoir must be clean of contaminants to ensure safe UHS operation. 

Significant hydrogen loss can occur when contaminants like methanogenic and sulfate-reducing 

bacteria are present [35]. Among the most researched subsurface geological porous media are oil and 

gas reservoirs. Depleted gas reservoirs are particularly easy to handle due to their extensive history 

of development, management, and operation; their stable caprock and well-documented geological 

properties make them suitable for UHS. However, before storing hydrogen in these reservoirs, a 

number of important issues must be resolved, including controlling bacterial hydrogen loss, reducing 

biological reactions [36] impacted by hydrogen, avoiding cushion gas mixing, and guaranteeing 

hydrogen gas’s purity during retrieval [33]. A depleted hydrocarbon reservoir offers hydrogen 

storage, with cushion gas likely natural gas. Processes like mixing, bacterial activity, and leakage may 

occur. The reservoir's depth ranges between 1 - 3 kilometers, and the hydrogen plume extends several 

kilometers [37].  

Table 3. Overview of key considerations and specifications for underground energy storage (UES) in depleted 

gas and oil [38]. 

    Criteria       Requirements 

Geology of Rock Type 

Structure  

 

 

Large sedimentary rock 

Homogeneous, isotropic rocks, no significant         

tectonic deformations, rocks poorly faulted,  

fissured, jointed and folded, no discontinuities 

Depth             

   

 

Porosity 

Permeability 

Hydraulic Fracture  

Thermal Stability 

Lifetime of Storage                                       

70m - 200m and or depth where ground water  

hydrostatic pressure is equal or marginally greater                    

than the stored product (H2, C02, Natural gas) pressure 

Low Porosity 

Low Permeability 

< 10^-8 ms-1 for H20 

Between 4 and 80oC 

>30 years 

5.2. Aquifers 

Aquifers are subsurface rocks or soil layers containing pore-filled water. Their widespread 

distribution makes them useful for hydrogen storage. Aquifers are also capable of successfully 

storing various gases; as multiple studies have demonstrated [39,40]. A low-permeability cap rock 

must exist above the aquifer to halt gas leakage, and the rock must have high porosity and 

permeability to let gas flow in order to store hydrogen in the aquifers. However, faulting, mineral 

interactions, and chemical or biological activities can cause issues with hydrogen storage in aquifers 
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and decrease storage performance. Furthermore, aquifers are frequently poorly studied compared to 

depleted oil and gas fields, necessitating extra testing and drilling to minimize risks and uncertainties. 

An important contrast between depleted fields and aquifers is the cushion gas quantity needed to 

maintain steady pressure. Aquifers require 80% of Cushing gas, whereas depleted fields only require 

50% to 60%. Therefore, for aquifer storage projects, selecting a suitable gas type for cushioning is 

critical. Considering the physiochemical properties of hydrogen, a significant funding for subsurface 

infrastructure, including wells, and injection systems, is required to switch from underground gas 

storage to hydrogen storage in aquifers, enhancing its economic feasibility [39]. Aquifer water can 

also generate problems such as excessive hydrogen and water generation and alterations to the 

liquid-gas interface during injection and withdrawal, which can raise prices. Underground hydrogen 

storage in aquifers must be practical and cost-effective. To achieve this, it is necessary to address the 

challenges similar to those faced when using depleted reservoirs for storage. Detailed hydrodynamic 

analysis during storage and recovery cycles is essential to ensure the efficiency of UHS in aquifers. 

Key factors include the reservoir’s ability to store and transmit hydrogen effectively and the presence 

of a non-permeable barrier to prevent gas leakage.  

Table 4. Overview of key consideration and specifications for UES in Saline Aquifer [38]. 

Criteria       Requirements 

Geology of Rock Type 

Caprock  

Minimum Caprock Thickness  

Depth  

Porosity   

Permeability 

Thickness 

Vertical closure 

Discovery Pressure                       

      Sandstones, and preferably conglomerates 

      Shale, Siltstone and Carbonate rocks         

      6m  

      200-2000m 

      >10% 

      300m 

      10m 

      >10m 

      2- 8 MPa 

5.3. Salt Caverns 

Caverns can be formed in two types of salt deposits: bedded salts and salt domes. Salt domes 

are thick and uniform masses of salt, making it easy to create a stable cavern for typical operations. 

Bedded salts are thinner layers found closer to the surface and mixed with other rocks like anhydrite, 

dolomite, and shale. Nonetheless, if the depth exceeds 6000ft beneath the ground, the salt may deform 

due to high pressure and temperature, even if the cavern is well-designed [38]. In addition, 

underground hydrogen storage caverns in formations like bedded salts are less stable and thinner 

because of the different types of rocks. Salt caverns have advantages and disadvantages compared to 

porous formations (aquifers and depleted reservoirs) for gas storage. Some disadvantages are: their 

limited availability, the need to manage and dispose of water, the possibility of irregular-shaped 

caverns, and thermal and mechanical stability challenges. Some advantages are: natural 

impermeability that prevents leakages, rapid injection and extraction, ensuring efficient energy 

management, maintains hydrogen purity and operate flexibly at varying pressure.  Another factor 

that affects the injection rate is the amount of water left at the bottom of the cavern, which needs to 

be considered carefully. Cavern lithology varies across different layers, each with specific properties 

that influencing creep rates, deformation, and sliding behavior along the bedding planes.  Caverns 

can extend to depths of around 2 km and store up to 1 million cubic meters of working gas [37]. 

Stability and safety concerns are critical variables that constrain the shape, size, spacing, and target 

pressure levels for both the working and cushion gases. In addition, the creep behavior of creep in 

rock salt must be assessed before beginning operations. For underground rock formations such as 

caverns, initial stress is required before construction. [37]. Standard operating procedures, 

conventional practices, and geomechanical evaluations of the location-controlled gas operating 

pressures. To prevent structural loss from salt hydraulic fracturing and possible failure of the 
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cemented well casing, the maximum pressure is generally kept 75-85% of the initial vertical starting 

stress component. [37,38]. Table 5 below gives an overview of considerations for underground energy 

storage in salt caverns. 

Table 5. Overview of key consideration and specifications for UES in Salt Cavern [38]. 

Criteria       Requirements 

Geology of Rock Type 

Caprock  

Composition  

Depth  

Height   

Diameter 

Maximum Salt Temperature 

Storage Volume 

Lifetime of storage                        

      Salt formations/Bedded Salt 

      Anhydrite, Gypsum and Limestones        

      95% Halite 

      200-2000m 

      Typically, around 300m 

      Around 70m 

      80oC 

      Salt Domes: 300000-750000 m3, bedded Salt 100,000 m3 

      30-50 years 

Underground hydrogen storage is possible in depleted reservoirs, aquifers, and salt caverns, 

each with advantages and disadvantages. Table 6 compares the underground storage types. 

Table 6. Comparison of underground hydrogen storage types [26,37]. 

Storage Type        Depleted gas        Aquifer  Salt Cavern 

Geographical Availability 

Storage Capacity 

Suitability for hydrogen 

High Most countries High Most countries Limited 

Medium to large Large to very Large Small to medium 

Pure hydrogen under 

study, hydrogen-methane 

proven 

Experience from     

depleted field, still   

under study 

Proven 

Cushion gas requirement 

Number of Cycles per year 

50–60%         45–80% 20–33% 

1-2 1-2 10 

Chemical Conversion Rate 

Operational Pressures 

Operational type  

Seismic  Risk  

Average High  Low 

15–285 bar                      30–315 bar                                 35–270 bar 

Seasonal Seasonal Frequent 

Average High Low 

Withdrawal Rate                       

Leakage risk 

Average High Low 

High      High Low 

Total Cost US$/kg       

Development/Operation Cost 

          1.43 

        Average         

1.50 

Average                

0.39–2.41 

High 

Key Consideration/ factors 

Microbial activity, 

Fluid-rock composition, 

Operational conditions. 

Microbial activity, 

fluid-rock composition; 

Gas Tightness     (new 

storage        

development) 

Salt domes are  

favored over 

bedded salt 

deposits. 

6. Mechanisms of Underground Hydrogen Storage 

UHS involves a complex interplay of geochemical, physicochemical, hydrodynamic, microbial, 

and biological factors as indicated in Figure 5. The advancement of UHS technology requires a strong 

understanding of the mechanisms at work throughout time and operational cycles. Many important 

problems hinder UHS development: controlling hydrogen flow in the porous reservoirs, 

understanding the possible geochemical reactions during and after injection, addressing microbial 

interactions leading to hydrogen consumption, and determining how storage affects the 

geomechanical stability of the formation. Further challenges are limited storage capacity, geological 
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integrity maintenance, and inadequate sites. Ultimately, the viability and potential of UHS depend 

heavily on the features of the geological formation. 

 

Figure 5. Scientific Challenges of hydrogen storage in porous media. 

6.1. Geochemical Activities 

Hydrogen reactivity can produce harmful gases, that impact; the wellbore, soil, and the 

atmosphere, affecting UHS systems sustainability and long-term material lifespan. During UHS, 

geochemical interactions between reservoir fluids, cushion gas, hydrogen gas, and reservoir minerals 

may occur. These reactions deplete hydrogen by converting it to hydrogen sulfide (H₂S) and methane 

(CH₄). In addition, geochemical reactions can lower the hydrogen purity by combining it with other 

reservoir gases. The quality of hydrogen may be affected by residual gases in depleted reservoirs or 

gases produced over time via hydrogen-related reactions, regardless of storage conditions. 

Geochemical activity during UHS can lead to mineral precipitation or dissolution, altering 

permeability and porosity, and potentially causing structural collapse or faults in the cap rock 

integrity [26]. Geochemical processes involve both biotic and abiotic reactions, with abiotic reactions 

involving interactions between non-living molecules like oil, gas, brine, rock minerals, and hydrogen 

[41]. Abiotic reactions, including mineral precipitation, dissolution, equilibrium, and ion exchange, 

can significantly influence the mineral makeup of formation fluids over time, as highlighted by [42]. 

The study reveals that hydrogen may slightly dissolve in fluids upon injection, which could lead to 

hydrogen contamination with water vapor due to chemical disequilibrium. Additionally, hydrogen 

trapping due to capillary forces and hydrogen adsorption by clay minerals can progressively degrade 

the reservoir and caprock integrity [40]. In high-temperature conditions with hydrogen present, 

undesirable geochemical reactions can release toxic gases and changes in the water pH, further 

accelerating mineral dissolution. Studies [43,44] reveals hydrogen solubility decreases under high-

temperature and high-salinity conditions, indirectly influencing mineral dissolution but not 

significantly altering the native chemical makeup of formation fluids. These findings underscore the 

need for further investigation into the hydrogeochemical interactions within UHS to ensure safe and 

efficient storage. [45] work reveals that hydrogen losses due to bacterial and hydrogeochemical 

interactions are influenced by factors such as co-injected CO2 and sulfate in the reservoir. They noted 

that extended storage periods increased the risk of hydrogen loss, particularly because of the higher 
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propensity for methanogenesis when CO2 is coinjected. However, over time, mineralogical 

attenuation through the consumption of anhydrite and calcite reduces the impact of bacterial 

processes like sulfate reduction and methanogenesis, leading to safer storage conditions [46]. Table 7 

indicates possible geochemical reactions in UHS. 

Table 7. Comparison of Possible geochemical reactions during UHS [47–50]. 

Variables  

Abiotic Reactions   

Log K at 298.15 K 

& 1 bar 

Primary                               Dissolution and Precipitation  

 Carbonates  

Calcite 

Dolomite 

Magnesite  

Siderite 

Dawsonite 

CaCO3 + 5H2 ↔Ca2+ + CH4 + 3H2O + 2e-  

CaMg(CO3)2 + 10H2↔ Ca2+ + Mg2+ + 2CH4 + 6H2O + 

4e-                  

MgCO3 + 4H2 ↔ Mg2+ + CH4 +2OH- + H20                                                 

FeCO3 + 4H2 ↔ Fe2+ + CH4 +2OH- +H20 

NaAlC03(OH)2 +3H+ ↔ Al3+ + HCO3- + Na+ +2H20 

 

8.47 

-17.09 

 

 

4.35 

  Sulfide           

Pyrite FeS2+ 2H+ + 2e ↔Fe2++ 2HS-  18.48 

 Sulfate   

Anhydrite 

Celestite  

Barite    

    

CaSO4 + 5H2 ↔ Ca2++ H2S + 4H2O + 2e-                                                                     -4.39 

SrSO4 +4H2 ↔ Sr2+ + H2S + 2OH- +2H20                                                            -6.63 

BaS04 + 4H2 ↔ Ba2+ + H2S + 2OH- + 2H20                   -9.97 

Fe3+ Oxides   

Hematite 

K-Feldspar 

Fe203 +H2 + H20 ↔ 2Fe(OH)2 

KAlSi3O8+8H2O↔K++ Al(OH)- 4+3H4SiO4               

            

     -20.573 

Secondary Minerals          Clay Minerals                                                     

Kaolinite  

Illite 

Al2Si2O5(OH)4 + 6H+ ↔ H2O + 2H4SiO4 + 2Al3+  7.436 

K0⋅6Mg0⋅25Al2⋅3Si3⋅5O10(OH)2 +11.2H2O↔ 0.6K+0.25Mg2+ 

+2.3Al(OH)4- +  3.5H4SiO4 + 1.2H+ -40.27 

 Silicate Minerals  

Quartz  

Albite 

SiO2+2H2O↔H4SiO4   

NaAlSi3O8 + 8H2O↔ Na+ + Al(OH) 4-  + 3H4SiO4 

3.96 

-18 

Biotic Reactions   

 

H2O ↔ H+ + OH- 

Al3++ 4H2O ↔ Al(OH)4- + 4H+ 

2CO32-+ Ca2+↔ CaCO3 

CO32- + Mg2+↔ MgCO3 

HCO3+Na+↔ NaHCO3 

- 14.2 

-22.8 

1.28 

3.22 

11.94 

The current experimental findings indicate that geochemical effects are probably negligible 

when microbial activity is absent. The study [44] exposed sandstones to hydrogen gas in a batch 

experiment; however, they found no indication of reactions or significant changes in the 

petrophysical characteristics of the samples, such as their porosity or specific surface area. Moreover, 

recent study comprising 250 batch trials on diverse sandstone samples indicated that pure 

geochemical reactions impact underground hydrogen storage (UHS) reservoirs less. This was 

because fluid chemistry revealed minor variations between hydrogen-rich and nitrogen-rich 

environments over two-months [51]. Figure 6 shows the background of main reactions and processes 

involved in bacterial sulfate reduction and methanogenesis (marked in purple). Kinetically controlled 

reactions are represented by single arrows, whereas equilibrium reactions are shown with double 

arrows. The blue triangles indicate the diffusion of aqueous components over time, while bold text 

highlights the injected gas used for storage.  
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Figure 6. Possible geochemical reaction (adapted and modified from [45]). 

6.2. Microbial Activity 

Hydrogen can cause embrittlement in the auxiliary parts of the rock caverns such as 

compressors, pipes, and steel linings. Finding glaring flaws at every location is crucial, particularly 

for hydrogen consumption through homoacetogenesis, sulfate reduction, and methanogenesis. The 

fact that certain microbes can consume hydrogen at rates of up to 4533 nM per hour emphasizes the 

need for proper site selection. Iron-rich strata are more appropriate for UHS, and the current storage 

locations in rock caves may need to be modified. Generally, sulfate, carbonate, or sulfide rocks should 

be avoided [26]. Many features of microbial interactions are currently poorly understood and 

understuied. Therefore, more research is required to build effective prediction tools for hydrogen 

consumption and microbial growth in various geological hydrogen storage systems. In particular, 

studies aimed at establishing crucial parameters—such as salinity, temperature, and pressure—may 

yield significant new insights into the dynamics of microbes. Early research indicated that sulfate 

reducers, homoacetogens, methanogens, and bacteria that reduce iron (III) grow in the pH range of 

6 - 7.5. These bacteria thrive in salinity ranges below 60 <100 < 40, and 40 g/L-1 respectively. Optimal 

temperature ranges for these microorganisms vary: sulfate reducers and homoacetogens thrive at 

20°C –30°C, methanogens prefer 30–40°C, while iron(III)-reducing bacteria perform best at 0–30°C 

[52]. When H₂ is stored underground, increased H₂ concentrations can stimulate microbial activity in 

subsurface environments, leading to adverse effects like reservoir weakening, infrastructure 

corrosion, H₂ losses, reduced permeability, and potential fault activation. These interactions vary 

with the geological storage type, where depleted hydrocarbon reservoirs and saline aquifers are more 

prone to these effects than salt caverns. Research has emphasized the importance of microbial activity 

but has not provided numerical insights into the impacts of higher H₂ levels, in saline and alkaline 

environments [26]. Consequently, the biological consumption of H₂ in hydrocarbon reservoirs and 

aquifers becomes inevitable and undesirable. It is advised that H₂-driven reduction of acetate and 

sulfate occur gradually in gas reservoirs and acidic, high-salinity aquifers owing to the reaction 

patterns. However, H₂ may also react with hydrocarbons in the same medium, which could result in 

H₂ depletion. The presence of sulfur further exacerbates this issue, as H₂ can form hydrogen sulfide 

(H₂S), resulting in economic losses and posing safety risks for storage operations. Generally, four 

main categories of microbial activity must be considered in geological H₂ storage; methanogenesis, 

Acetogenesis, Sulfate Reduction and Iron Reduction [28,52]. 
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Table 8. Microbial Activity for underground hydrogen storage [53,54]. 

Variables  

Primary 
Reservoir, caprock, and Wellbore  

Free 

Energy(kJ/mo

l)                                                          

Methanogenesis  

Acetogenesis  

Iron reduction 

Sulfate reduction                           

CO2 + 4H2 ↔ CH4 + 2H2O 

2CO2 + 4H2 ↔CH3COOH + 2H2O 

2Fe3+ + H2 ↔ 2Fe2+ + 2H+ 

SO42- + 5H2 ↔ H2S + 2H2O 

−33.9 

− 26.1 

−228.3 

−38.0 

Secondary   

Denitrification   

 

            

2NO3- +5H2 +2H+ ↔N2 +11H2O 

7C6H12O6 + 6NO3- + 6H+ ↔ 6C5H7O2N + 12CO2 + 24H2O 
 

Heterotrophic 

Biomass synthesis  

2C3H8O3 +NO3- + H+ ↔ C5H7O2N + CO2 + 5H2O 

7CH3COOH + 2NO3- + 2H+ ↔ 2C5H7O2N + 4CO2 + 8H2O   

14H(CH2) nCOOH + (3n + 1) NO3-+ (3n + 1) H+ ↔ (3n + 1) 

C5H7O2N+ (9 - n) CO2 + (5n + 11) H2O 

 

 

 

Microorganisms catalyze H2 conversion, and are influenced by microbial concentration, 

equilibrium constant, enthalpy, and water chemistry, such as temperature and salinity. Key 

parameters impacting microbial development during methanogenesis include temperature (optimal: 

30–40°C, critical: up to 122°C), salinity (optimal: <60 g/L, critical: up to 200 g/L), pH (optimal: 6.0 –7.5, 

critical range: 4.5 – 9.0), low redox potential, and medium CO₂/carbonate content. In UHS, microbial 

methanogenesis can affect operations through hydrogen consumption at rates of 0.0008–0.58 mM/h, 

leading to hydrogen loss as compounds like CH₄, CH₃COOH, H₂S, or Fe(II) are produced. This 

process can also result in altered permeability, pH reduction, corrosion, hydrogen embrittlement, 

pore-clogging, mineral dissolution, and precipitation, ultimately impacting the injection and retrieval 

capacity. Monitoring these factors is crucial for maintaining storage efficiency and infrastructure 

integrity [55]. In underground hydrogen storage, acetogenesis can consume hydrogen at rates of 0.02–

0.5 mM/h, posing risks of hydrogen loss as acetate is produced. The three main variables affecting 

microbial development during acetogenesis are pH (optimal: 6.0 –7.5, critical range: 3.6 –10.7), salinity 

(optimal: <40 g/L, critical: up to 300 g/L), and temperature (optimal: 20–30°C, critical: up to 72°C) [52]. 

Acetogenesis increases the risks of leakage and water saturation, which may affect storage conditions. 

Managing these parameters is essential for reducing hydrogen loss and maintaining stable storage 

conditions. Iron reduction in underground hydrogen storage can consume hydrogen at 0.0005–0.22 

mM/h, contributing to hydrogen loss as iron is reduced. Microbial growth during iron reduction is 

influenced by temperature (optimal: 20 –30°C, critical: up to 113°C), salinity (optimal: <100 g/L, 

critical: up to 240 g/L), pH (optimal: 6.0 –7.5, critical range: 0.8 –11.5), and sulfate mineral content. 

Key factors affecting microbial activity in iron reduction include temperature (optimal: 0–30°C, 

critical: up to 90°C), salinity (optimal: <40 g/L, critical: up to 200 g/L), pH (optimal: 6.0–7.5, critical 

range: 1.6–9.0), and the presence of iron minerals. Monitoring and controlling these conditions are 

vital to reduce hydrogen loss and ensure stable storage conditions [52–56]. 

6.3. Hydrodynamic Phenomena 

Hydrogen storage in porous reservoirs involves complex fluid interactions, with the injected 

hydrogen pushing out existing brine or hydrocarbons. These interactions are influenced by fluid 

properties, reservoir rock characteristics and phase interactions [51]. However, there is still a limited 

understanding of how H₂ behaves in these environments, as there has been minimal experimental 

research under actual reservoir conditions. In contrast to gases such as methane (CH₄) or carbon 

dioxide (CO₂), H₂ presents distinct challenges in porous reservoirs due to its low density and viscosity 

[51]. These properties can lead to issues like gravity segregation, unstable flow, and lateral spreading, 

making recovering some of the injected hydrogen difficult. Hydrogen is also prone to mixing with 
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cushion gases and any remaining hydrocarbons in depleted oil and gas reservoirs. These mixing 

effects, and how H₂ moves in the reservoir are critical for maintaining hydrogen purity, storage 

efficiency, and reliable recovery over long periods and multiple injection and withdrawal cycles. 

Whether H₂ flow is miscible or immiscible depends on the reservoir type. In aquifers, for example, 

the absence of a cushion gas can create conditions where capillary trapping and viscous fingering 

occur, which can trap hydrogen and reduce the efficiency during withdrawal. In depleted oil and gas 

fields, where miscible flow is more likely, hydrogen can mix with existing gases, reducing the purity 

of the hydrogen recovered. These flow dynamics are key factors to examine the viability and 

efficiency of underground hydrogen storage [21,22]. 

6.3.1. Interfacial Tension Hydrogen–Fluid 

A clear understanding of interfacial tension (IFT) between hydrogen and other fluids is essential 

for analyzing the flow behavior of hydrogen in subsurface storage. For hydrogen-brine systems, IFT 

has been measured experimentally as 72.3 mN·m⁻¹ under pressure of 0.5 MPa and room temperature 

as against Hydrogen-Carbondioxide-brine which is 72.0 mN·m⁻¹ at the same conditions, but 

decreases with higher pressure and temperature, reaching 66.8 mN·m⁻¹ at 25 MPa and 50 °C. 

Similarly, in hydrogen–C02–brine systems, IFT drops significantly from 72.0 to 33.3 mN·m⁻¹ at 44.7 

MPa and 73 °C [51]. Unlike C02 –Brine systems, increased brine salinity does not raise hydrogen-brine 

IFT. IFT influences multiphase flow by controlling capillary forces, which affect flow patterns like 

stable flows or fingering phenomena [57,58]. 

6.3.2. Wettability Behavior Under Hydrogen Conditions 

The wetting properties of reservoir rock significantly affect fluid displacement during hydrogen 

storage, especially as different fluids interact within the reservoir. Hashemi et al. examined 

hydrogen-methane interaction involving sandstone and brine at various salinities, pressures, and 

temperatures and he found that sandstone wettability remains largely unchanged by hydrogen [58]. 

Other studies have shown that brine shows a stronger wetting phase than hydrogen, particularly in 

sandstones, where injected H₂ tends to flow through larger pores whereas brine occupies smaller 

pores under higher capillary pressures. Additionally, studies by Iglauer et al. demonstrated that 

hydrogen on quartz surfaces exhibits lower wettability than CO2, a trait beneficial for hydrogen 

storage, as it allows H₂ to stay as a mobile, easily retrievable phase within the reservoir [51,59]. 

6.3.3. Relative Permeability 

Relative permeability studies for hydrogen-brine systems highlight how fluid interactions and 

rock properties affect hydrogen flow efficiency in subsurface storage. Drainage and imbibition curves 

at room temperature and pressures reveal hysteresis effects that reduce hydrogen withdrawal 

efficiency. Additionally, minimal crossover points indicate flow interference between the relative 

permeabilities of brine and hydrogen when both fluids move simultaneously [51]. Study by [60] 

conducted unsteady-state research and showed that the relative permeability of the hydrogen 

decreases at high pressures (10.34MPa and 20.68 MPa) due to the increase in hydrogen viscosity. The 

study found that increased rock porosity increases hydrogen permeability indicating that more 

porous rocks improve hydrogen flow. Although these insights are valuable for hydrogen storage in 

saline aquifers, research on how hydrogen interacts with cushion gases and residual hydrocarbons 

in depleted oil and gas reservoirs requires extensive research [51,58].   [51,61] study found that 

adding 50% CH₄ as a cushion gas to H2 improves gas relative permeability by 70.5%. This indicates 

better displacement efficiency because of the decreased gas-brine interfacial tension and increased 

gas viscosity. Studies on other cushion gases like nitrogen and CO₂ would further inform optimal 

cushion gas choices for efficient hydrogen storage.  
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6.3.4. Displacement and Fingering Phenomena 

Porous hydrogen storage faces challenges due to unstable displacement, this instability known 

as density fingering occurs due to variations in fluid viscosity. Viscous fingering, a phenomenon 

where hydrogen moves unevenly, increases the risk of residual trapping and hydrogen dissolution 

in the brine, thereby reducing hydrogen recovery efficiency. Early research on UHS in 1982 revealed 

fingering [62]. Direct experiments are crucial for understanding multiphase flow in porous reservoirs. 

Recent hydrogen-brine displacement experiments for water-wet reservoirs on sandstone samples, 

confirmed that residual brine occupies pore corners and throats, whereas hydrogen flows centrally 

within pores. The findings affirm that capillary fingering patterns are dominant in multiphase H₂-

brine systems, mainly due to the significant interfacial tension between hydrogen and brine at low 

flow rates in the experiments. High H₂-brine interfacial tension favors capillary fingering, which 

occurs when capillary forces exceed viscous forces, specifically when the capillary number falls below 

a critical threshold, generally between 10⁻⁶ and 10⁻⁴ [51,63]. This unstable displacement forms finger-

like paths that lead, to hydrogen loss. The interaction between hydrogen and brine is influenced by 

the flow rate; higher flow rates reduce capillary fingering but increases viscous fingering. 

Experiments and simulations on multiphase hydrogen-brine displacements provide valuable 

insights into improving underground hydrogen storage (UHS) by optimizing recovery and 

minimizing hydrogen loss [51]. 

6.3.5. Dissolution of Hydrogen in Brine 

Carden and Paterson theorized that hydrogen dissolution in brine during underground storage 

is minimal, with less than 2% of injected hydrogen dissolving [64]. However, experiments have 

highlighted the significant impact on phase behavior and hydrogen recovery. Jangda et al. found that 

injecting hydrogen into non-equilibrated brine could result in up to 7% dissolution, reducing residual 

saturation compared to equilibrated brine [65]. Boon and Hajibeygi also revealed that hydrogen 

dissolution into unequilibrated brine could lead to miscible displacement [63]. Lysyy et al. observed 

nonequilibrium dissolution through imaging, with dissolved hydrogen averaging 16%, below the 

equilibrium solubility of 28.3%, which could limit hydrogen loss [66]. Meanwhile, Amiri et al. showed 

that cushion gas choice impacts recovery, with CO₂’s high solubility lowering recovery efficiency 

compared to CH₄ or N₂. Further studies, especially core flooding experiments, are needed to better 

understand and optimize hydrogen recovery in brine systems [67]. 

6.3.6. Residual Trapping 

Experimental investigations have identified residual hydrogen trapping in rock due to fluid 

redistribution after drainage and shut-in phases. This results in hydrogen clusters in the pore spaces, 

limiting hydrogen recovery and potentially causing loss.  Since 1915, the idea of gas storage in 

depleted reservoirs has been around, and the behavior of H2 in subterranean formations has been 

understood through comparisons with natural gas and CO2 geo-storage. Four techniques have been 

identified in maintaining gas in subsurface formations: mineral trapping, solubility/dissolution, 

residual/capillary, and structural/stratigraphic. Whereas residual/capillary trapping is typical in 

sedimentary formations, structural/stratigraphic trapping is common in caprock and sedimentary 

formations [62,63]. The trapping mechanism in sedimentary rocks is based on wettability, where 

rocks prefer a specific phase. This wettability affects residual trapping and helps identify the 

interaction of H2 with brine in reservoir and storage rock. The Young –Laplace equation can be used 

to estimate the capillary forces that retain the buoyant H2 gas within the capillary pores. Hysteresis 

is a fundamental feature of multiphase flow and forms the basis for the trapping mechanism. This 

mechanism significantly assists in quantifying the amount of gas migration as well as the distribution 

in the formation, thereby influencing the efficiency of other trapping mechanisms [51,63]. Hydrogen 

trapping in water-wet reservoirs is affected by various factors such as capillary number and flow 

rates. Higher injection rates increase the initial gas saturation, whereas higher imbibition rates reduce 
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the residual gas saturation, promoting hydrogen recovery. Multiple injection-withdrawal cycles 

enhance gas recovery, with secondary drainage improving recovery. Larger injection and withdrawal 

flow rates improve recovery, but residual trapping can cause losses of up to 40% loss during 

withdrawal. Optimizing the flow rates and cycles significantly enhances the hydrogen extraction 

efficiency. 

6.4. Geo-Mechanic Considerations 

The geomechanical elements affecting underground hydrogen storage (UHS) are described in 

this section. The reaction of the reservoir rock to UHS conditions is primarily influenced by the rate 

of injection and production, structure of the wellbore, rock tensile strength, and the existence of 

fractures or faults [26]. Repeated cycles of gas injection and withdrawal during hydrogen storage 

affect the formation's effective stress because of fluctuations in pore pressure, which threatens the 

reservoir and caprocks integrity. Geomechanical modeling considers geomechanical repercussions 

such as fault reactivation, wellbore and cap rock stability, and probable reservoir fracture. 

Geochemical interactions may be the source of this degradation, as the dissolution of minerals in the 

rock increases the probability of gas escape. Furthermore, cyclic stress variations caused by H2 

injection and withdrawal may reactivate fractures and flaws, enhancing the risk of leaks and losses 

even more [41,51]. Therefore, it is vital to understand changes in rock strength, elasticity, and strain 

under different loads to evaluate how the reservoir formation might geomechanically behave in 

response to UHS. Because of this knowledge, geomechanical changes can be modeled more precisely, 

to ensure reservoir integrity throughout UHS operations. During underground hydrogen storage, 

injection and withdrawal cycles cause reservoir pore pressure and temperature to vary, which can 

introduce significant risks during and after operations. These risks include potential reductions in 

rock strength, ground subsidence or uplift, compromised well integrity, persistent hydrogen leakage, 

reduced effectiveness of the caprock seal, and seismicity due to fault reactivation. Storing hydrogen 

in salt caverns poses additional hazards, such as excessive cavern shrinkage (which reduces storage 

capacity), roof failure, fluid leakage, and other unforeseen issues. Caverns with intricate structures, 

thick heterogeneous layers, or interactions among multiple caverns within the same geological area 

present additional challenges for UHS. Because both depleted reservoirs and salt caverns rely on 

wells for hydrogen injection and withdrawal, maintaining wellbore integrity is essential to prevent 

hydrogen leakage and ensure the safety and efficiency of the storage system [68]. Table 9 compares 

natural gas, CO2 and Hydrogen storage’s subsurface mechanical responses, highlighting the 

importance of geomechanical study in predicting stress distribution, deformation, and sealing 

integrity for safe and effective storage across all gases. 

Table 9. Geomechanics –based comparison of natural gas, CO2 and H2 storage. [69]. 

Storage Type Natural Gas storage UHS CCS 

Conditions of operations 

 

 

 

 

 

 

 

 

 

  

Longer-term cyclic  

Natural gas 

injection 

and production 

 

 

 

Cyclic injection and 

production of H, with 

higher frequency and 

mobility can  

pose unknown operation 

challenges and progressive 

damage to rocks due to 

intergranullar swelling 

and    cycles. 

Continuous CO2 injection 

into salt cavern and 

depleted reservoirs can 

act as cushing gas for 

UHS, guaranteeing steady 

pressure      after 

injection 
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Potential Hazards 

 

 

 

 

 

 

 

 

 

Depending on the 

chosen reservoir 

site and operational 

conditions, natural 

gas storage sites 

may experience 

induced seismicity, 

fracture 

propagation 

subsidence/uplift 

Ground subsidence/uplift 

caprock integrity and  

seismicity can all be        

accelerated by 

 cyclic loads. Similar to   

creep, inelastic deformation 

can speed movement along  

preexisting faults 

Depending on the 

selected      reservoir 

site and operating 

conditions, CCUS may 

undergo induced 

seismicity fracture 

propagation and 

subsidence/uplift 

Mechanism of  

Well Integrity 

Comparatively 

minimal hazard of 

hydrogen 

blistering, cement 

carbonation and 

corrosion 

depending on 

reservoir site 

chosen 

Steel corrosion, hydrogen  

blistering and 

sulphidations are all 

threatened by ambient  

hydrogen which may also 

 induce  

elastomer degradation 

Carbonic acid presents 

may lead to corrosion, 

cement carbonation and 

elastomer disintegration 

    

 

Risk of Leakage 

Caprock leakage is 

less. likely in 

methane water 

systems with 

higher interfacial 

tensions. 

Mineral dissolution alters 

reservoir and caprock 

properties 

 leading to permanent 

deformation and low fault 

slip threshold, H2 

percolation, hydraulic 

fracturing and salt creep 

accelerate fault slip. 

Faults opening and seal 

failures can both results 

in leaks. Rock porosity 

and permeability can be 

modified CCS in an 

environment that is 

corrosive and has a low 

gas water interfacial 

tension. Depending on 

the caverns operational 

limits and 

heterogeneous, leakage 

may happen from salt 

cavern roof failure. 

7. Modelling Strategies for Underground Hydrogen Storage  

Geochemical, geomechanical, and hydrodynamic interactions influence UHS, a complicated 

process affecting the injection, storage, and generation of hydrogen gas.  Forecasting UHS 

performance requires both knowledge of these pathways. Important qualities and considerations 

include rock, fluid, operational, geomechanical, reservoir, and microbiological environments. Many 

modeling approaches have been presented to evaluate these implications; Figure 7 below presents 

the key features and related factors. 
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Figure 7. Mechanism Influencing Modeling of UHS. 

Geochemical modeling is important to comprehending and mimicking the numerous processes 

involved in underground hydrogen storage (UHS). The models must capture equilibrium   

processes and precipitation and mineral dissolution reactions. Among the elements impacting the 

rates of these kinetic reactions are the temperature, pressure and salinity [45]. Because of this, 

modeling methodologies that apply constant reaction rates could result in erroneous predictions. 

Additionally, conditions are necessary for validating and calibrating reaction rates and eventually 

enhancing the precision of geochemical models for UHS. Geochemical research investigates how 

hydrogen interacts with different minerals in reservoirs and the brine composition of the reservoir. 

Table 10 summarizes geochemical modeling strategies undertaken for underground hydrogen 

storage.  

Table 10. Summary of selected geochemical modeling methods for underground hydrogen storage. 

Storage         Purpose 

Formation     

 Software  

Approaches     
Comment      Sources  

Depleted gas   Assessment of impact  

reservoir       of geochemical  

              reactions in UHS           

                

 PHREEQC 

The majority of hydrogen  

Loss results from biotic 

reactions, which are 

controlled by kinetic 

reactions 

[45] 

 

 

   

   

Depleted gas   Assess how caprock 

reservoir      integrity is affected by 

             geochemical reactions 

              during UHS 

               

               

PHREEQC 

Geochemical 

modeling 

The integrity of the seal 

is protected from the H2  

brine-rock geochemical  

interactions because 

minimal shale mineral 

dissolution 

[70] 
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Sandstone  Impact of geochemical 

reservoir   processes that were triggered 

           during UHS 

 

 

 

 

Geochemist  

Workbench for 

Geochemical  

modeling 

Aqueous –phase and 

hydrogen equilibrium 

processes are more 

prevalent during the 

storage-relevant time 

period 

      [43] 

        

 

   

     

   

Aquifer  Investigation of how              

         Hydrogen oxidation 

         Reduction processes 

         Work in UHS 

           

           

           

PHREEQC 

for geochemical 

modeling 

 

 

 

 

Sandstone rocks are 

favored options over 

carbonate minerals during 

UHS since carbonates can 

initiates more H2 

dissociation and redox  

processes, making 

reactively  

reactive 

      [54] 

Depleted   Examine the hydrodynamic                

gas        and biochemical behavior  

reservoir   during UHS                    

                            

Numerical Modeling 

with DuMuX 

coupled  

with biochemical  

modeling       

The presence 

microorganism in the 

reservoir substantially 

effects the process of 

hydrogen conversion into 

methane 

      [71] 

Carbonate   Assessment of how 

reservoir   different reservoir factors      

           affect hydrogen-calcite  

            systems wettability 

PHREEQC DLVO  

Theory 

 

Increasing the pressure 

and lowering the salinity 

can enhance the disjoining 

pressure within the 

hydrogen-brine-calcite 

system. 

      [54] 

Sandstone   The study uses geochemical 

Reservoir &  modeling to assess hydrogen 

Carbonate   losses within a sandstone    

reservoir    reservoir. 

             

             

             

PHREEQC 

 

 

 

 

 

 

Temperature and pressure 

have little effects on 

hydrogen loss because of 

solubility. For storing 

hydrogen sandstone 

reservoir would be 

preferable to carbonates 

reservoir  

       [72] 

Majiagou   Examine how the   

carbonate   geochemistry of 

reservoir   carbonate affects UHS 

PHREEQC 

After 500 years of storage 

hydrogen loss from fluid-

rock is predicted to reach 

81.1%, while in the first 

year it could reach 6.6% 

       [70] 

Salt Cavern  Investigating 

            geochemical 

            impact of UHS 

            in salt cavern 

             

           

            

PHREEQC 

 

 

 

Ionic strength, 

temperature. PH and cave 

pressure all impact 

bacterial growth  with 

iron ions being the most 

crucial factor influencing 

hydrogen production from 

hydrogen 

[71] 
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Predicting geomechanical changes during UHS requires determining hydrogen gas injection 

and production stresses on reservoir rock, and establishing rock behavior in terms of deformation, 

strength, and elasticity. The fluid conservation of momentum equation is used mostly in modeling 

the geomechanical differences in our formation. 

                   𝑝 (
𝑑𝑣

𝑑𝑡
+ 𝑣. ∇𝑣 ) =  −∇𝑝 + 𝜇∇2𝑣      (6)  

The fluid velocity is represented by 𝒗 in this conservation of momentum equation  accounting 

for the pressure gradient, 𝛁𝒑, which can be used to describe the fluid flow behavior of the fluid flow 

during H2 injection and production [73]. Biot equation correlates between rock and fluid and is 

essential for computing the pressure gradient [26]. The Biot equation is given by              

                            𝜎′ = 𝜎 −  𝛽𝜌                  (7) 

where σ′, σ, 𝝆 (pore pressure), and 𝜷 (Biot coefficient) represent the effective and total stresses, 

respectively. The main equation used to analyze UHS geomechanical effects is the Hooks law, which 

describes rock elasticity and matrix deformation by stress and strain.  

                𝝈 = 𝑬𝝐                                   (8) 

Geomechanical modeling systems are crucial for assessing stability, sealing integrity and 

mechanical behavior of underground hydrogen storage reservoirs under cyclic injection and 

withdrawal. Table 11 summarizing selected geomechanical models for UHS. 

Table 11. Summary of selected geomechanical models for underground hydrogen storage. 

Storage         Purpose 

Formation     

 Software  

Approaches     
Comment      Sources  

Salt Cavern   Evaluating the 

             geochemical impact 

             of UHS           

 

                

               

                

OpenGeoSys 

 

 

 

Tensile strains at the 

cavern barrier may rise as a 

result of significant 

Temperature  amplitude 

in working gas 

[74] 

 

 

   

   

Salt Cavern   It examines the  

             Heterogeneity in  

             the deformation of 

             the salt caverns and 

             quantified the stress  

             state surrounding               

Created an open  

2D finite element 

 simulator 

Creep in salt caverns 

occurs gradually and is not 

influenced by the short-

term storage of hydrogen. 

The heterogeneity of the 

salt cavern impacts, its 

elasticity in varying ways, 

depending on the type 

(potash or halite) and the 

distribution of impurities  

[75] 

 

   

Salt Cavern   Evaluating the 

             Geochemical impact 

             of UHS 

 

 

 

 

Thermo-Hydro- 

Mechanical (THM) 

coupled simulator 

FLAC3D-

TOUGH2MP 

Convergence volume of a 

salt cavern does not 

influence its storage 

capacity and resulting 

surface subsidence rate 

unlikely to cause any 

damage to surface 

structures 

      [76] 
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Salt Cavern  Assessing the integrity  

            of salt cavern 

          

           

           

           

Numerical  

Modeling 

 

 

 

Deeper caverns face 

greater stability challenges 

than shallower ones, 

especially during daily 

operational cycles, 

however, gas leakage is 

generally minimal due to 

dominant diffusion 

transport, despite 

difference in permeability 

      [77] 

Saline       Evaluate the   

Aquifer     Hydro-Mechanical  

Powder     aspect of UHS                        

River Basin        

of Wyoming 

state    

    

                            

3D coupled hydro-

mechanical model 

Peng Robinson  

Equation of state  

 

 

 

 

Up to 75% of the hydrogen 

can be recovered by the 

end of the third cycle and 

examination structure 

remains geomechanically 

stable. The likelihood of 

failure also   decrease 

during the     

withdrawal phase 

      [78] 

A 3D hydromechanical model was created to assess the practicality of underground    

hydrogen storage (UHS) in Wyoming's Powder River Basin by Bai and Tahmasebi. They employed a 

one-way coupling technique to predict how rock stress would react to changes in pore pressure and 

computed hydrogen properties using the Peng-Robinson equation. They found that 75% of the 

hydrogen could be recovered by the third cycle, and the geomechanical stability was confirmed using 

the Mohr-Coulomb criterion [78].    [76] demonstrated that short-term storage at the Anning salt 

mine in China met safety requirements without issues like surface subsidence, creep, or spalling [74] 

proposed fewer storage cycles to limit the tensile stress, which can be increased by large temperature 

variations at the cavern margins. [75] researched the effects of salt cavern heterogeneity on elasticity 

and found that while impurities cause localized deformation, cavern creep is not affected by short-

term hydrogen storage. Their stability study of shallow and deep caves, [77] found that deeper 

caverns suit intense green hydrogen storage because they have more stability issues but less gas 

losses. Considering hydrodynamic modelling in (UHS) as indicated in Figure 16, it is necessary to 

understand the fluid flow within storage formations. Rock factors such as porosity and permeability, 

fluid properties such as density, viscosity, interfacial tension, solubility, and diffusivity, and rock-

fluid interactions under reservoir conditions all influence the behavior of fluid flow in storage [79]. It 

is vital to incorporate these parameters into hydrodynamic models to appropriately estimate UHS 

performance.  

Software tools like Eclipse, DuMux, CMG-GEM, TOUGH, and COMSOL are commonly applied 

in underground hydrogen storage to model hydrogen flow and apply fluid flow concepts [41]. An 

open-source simulator called DuMux can be modified with various equations of state to control the 

transport of multiple phases and components within the porous media [80–83]. In oil and gas 

reservoir modeling, SLB's Eclipse software (100 and 300) is extensively used; Eclipse 100 employs a 

black oil model, while CMG-GEM and Eclipse 300 use compositional models to account for phase 

behavior differences in fluid compositions. TOUGH is ideal for hydrogen and cushion gas injection 

since it is made to reflect gas injection and reactive transport [82. Finally, COMSOL Multiphysics is a 

versatile simulation tool for chemical reactions and fluid flow [81]. Table 12 reviews a summary of 

selected hydrodynamics models for underground hydrogen storage. 
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Table 12. Summary of selected hydrodynamic models for underground hydrogen storage. 

Storage         Purpose 

Formation     

 Software  

Approaches     
Comment      Sources  

Depleted oil   Evaluated the 

reservoirs     impact of various  

             cushion gas types  

             on UHS in depleted          

             oil reservoirs using 

             Numerical simulation 

 

 

 

                

               

                

CMG-GEM 

 

 

 

Up to 15.5% of the stored 

hydrogen is lost when UHS 

is used without cushion 

gas. Compared to 

carbondioxide  

[84] 

 

 

 

And nitrogen, methane 

produced greater recovery. 

For better sweeping of 

reservoir fluids, increased 

rate hydrogen injection at 

brief intervals reduce the 

effects of gravity 

segregation. 

 

   

Aquifer      Evaluating the role  

             Of cushioning gas 

             during UHS  

 

 

 

 

 

 

  

              

 

CMG-GEM 

 

 

 

 

 

 

 

 

 

 

The efficiency of hydrogen 

recovery is increased by 

cushion gas, cushion gas 

density and hydrogen 

recovery efficiency was 

directly correlated, 

meaning lighter gases led 

to an increase in hydrogen 

recover  y. Higher 

hydrogen retrieval was 

achieved with CH4 than 

with N2 and CO2 

[41] 

 

   

Salt Cavern    Investigation of H2 

              Storage capacity and 

              viability 

              

              

              

 

 

 

 

AusH2 

 

 

 

 

 

 

Findings indicated that 

Australia could develop  

28,282 onshore salt caverns 

with a total capacity of 

14697 PJ of hydrogen 

energy 

      [85] 

        

 

   

     

   

Deep        Assessing how the first 

Aquifer      Filling period affected   

             UHS’s 

              

         

        

           

           

           

PetraSim 

 and 

TOUGH2 

 

 

 

 

 

 

A longer initial filling time 

led to better overall 

performance and 

operational storage 

capacity 

 

 

 

 

 

      [86] 
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Depleted       Evaluate the   

gas            viability of UHS 

reservoir  

 

 

 

 

                          

    

                            

TOUGH 

 

 

 

  

 

 

 

 

Diffusion–induced H2 loss 

is negligible (<1%). When 

N2 or CO2 is used as 

cushion gases hydrogen 

recovery is greatly 

enhanced. 

 

 

 

 

 

         

 

      [87] 

 

 

 

 

 

 

 

Depleted       Hydrodynamic  

Gas field       numerical simulation 

              during UHS 

CMG Simulation 

   suite    

Higher hydrogen 

production is as results of 

lighter cushion gasses. 

Diffusion of hydrogen is 

negligible 

      [85] 

Depleted gas    Examine gas mixing 

reservoir and    and hydrodynamics 

aquifer         during UHS 

 

 

 

 

Mathematical and 

Numerical modeling 

utilizing DuMuX 

 

 

 

 

In aquifers, gravity 

override is more noticeable 

than in gas reservoirs. 

Compared to molecular 

diffusion, mechanical 

dispersions more 

aggressive and intensifies 

the gas mixing process. 

      [91] 

North German    Utilize numerical 

Basin’s current    simulation to assess 

Anticlinal        the viability of UHS 

Configuration     implementation 

 

    

Eclipse 300 

 

 

 

 

With five storage wells, 

UHS can typical maintain a 

Continuous power 

production of 245 MW for 

a week.  

 

      [90] 

Depleted gas    The study explores the  

Condensate     effects of cushion gas in 

Reservoir       partially depleted gas  

               Condensate reservoir. 

 

 

 

 

 

 

 

Adaptive-Implicit 

   Mode (AiM) 

 

 

 

 

 

 

 

 

          

Due to the alternating 

trapping gases in the 

condensate, H2 recovery 

was higher in the gas 

condensate reservoirs. 

Using Nitrogen gas, a 

cushion during injection 

resulted in the H2 

recovery. Because of 

molecular diffusion, gas 

mixing was more 

noticeable in the early 

phase of operation 

      [88] 

Depleted gas     Multi-scale   

Reservoirs       Simulation of 

(Unconventional)  UHS  

 

 

 

     

Numerical modeling  

Using in-house  

reservoir simulator  

MSCO2 & Monte 

Carlo Simulation 

 

 

Because of the distinct   

adsorption effects of        

nanopores, hydrogen 

stored in reservoirs 

maintain a high-purity 

than the 

conventional reservoirs 

majority of H2 is still 

contained in hydraulically 

cracked area in reservoir 

      [89] 
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A review of UHS modeling research reveals an uneven focus across key areas. Hydrodynamics 

dominates, emphasizing the need to understand subsurface hydrogen flow and distribution for 

safety and feasibility. In contrast, geochemical interactions, geomechanical effects, and microbial 

activities critical for storage integrity and hydrogen quality remain underexplored. Modeling tools 

like CMG software align with current priorities, whereas machine learning (ML) gains traction for 

enhancing model accuracy and efficiency. Tools such as PHREEQC underscore the importance of 

diverse methodologies in addressing UHS challenges. 

8. Knowledge Gaps and Future Research 

The current study on UHS has revealed various concerns and challenges that need to be 

addressed in future studies: a) Optimizing Hydrogen Storage Efficiency and Reducing Costs: Current 

studies lack standardized cost-effectiveness metrics and data on hydrogen recovery efficiency across 

geological formations. Further research is needed to understand the impact of cushion gases, cycling 

frequency and injection/withdrawal rate. b) Ensure Long-Term Storage Security and Stability: 

Research gaps in underground hydrogen storage, such as geomechanical effects, geochemical 

interactions, and real-time leakage detection, necessitate comprehensive improvement for long-term 

storage security and stability. c) Impact Assessment of Hydrogen Injection on Subsurface and Surface 

Stability: Research to assess the long-term impacts of hydrogen injection on subsurface stability and 

surface conditions, including potential ground deformation and seismicity. It seeks to establish safe 

injection guidelines and regulatory frameworks for long-term monitoring and risk management of 

hydrogen storage projects. d) Optimizing Cushion Gas Injection for Enhanced Hydrogen Recovery: 

The selection of cushion gas mixtures, injection strategies, and well placement should be optimized 

to maximize hydrogen recovery while minimizing contamination and reducing operational costs in 

hydrogen storage systems. e) Evaluating the Methanation Potential in CO₂-Buffered Hydrogen 

Storage: The Methanation potential in CO₂-buffered hydrogen storage systems is under-explored, 

with limited research on controlling methane production, optimizing hydrogen recovery, and 

managing risks. f) Commercial-Scale Hydrogen Storage Facility Modeling: The development of 

advanced modeling techniques like Co-Flow and Co-FlowX for commercial hydrogen storage facility 

assessment, economic feasibility studies, and scalable designs is insufficiently researched. g) 

Comprehensive Environmental Impact and Risk Assessment: Research gaps in hydrogen storage, 

including potential impacts on groundwater quality and ecosystems, and the need for comprehensive 

life cycle assessments, highlight the need for further investigation for safe, sustainable, and 

environmentally responsible practices.   h) Development of Digital and Smart Monitoring Systems: 

The application of AI and machine learning to optimize hydrogen storage systems, enabling early 

leak detection, real-time anomaly detection, and environmental impact assessments are areas that 

needs further research.  

9. Conclusions 

Underground hydrogen storage (UHS) in geological formations is a pivotal technology for 

achieving global energy security and supporting the transition to renewable energy systems. 

Hydrogen, with its high efficiency, environmental benefits, and sustainability, is poised to become a 

cornerstone of future energy systems. However, the deployment of UHS faces multifaceted 

challenges that require careful consideration: 

Depleted gas reservoirs are a promising option for storage due to their pre-existing 

infrastructure, favorable economics, and extensive storage capacity. The cost advantage of aquifers 

and salt caverns arises from reduced site characterization requirements and the reuse of existing 

petrochemical facilities. However, challenges such as hydrogen’s high mobility, geochemical 

reactivity with reservoir fluids and rock matrix, and potential issues with gas containment requires 

further studies. In aquifers, higher costs are driven by extensive site characterization needs, whereas 

salt caverns, though efficient for cyclic injection and withdrawal, involve substantial upfront leaching 
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and brine disposal costs. Key considerations for UHS include the thermophysical properties of 

hydrogen-such as density, viscosity, diffusivity, and solubility, which influence injectivity, 

withdrawal efficiency, and gas mobilization. 

Similarly, petrophysical properties such as porosity and permeability directly affect the 

reservoir’s storage capacity and containment integrity. The interplay of cushion gas requirements, 

depth and geological viability further adds to the complexity of site selection, and operational 

planning expenditures (OPEX) are highly site- dependent and influenced by surface infrastructure, 

depth, and reservoir –specific factors. Hydrogen production costs, particularly those from 

electrolysis, remain a bottleneck, underscoring the importance of technological advancements to 

reduce expenses. Cushion gas strategies, material costs, and maintenance also play significant roles 

in shaping the financial outlook of UHS projects. 

The realization of UHS at an industrial scale requires overcoming geological, economic, 

technological, and regulatory barriers. A phased approach combining experimental studies, 

simulation analyses, and demonstrated projects is essential to address safety concerns, improve gas 

containment, and optimize operational strategies. Geochemical interactions, well integrity, and 

potential microbial reactions with stored hydrogen must also be carefully managed to ensure long-

term viability. 

In conclusion, while UHS offers unparalleled potential for large-scale energy storage, its success 

hinges on continued research, innovation, and investment. Addressing current challenges through 

interdisciplinary efforts will pave the way for hydrogen to play a transformative role in achieving a 

low-carbon energy future. 
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