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Abstract 
The transition of energy from fossil fuels to renewable energy particularly hydrogen is becoming the centre of decarbonization and roadmap to achieve net-

zero carbon emission. To meet the requirement of large-scale hydrogen storage as a key part of hydrogen supply chain, underground hydrogen storage can be 

the ultimate solution to economically store hydrogen thus meet global energy demand. Compared to other types of subsurface storage sites such as salt 

caverns and aquifers which are limited to geographical locations, depleted gas reservoirs have been raising more interest because of the wider distribution and 

higher storage capacity. However, safely storing and cycling of hydrogen in depleted gas reservoirs requires caprock, reservoir and wellbore to remain high 

stability and integrity. Nevertheless, current research on storage integrity during underground hydrogen in depleted gas reservoirs is still scarce and non-

systemic. We therefore reviewed the major challenges on storage integrity associated with geochemical reactions, microbial activities, faults and fractures and 
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hydrogen cycling perspectives. The processes and impacts of abiotic and biotic mineral dissolution/precipitation, faults and fracture reactivation and 

propagation in caprock and host-rock, wellbore instability due to cement degradation and casing corrosion, stress change during hydrogen cycling, etc. on 

storage integrity were comprehensive reviewed and analysed. Furthermore, a technical screening tool with consideration of controlling variables, risks and 

consequences on storage integrity was developed to identify the potential risks associated with storage integrity. Lastly, knowledge gaps together with 

feasible methods and pathways have been identified to mitigate the risks and thus enables large-scale underground hydrogen storage.  
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1. Introduction 
While fossil fuel is the backbone of current energy structure [1], the supply of petroleum suffers from war and long-distance transport. Moreover, the usage of 

fossil fuel is creating emerging environmental concerns [2]. Raised climate goals and rebounding economy are driving renewable energy to new records [3]. 

IEA predicted that the renewable energy would account for 95% of global power increase by 2026 [4]. Among the renewable energy, solar energy and wind 

power are the powerhouse in global energy market, which are predicted to reach over 50% of power supply [4]. Therefore, renewable energy is crucial to 

achieve any energy transition and thus reach net zero [5]. 

However, the main drawbacks of renewable energy include seasonal, intermittent, and geographical constrained supply [6-8]. The unsteady nature of weather 

and uneven distribution of energy farms bring on fluctuating power generation [9]. The unstable characters of renewable energy renders varying supply of 

electricity [10], which results in energy excesses and deficits [11, 12]. To alleviate these drawbacks and promote large-scale deployment of renewable energy, 

an efficient, reliable, scalable, and economic energy storage system is critical in the form of hydrogen [9]. This is mainly because hydrogen appears to be a 

great energy carrier due to its high energy density and zero emission [13].  

To store the extra generated hydrogen, large-scale hydrogen storage facility was brought forward to achieve large scale and scalable energy storage method 

[14]. Two hydrogen storage roadmaps have been considered: surface hydrogen storage and underground hydrogen storage (UHS). Surface hydrogen storage 

methods include physical storage and chemical storage [15, 16]: i) Physical methods incorporate compressed, liquefied or cryo-compressed hydrogen in 



 

pressured vessels [17]. ii) Chemical methods employ materials-based reactions, such as hydrogen sorption in metal or organic matters [18]. Substantial 

advances have been achieved in chemical hydrogen storage methods in recent years. However, the safety issues, limited space, and high cost increase the 

height of hurdles for large-scale applications of surface hydrogen storage [19]  (both physical and chemical storage methods).  

To enable large-scale hydrogen storage in the renewable era, the UHS has been the centre of attention for its low cost and scalable character [8, 16, 20]. 

Besides, hydrogen storage in subsurface reservoirs appears to be safe and with huge storage capacity (orders of magnitude larger than surface storage methods) 

[1, 20]. The potential subsurface sites are salt caverns, saline aquifers, and depleted hydrocarbon fields [21]. As reported in literature, ten UHS projects are 

under operation (Table 1 [1]), indicating UHS as a prospective technology for large-scale and long-term storage. The typical capacity of a reservoir for UHS 

ranges to billions of m3 with cost further lowered with increasing hydrogen cycling times [22]. UHS is thus regarded as one of the pillars for future hydrogen 

market chain.  

Although the UHS is an attracting future energy solution [14, 16, 23, 24], the UHS is indeed associated with certain risks and uncertainties [25]. For example, 

one of the major uncertainties rises from storage integrity, which links to the integrity of caprock , wellbore, and reservoir [5]. Caprock integrity involves 

wetting alteration of caprock [26-28], reduction of geo-mechanical strength, and fault reactivation [29, 30]. Wellbore integrity face challenges of extreme 

temperature change and fluctuating pressure during gas cycling flow process [31]. Reservoir integrity is determined by geochemical reactions (e.g. dissolution 

reactions [19] and fluid-rock interfacial reactions [32, 33]) and microbial activities, which affect rock surface wetting, traps and limits hydrogen flow in 

porous media. Recent excellent reviews have outlined the advances and trend of UHS technology [5, 15, 21, 26, 34, 35]. However, few reviews have focused 

on the storage integrity. Given that the critical role of storage integrity in UHS, we identified and evaluated the governing factors and its evolution in 

underground reservoirs during UHS. This review focused on recent advances of in geochemical reactions and microbial activities and their implications on 

storage integrity. 



 

 
Figure 1 Potential storage integrity issues during underground hydrogen storage in depleted gas reservoirs (after Heinemann et al. [36]) 

Table 1 Summary of worldwide operating UHS projects.  

Region Project Location Period 
Developer Funding 

Resources Type Impacts 
Industry Academic 



 

Region Project Location Period Developer Funding 
Resources Type Impacts 

UK 

HyStorPor[37] Edinburgh 2019-
2023 

Scotland Gas 
Network  
Pale Blue Dot  
Scottish 
Hydrogen & 
Fuel Cell Asso 
SHFCA 

University 
of 
Edinburgh 

Industry Porous 
rocks 

1. Engage opinion-
shaping citizens in 
dialogue on how 
hydrogen storage may 
affect daily living. 
2. Assist the nascent 
hydrogen energy industry 
by providing developers 
with scientific 
understanding of 
commercial hydrogen 
storage in the subsurface. 
3. Benefit the 
international academic 
community by furthering 
scientific understanding 
of geological hydrogen 
storage in the areas of 
reactivity and multiphase 
flow. 

Teeside[38] North East 
England 1972 Sabic 

Petrochemicals NA NA Bedded 
salt 

1. With 210,000 m3 
geometrical volume that 
could store 27GWT H2. 
2. Storage capacity is 
limited but costly. 

US Moss 
Bluff[39] Texas 2007 Praxair NA Industry Salt 

dome 

Praxair’s Gulf Coast 
pipeline network has the 
capability of supplying 
600 million cubic feet per 
day (16 million cubic 
meters per day) of 
hydrogen on a steady-
state basis, with peaking 
capacity of 700 million 
cubic feet per day (18 
million cubic meters per 

https://gtr.ukri.org/organisation/683CBF73-DE62-45A4-B7C5-B98260A04B3D
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Region Project Location Period Developer Funding 
Resources Type Impacts 

day). 

Spindletop[40] Texas 2017 Air Liquide NA NA Salt 
dome 

1. With 906,000 m3 
geometrical volume that 
could store 274GWT H2. 
2. It is of great benefit to 
have a large, 
interconnected storage 
solution to optimize 
supply to customers 
reliably and efficiently. 
3. Hydrogen is used in 
the refining process to 
desulfurize fuels and in 
several other industrial 
and manufacturing 
processes. 

ConocoPhillip
s Clemens 
Terminal[41] 

Texas 1983 ConocoPhillip
s and Praxair NA Industry   

1. Costs for underground 
hydrogen storage are 
about 2 orders of 
magnitude lower than 
those for other forms of 
hydrogen storage (high-
pressure cylinders, etc.) 
2. The characteristics of 
the bulk storage system 
will drive the 
characteristics of much of 
the hydrogen economy, 
including the likely roles 
of nuclear hydrogen 
relative 
to other methods of 
hydrogen production. 

EU 
  
  
  

Hyunder[42] 

France 
Germany 
Netherlands 
Romania 

2013 

Fundación 
Hidrógeno 
Aragón 
CENEX 

NA Industry & 
Government 

salt 
caverns 

1. A need for further 
assessment has been 
identified whether it will 
be possible to improve 



 

Region Project Location Period Developer Funding 
Resources Type Impacts 

Spain the 
United 
Kingdom 
(UK). 

CEA DEEP 
ECN E.ON 
Hinicio LBST 
KBB 
National 
Hydrogen and 
Fuel Cell 
Centre  
Shell Solvay 

the business case for 
electrolysis in the short to 
medium term. 
2. Hands-on operational 
experience and 
demonstration in 
preparation of future 
markets are needed. 
3. Incentivizing the 
construction of hydrogen 
caverns for these 
applications would put 
the required 
infrastructure in place 
4. All options and all 
markets need favourable 
policy and regulatory 
frameworks with high 
level of continuity, to 
reduce early investment 
risks. 

Underground 
Sun 
Storage[43] 

Pilsbach, 
Upper 
Austria 

2013 

RAG Austria 
AG 
Axiom 
Energy 
Institute at the 
JKU Linz 
Verbund 

University 
of Leoben 
University 
of Natural 
Resources 
and 
Applied 
Life 
Sciences 

Industry porous 
Rocks 

1.The provision of large-
volume and seasonal 
storage facilities is a key 
challenge in the 
conversion of our energy 
production to renewable 
fluctuating sources. 
2. There is still a need for 
research in the field of 
geochemistry and in 
particular on the 
solubility of hydrogen in 
reservoir water.  
3. Both the integrity of 
the storage facilities and 
the field test with the 



 

Region Project Location Period Developer Funding 
Resources Type Impacts 

associated facilities were 
sufficiently confirmed 
over a period of four 
years. 

Vienna Basin 
Green 
Hydrogen (H2) 
Storage 
Project[44] 

Gaiselberg 
and 
Zistersdorf, 
Austria 

2021 
ADX Energy 
Ltd and 
Horváth 

NA NA Porous 
rocks 

1. To evaluate the 
deployment of reservoirs 
at the Gaiselberg and 
Zistersdorf producing 
fields in the Vienna 
Basin (ADX Fields) for 
green hydrogen (H2) 
storage. 
2. ADX can build the 
subsurface energy 
storage facility for a tenth 
of the Tesla battery cost 
and 2.5 times cheaper. 

MefHySto 
Project[45] EU 2019 

European 
Metrology 
Programme on 
Innovation and 
Research 
(EMPIR) and 
consists of 14 
consortium 
partners from 
all over Europe 

NA NA NA 

1. Assess the quality of 
hydrogen produced and 
improve the reference 
equations of state used 
for modelling hydrogen 
injection. 
2. The project will 
investigate the 
sustainability and 
reliability of fuel cells 
(FC), whose performance 
is affected by impurities 
in hydrogen and develop 
a harmonized method for 
hydrogen storage. 
3. The project will deal 
with metrological and 
thermodynamic issues in 
the large-scale storage of 
hydrogen in underground 



 

Region Project Location Period Developer Funding 
Resources Type Impacts 

gas storages (UGS) and 
the conversion of existing 
UGS from natural gas to 
hydrogen. 

Large-Scale 
Energy 

Storage in Salt 
Caverns and 
Depleted Gas 
Fields[46, 47] 

Netherlands 2019 

TNO  
EBN  

Gasunie  
Gasterra  

NAM 
 Nouryon 

NA Industry Salt 
Cavern 

1.Analysis of the role of 
large-scale storage in the 
future energy system. 
2. Techno-economic 
modelling (performance, 
cost, economics) of 
large-scale energy 
storage systems, focusing 
on CAES and UHS in 
salt caverns, and UHS in 
depleted gas fields - 
analogous to UGS. 
3. Assessment of the 
current policy and 
regulatory frameworks 
and how they limit or 
support the deployment 
of large-scale energy 
storage, and stakeholder 
perception regarding 
energy storage. 
4. Risk identification and 
screening for the selected 
large-scale subsurface 
energy storage 
technologies. 

 



 

2. Characteristics of hydrogen 
2.1 Hydrogen physical properties 
Understanding fundamental properties of hydrogen is in favour of the design and operation of underground hydrogen storage, and thus de-risks the potential 

concerns on storge integrity. Considering the underground gas storage has been widely used to store natural gas to manage the energy supply chain [48-51] 

and carbon dioxide to reduce carbon emissions (which is known as CO2 geosequestration or carbon capture and storage, CCS) [52-54], it is worthwhile to 

compare the physical properties of hydrogen with CH4 and CO2 (Table 2). H2 has a higher heating value or energy density per mass (120-141.8 MJ/kg) 

compared to hydrocarbon, which makes it a perfect fuel as energy carrier. However, the less heating value per volume (10.8-12.7 MJ/m3 compared to CH4 

which is 35.8-39.8 MJ/m3) implies that the tremendous volume of space is a must to store H2. Given the low critical temperature and pressure of hydrogen, H2 

would be stored in the form of gas phase in subsurface [55], which is the natural advantage of depleted gas reservoirs due to their enormous storing spaces 

and high availability compared to other UHS sites particularly the salt caverns and saline aquifers [56-58]. Meanwhile, the cycling of gas phase H2 combined 

pre-injected cushion gas and in-situ formation brine leads to complex multiphase flow behavior, requesting more complex equation of states (EOS) to 

characterize the flow patterns and properties [59].  

Table 2 Comparison of physical properties among H2, CO2 and CH4 [5, 60, 61]. 

Variables H2  CO2 CH4 

Molecular weight (g/mol) 2.016 44.01 16.043 

Density at 298 K and 0.1 MPa (kg/m3) 0.082 1.98 0.657 

Viscosity at 298 K and 0.1 MPa (Pa∙s) 8.9 × 10-6 1.48 × 10-5 1.1 × 10-5 

Critical pressure (MPa) 1.297 7.377 4.640 



 

Critical temperature (K) 33.20 304.13 190.8 

Mass heating value (MJ/kg) 120-141.8 n/a 50-55.5 

Volumetric heating value (MJ/m3) 10.8-12.7 n/a 35.8-39.8 

Solubility in pure water at 298 K and 0.1 MPa (mol/kgw) 7.9 × 10-4 0.033 1.4 × 10-3 

Diffusion in pure water at 298 K (m2/s) 5.13 × 10-9 1.6 × 10-9 1.85 × 10-9 

Hydrogen is much less dense than CO2 and CH4. Therefore, the storage of same mass of H2 requires more pressure and once again calls for the importance of 

storage capacity [5, 62]. Besides, the low density of H2 leads to an accumulated hydrogen cap below caprock, which serves as a geologic seal for H2 from 

escaping the storage site [63]. The denser cushion gas, e.g., CH4 or N2, would gather around H2 in the form of cushion gas plume to maintain enough 

formation pressure during H2 withdrawn process. 

The viscosity of hydrogen is also less than CO2 and CH4, implying a higher hydrogen mobility. Therefore, it could be expected lower residual hydrogen 

trapped in subsurface and higher reproduction efficiency [5]. Besides, viscosity also partly determines the water coning effect during conventional 

hydrocarbon production, where the interface between gas/oil and underlying water gradually moves upward and bears productivity [64, 65]. The less viscosity 

of hydrogen is helpful to suppress the water coning issues [66]. On the other hand, the low viscosity of hydrogen could also induce the viscous fingering since 

hydrogen is unlikely displacing formation brine uniformly, leading to a certain amount of unrecoverable hydrogen [67]. Changing pressure and temperature 

within the range of typical geological conditions has very limited effect on hydrogen viscosity (variation in the range of 9 to 11 × 10-6 Pa∙s at pressure of 0.1 

to 50 MPa and temperature of 25 to 120 oC [36]). Consequently, the relatively stable of hydrogen viscosity is conductive to simplification of the calculation of 

EOS and multiphase flow behavior among stored H2, surrounding cushion gas and pre-existing formation brine. 



 

2.2 Hydrogen solubility and dissociation in saline brines 
During the underground hydrogen storage, the injected hydrogen directly contacts with formation brine. Therefore, understanding the solubility of hydrogen 

is of vital importance when storing hydrogen in subsurface porous media for the monitoring and optimization of hydrogen mobility and reactivity. As a non-

polar gas, hydrogen is hardly dissolved in water. At temperature of 298 K and standard atmospheric pressure condition, the solubility of hydrogen in pure 

water is around 7.9 × 10-4 mol/kgw [68, 69], which is slightly lower than CH4 with 1.4 × 10-3 mol/kgw [70], but much lower than CO2 with more than one 

order of magnitude (0.033 mol/kgw [71]). Hydrogen solubility increases with increasing pressure, but decreases with increasing temperature and salinity [68, 

72]. Bo et al. [19] simulated the hydrogen solubility in saline brines with different salinities. The results show that at constant pressure and temperature 

conditions, increasing salinity from 5,000 to 35,000 ppm slightly decreases the hydrogen solubility of approximately 1 × 10-4 mol/kgw. Similar results are 

reported by Wiesenburg and Guinasso [68], and Chabab et al. [73]. Overall, the extremely low solubility of hydrogen in saline brines indicates a negligible 

amount of hydrogen loss due to the hydrogen dissolution during UHS. 

Given the high stability of hydrogen molecules, the dissociation of aqueous hydrogen in saline brines without minerals involved would be extremely weak. 

According to the thermodynamic data from WATEQ4F database associated within geochemical solver PHREEQC [74], the aqueous H2 dissociation is 

defined by: 

2H+ + 2e- = H2                                                                                                                                       Eq. 1 

Where logK298k is -3.15 and enthalpy is -1.759 kJ/mol. 

Noting that the phase of hydrogen in Eq. 1 is dissolved hydrogen, which means that the gas phase hydrogen needs to dissolve into formation brine first, and 

the reaction is defined in Lawrence Livermore National Laboratory database (LLNL, thermo.com.V8.R6.230) [74] by: 

H2(gas) = H2(aqueous)                                                                                                                                        Eq. 2 

Where logK298k is -3.105 and enthalpy is -4.184 kJ/mol. 

Considering the low solubility of hydrogen, the hydrogen loss caused by the further dissociation without presence of minerals should be negligible. However, 

the host rock of hydrogen plays a significant role in UHS, not only because of the petrophysical properties such as porosity, permeability and connectivity that 



 

affects the hydrogen cycling, but also that hydrogen can react with some sensitive minerals (e.g., calcite, dolomite, siderite, pyrite, etc.) through redox 

reactions (the dissociation of hydrogen is actually an oxidation process as one of the half reactions of the redox; see detailed discussion in section 3.1.1). In 

this case, the dissociation of hydrogen would be facilitated, leading to considerable volume of hydrogen loss and minerals dissolution thus umpiring the 

stability and integrity of caprock and host rock in reservoirs. 

2.3 Hydrogen diffusivity  
The low molecular weight of hydrogen makes it more diffusive than other gases. In pure water at 298 K and standard pressure, the diffusion coefficient of 

hydrogen is around 5.13 × 10-9 m2/s [75], where only 1.6 × 10-9 and 1.85 × 10-9 m2/s for CO2 [76] and CH4 [77]. The impact of hydrogen diffusivity can be 

classified into two categories: upward diffusion through caprock and interphase diffusion into other in-situ fluids. The upward diffusion through caprock even 

overburdens could lead to extra hydrogen loss. Due to the presence of minerals, the diffusion coefficient in porous media needs to be scaled with tortuosity by 

considering porosity to represent the effective diffusion coefficient [78]. For the interphase diffusion, it mainly causes the mixing of stored hydrogen with pre-

injected cushion gas or residual natural gas and results in hydrogen contamination, and thus the cycling efficiency and withdrawn recovery [79], which is 

beyond the scope of this work (the storage integrity).  

3. Geochemical reactions  
When hydrogen is injected into subsurface porous media, it can react with certain types of minerals which are usually sensitive to redox reactions, leading to 

mineral dissolution/precipitation. The comprehensive geochemical reactions among stored hydrogen, formation brine and minerals would affect the storage 

integrity and stability. For caprock, the geochemical process between hydrogen and sensitive minerals could affect the porosity and permeability which are 

highly related to the sealing capacity. Besides, the wettability, capillary pressure and hydrogen upward diffusion are also governed by the physicochemical 

properties of caprock, affecting the long-term trapping ability and containment on hydrogen. For reservoirs, the mineral dissolution and precipitation would 

influence the formation connectivity and fluid migration, thus the hydrogen cycling efficiency and ultimate withdrawn recovery. Furthermore, the 

geochemical reactions can change the in-situ brine geochemistry, which in turn affects the geochemical reactions and abiotic hydrogen loss. On the other hand, 

the mineral dissolution and precipitation taking place at near wellbore area would significantly umpire the stability of wellbore and trigger borehole collapse 

and failure. Moreover, the cement degradation induced by the geochemical reactions with surrounding hydrogen can also cause the wellbore instability thus 



 

affecting productivity. In this section, we will review and summarize the primary controlling factors of geochemical reactions in caprock, reservoirs and 

wellbore. 

3.1  Caprocks 
3.1.1  Role of sensitive minerals 

The geochemical reactions between stored hydrogen and caprock in the presence of in-situ brine may lead to mineral dissolution or precipitation, and affect 

the caprock porosity, permeability and connectivity thus the sealing capacity to prevent hydrogen from migrating upward. The mineral dissolution induced by 

geochemical reactions could also affect the caprock mechanical properties so as the overall integrity and stability during hydrogen cycling. Therefore, it is 

important to characterize the effect of geochemical reactions within caprock to assess its long-term integrity during UHS projects. Current geochemical 

modelling on mineral dissolution/precipitation mainly consists of two types: thermodynamic modelling and kinetic modelling [19, 59, 80-83]. The 

thermodynamic or equilibrium modelling only calculates the ultimate extent of mineral reactions in an infinite time scale. Hence, it often overestimates the 

degree of mineral dissolution or precipitation [36]. Kinetic batch modelling and reactive transport modelling account for the mineral reaction rates and can 

estimate the time-dependent mineral dissolution/precipitation. However, the key input parameters, including the kinetic rate constant, Arrhenius activation 

energy and reaction order at acid, neutral and base mechanism used for UHS need to be calibrated from H2 associated experiment to improve the prediction 

accuracy [59]. This is also true for the equilibrium modelling, where the databases covering equilibrium reaction constants and enthalpy for individual 

mineral reactions also need to be updated. Table 3 and 4 list the reactions and the core input parameters for equilibrium modelling and kinetic modelling on 

carbonates, sulfates, sulfide (pyrite) and Fe3+-bearing minerals from the widely used geochemical database. These minerals are highlighted because that they 

are identified as the sensitive minerals during UHS since they can react with injected H2 through redox process. Therefore, the dissolution/precipitation more 

likely take place in the caprock rich in these sensitive minerals and thus affect the caprock integrity and sealing capacity. 

Table 3 Thermodynamic non-reductive dissolution (from LLNL database [74]) and reductive dissolution of identified sensitive minerals.  

Minerals Non-reductive dissolution Reductive dissolution 

Carbonates   



 

Calcite CaCO3 + H+ = Ca2+ + HCO3
- CaCO3 + 4H2 = Ca2+ + CH4 + 2OH- + H2O 

Dawsonite NaAlCO3(OH)2 + 3H+ = Al3+ + Na+ + HCO3
- + 2H2O 

NaAlCO3(OH)2 + 4H2 = Al3+ + Na+ + CH4 + 

4OH- + H2O 

Dolomitea CaMg(CO3)2 + 2H+ = Ca2+ + Mg2+ + 2HCO3
- 

CaMg(CO3)2 + 8H2 = Ca2+ + Mg2+ + 2CH4 + 

4OH- + 2H2O 

Dolomiteb CaMg(CO3)2 + 2H+ = Ca2+ + Mg2+ + 2HCO3
- 

CaMg(CO3)2 + 8H2 = Ca2+ + Mg2+ + 2CH4 + 

4OH- + 2H2O 

Magnesite MgCO3 + H+ = HCO3
- + Mg2+ MgCO3 + 4H2 = Mg2+ + CH4 + 2OH- + H2O 

Siderite FeCO3 + H+ = Fe2+ + HCO3
- FeCO3 + 4H2 = Fe2+ + CH4 + 2OH- + H2O 

Sulfates    

Anglesite PbSO4 = Pb2+ + SO4
2- PbSO4 + 4H2= Pb2+ + H2S + 2OH- + 2H2O 

Anhydrite CaSO4 = Ca2+ + SO4
2- CaSO4 + 4H2= Ca2+ + H2S + 2OH- + 2H2O 

Gypsum CaSO4:2H2O = Ca2+ + SO4
2- + 2H2O 

CaSO4:2H2O + 4H2= Ca2+ + H2S + 2OH- + 

4H2O 

Barite BaSO4 = Ba2+ + SO4
2- BaSO4 + 4H2= Ba2+ + H2S + 2OH- + 2H2O 

Celestite SrSO4 = SO4
2- + Sr2+ SrSO4 + 4H2= Sr2+ + H2S + 2OH- + 2H2O 



 

Sulfide    

Pyrite FeS2 + H2O = 0.25H+ + 0.25SO4
2- + Fe2+ + 1.75 HS- FeS2 + H2 = FeS + H2S 

Fe3+ Oxides    

Goethite FeO(OH) + 3H+ = Fe3+ + 2H2O 2FeO(OH) + H2 = 2Fe(OH)2 

Hematite Fe2O3 + 6H+ = 2Fe3+ + 3H2O Fe2O3 + H2 + H2O = 2Fe(OH)2 

aSedimentary (disordered) dolomite. 
bHydrothermal (ordered) dolomite. 

 

Table 4 Input parameters for kinetic reactions of sensitive minerals (data from Palandri and Kharaka [84]). log k298K represents the log of reaction rate 

constant, Ea is Arrhenius activation energy, kJ/mol, n is reaction order and M is mineral molar mass, g/mol. 

Minerals 

Acid mechanism Neutral mechanism Base mechanism 
M 

(g/mol) log k298K Ea 
(kJ/mol) n log k298K Ea 

(kJ/mol) log k298K Ea 
(kJ/mol) n 

Carbonates          

Calcite -0.3 14.4 1 -5.81 23.5 -3.48 35.4 1 100.09 

Dawsonite - - - -7 62.8 - - - 144 

Dolomitea -3.19 36.1 0.5 -7.53 52.2 -5.11 34.8 0.5 184.4 



 

aSedimentary (disordered) dolomite. 
bHydrothermal (ordered) dolomite. 
cReaction order n with respect to Fe3+; -0.5 if it is with respect to H+ 

Dolomiteb -3.76 56.7 0.5 -8.6 95.3 -5.37 45.7 0.5 184.4 

Magnesite -6.38 14.4 1 -9.34 23.5 -5.22 62.8 1 84.31 

Siderite [85] -11.75 54.5 0.75 - - - - - 115.854 

Sulfates          

Anglesite -5.58 31.3 0.298 -6.5 31.3 - - - 303.26 

Anhydrite - - - -3.19 14.3 - - - 138.16 

Gypsum - - - -2.79 0 - - - 172.2 

Barite -6.9 30.8 0.22 -7.9 30.8 - - - 233.39 

Celestite -5.66 23.8 0.109 - - - - - 183.68 

Sulfide          

Pyrite -7.52 56.9 0.5c -4.55 56.9 - - - 119.98 

Fe3+ Oxides          

Goethite - - - -7.94 86.5 - - - 88.85 

Hematite -9.39 66.2 1 -14.6 66.2 - - - 159.688 



 

3.1.1.1 Carbonates 

The hydrogen induced carbonates dissolution at typical reservoir temperature and pressure conditions can only occur with participation of formation brine, 

where the aqueous hydrogen reacts with dissolved carbonate minerals (CO3
2- and HCO3

-) and generates CH4 through the redox. At dry conditions, so far there 

is no direct evidence from experiments showing that H2 could reduce C(4) from carbonate minerals, except for the extremely high temperature condition (for 

example, 535 to 870 oC [86]) which is unrealistic in common depleted gas reservoirs. The geochemical reactions between stored hydrogen mainly consists of 

three steps. Taking calcite for example. First, calcite dissolves into formation brine which is given by: 

𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3  +  𝐻𝐻+ =  𝐶𝐶𝐶𝐶2+ +  𝐻𝐻𝐶𝐶𝑂𝑂3−                                                                                                                 Eq. 3 

𝐻𝐻𝐶𝐶𝑂𝑂3− = 𝐶𝐶𝑂𝑂32− +𝐻𝐻+                                                                                                                        Eq. 4 

Meanwhile, the gas phase H2 dissolves into brine and equilibrates with aqueous phase through the Eq. 2 defined in the section 2.2. Then, the generated CO3
2- 

and HCO3
- are reduced by aqueous H2 and form CH4 through the redox reaction. For CO3

2-, it is given by: 

𝐶𝐶𝑂𝑂32− + 4𝐻𝐻2(𝑎𝑎𝑎𝑎𝑎𝑎) = 𝐶𝐶𝐻𝐻4 +  𝐻𝐻2𝑂𝑂 +  2𝑂𝑂𝐻𝐻−                                                                                     Eq. 5 

which can be further separated into two half-reactions: 

Oxidation: 4𝐻𝐻2(𝑎𝑎𝑎𝑎𝑎𝑎) = 8𝐻𝐻+ +  8𝑒𝑒−                                                                                                 Eq. 6 

Reduction: 𝐶𝐶𝑂𝑂32− + 8𝑒𝑒− + 8𝐻𝐻+ = 𝐶𝐶𝐻𝐻4 + 𝐻𝐻2𝑂𝑂 +  2𝑂𝑂𝐻𝐻−                                                              Eq. 7                                                                  

For HCO3
-, it is given by: 

𝐻𝐻𝐶𝐶𝑂𝑂3− + 4𝐻𝐻2(𝑎𝑎𝑎𝑎𝑎𝑎) = 𝐶𝐶𝐻𝐻4 +  2𝐻𝐻2𝑂𝑂 +  𝑂𝑂𝐻𝐻−                                                                                    Eq. 8 

where the two half-reactions are given by: 

Oxidation: 4𝐻𝐻2(𝑎𝑎𝑎𝑎𝑎𝑎) = 8𝐻𝐻+ +  8𝑒𝑒−                                                                                                 Eq. 9 

Reduction: 𝐻𝐻𝐶𝐶𝑂𝑂3− + 8𝑒𝑒− + 8𝐻𝐻+ = 𝐶𝐶𝐻𝐻4 + 2𝐻𝐻2𝑂𝑂 + 𝑂𝑂𝐻𝐻−                                                            Eq. 10 



 

In general, the C(4) within CO3
2-/HCO3

- acting the role of e- receiver is reduced by H2 which is e- donor and form CH4. The redox reactions between CO3
2-

/HCO3
- and aqueous H2 in turn facilitate the dissolution of calcite and other carbonate minerals. For calcareous shale caprock which is rich in calcite, the 

redox reactions between calcite and stored hydrogen would lead to calcite dissolution, compromising the matrix of calcareous shale and weakening the 

caprock integrity. For siliceous and argillaceous shale caprocks where carbonates take less proportion, the hydrogen induced carbonate dissolution may 

impair the carbonate cementation [87, 88], which also affects the caprock integrity and long-term sealing capacity. The observations on carbonates dissolution 

during UHS from geochemical modelling are reported by Amid et al. [89], Bo et al. [19], Hassannayebi et al. [59], Hemme and Van Berk [81], Pichler [90] 

and Zeng et al. [91]. In terms of experiments, Pudle et al. [92] evaluated the geochemical processes within sandstone samples containing certain amounts of 

carbonates from Europe and Argentine. The samples were exposed to hydrogen at pressure of 4 to 20 MPa, temperature of 40 to 120 oC and salinity of 16,000 

to 350,000 mg/L. They compared the samples’ properties through petrophysical, tomographic, mineralogical and geochemical methods before and after 

hydrogen treatment. They found no evidence of minerals reactions at low pressure, temperature and salinity conditions. However, at higher pressure, 

temperature and salinity conditions, calcite partially to totally dissolved. Similar results were reported by Bensing et al. [93, 94], who observed a significant 

dissolution of calcite fragments in claystone caprock that were saturated with hydrogen and 10 wt% NaCl solution.  

3.1.1.2 Sulfates 

For sulfate minerals, the stored hydrogen can reduce SO4
2- from anglesite (PbSO4), anhydrite (CaSO4), gypsum (CaSO4:2H2O), barite (BaSO4) and celestite 

(SrSO4) to H2S through the redox reaction: 

𝑆𝑆𝑂𝑂42− + 4𝐻𝐻2 = 𝐻𝐻2𝑆𝑆 + 2𝐻𝐻2𝑂𝑂 + 2𝑂𝑂𝐻𝐻−                                                                                            Eq. 11 

The generate H2S can either form gas phase or dissolve as aqueous phase due to its high solubility [95] and further dissociate to HS- and S2-. Similar to 

carbonate minerals, the dissolution of sulfate minerals could partially affect the caprock integrity and rock mechanical behaviours [96]. The sulfate minerals 

dissolution induced by redox reactions with hydrogen is reported by Hemme and Van Berk [81] and Lassin et al. [97] from geochemical simulation. From 

experiment point of view, Pudle et al [92], Henkel et al. [98] and Flesch et al. [99] observed the dissolution of sulfates (typically anhydrite and barite) in 

sandstones when exposed to hydrogen and saline brine. Similar results were also reported by Truche et al. [100, 101] and Cozzarelli et al. [102]. 



 

3.1.1.3 Sulfide 

As a sulfide mineral, pyrite (FeS2) can be reduced by stored hydrogen and generate pyrrhotite or troilite (FeS) through the reaction [59, 103, 104]: 

 𝐹𝐹𝑒𝑒𝑆𝑆2 + (1 − 𝑥𝑥)𝐻𝐻2 = 𝐹𝐹𝑒𝑒𝑆𝑆(1+𝑥𝑥) + (1 − 𝑥𝑥)𝐻𝐻2𝑆𝑆      (0 < 𝑥𝑥 < 0.125)                                             Eq. 12                                                                                     

Truche et al. [103] studied the kinetics of pyrite to pyrrhotite reduction in the presence of hydrogen and 27 mM NaCl and calcite-buffered solution at 

temperature between 90 and 180 oC and hydrogen partial pressure between 0-18 bar. They observed a partial reduction of pyrite by hydrogen to pyrrhotite, 

which was caused by the interactions between substrate-mediated pyrrhotite nucleation and solution chemistry at the pyrite dissolution front [103]. They also 

recorded pH increasing from 7 (the initial NaCl brine) to 8-10 after the reactions. In another two experiments where the pH was fixed at initial conditions 

(150 °C and 8 bar H2 pressure), they found no measurable amount of sulfide at pH of 5, whereas a higher initial rate of the reduction from pyrite to pyrrhotite 

than in calcite buffered solution was observed at pH of 10. In their later works, they extended the studies by focusing on the effect of temperature, pressure 

and pH on the reduction from pyrite to pyrrhotite [105]. They found that at low temperature (<150 oC) and hydrogen partial pressure (6 bar) condition, the 

rate of reduction is mainly controlled by the pyrite solubility. While at higher temperature and pressure condition, the reduction is driven by the pyrrhotite 

precipitation. Overall, pyrite tends to be completely reduced by hydrogen to pyrrhotite within in a short time interval at temperature greater than 90 oC and 

hydrogen partial pressure greater than 10 bar. Besides, a higher pH (alkaline) environment would facilitate pyrrhotite precipitation even at low temperature 

and P(H2) conditions (Figure 2). 

 



 

Figure 2 Percentage of pyrite dissolved as a function of pH, from 25 to 150 °C and at two different hydrogen partial pressure: 6 (solid line) and 30 bar (dotted 

line). The pH windows for a solution buffered by pure calcite or Cox claystone in a batch system, and in the 90–150 °C temperature range are underlined in 

light grey (from Truche et al. [105]). 

Similar experimental results on the reduction of pyrite to pyrrhotite by hydrogen are also reported by Wiltowski et al. [106], Lambert et al. [107], Didier et al. 

[108] and Moslemi et al.[109]. The dissolution of pyrite in caprock may lead to integrity issues as pyrite is usually in the form of framboidal cementation 

within host rock. On the other hand, carbonate minerals such as calcite and dolomite commonly exist in the caprock and their reductive dissolution can 

increase the in-situ pH [59, 91]. As pointed out by Truche et al. [105], the alkaline condition can promote pyrite reduction, which may further compromise 

caprock integrity and generate H2S gas. Therefore, to minimize the pyrite reduction and hydrogen conversion to H2S, a neutral or acidic reservoirs may be 

more suitable.  

3.1.1.4 Fe3+-bearing oxides 

The ferric iron-bearing minerals such as goethite [FeO(OH)] and hematite (Fe2O3) can react with stored hydrogen through the redox reaction, where Fe3+ 

would be reduced to ferrous iron (Fe2+). Taking hematite for example, the oxide reduction process takes place in three steps: Fe2O3→Fe3O4→FeO→Fe [110]. 

However, current evidence implies that the reduction of Fe3+-bearing oxides can only occur in the high temperature conditions (300 to 700oC) [111-115], 

which are much beyond the normal geological storage conditions. However, most of the experimental works only use the pure iron oxide crystal or powder at 

dry condition. More detailed research needs to be conducted to evaluate the reduction of ferric iron-bearing minerals in the presence of saline brine at more 

complex mineralogy system (coupled with other minerals) to better characterize the fundamentals of ferric iron reduction during underground hydrogen 

storage from abiotic geochemical perspective. 

3.1.2 Wettability and contact angle 

The wettability of H2-brine-rock system is of vital importance to assess the residual and structural storage capacity and caprock sealing ability, and also 

partially determines the injectivity and withdrawal rate during hydrogen cycling in subsurface porous media [116-118]. Compared to the wide studies on 

wettability of CO2-brine-rock system during CO2 geosequestration [119-123], current research on H2 wettability during UHS is still very limited. For 

sandstones, Iglauer et al. [116] measured the contact angle (both advancing and receding angles) of 10% NaCl brine in the presence of hydrogen at pressures 

between 0.1 to  25 MPa and temperatures between 296 to 343 K. The results show that the contact angle increases with increasing temperature and pressure. 



 

However, at the normal range of temperature and pressure at realistic subsurface storage conditions, the hydrogen wettability of sandstone shows weakly 

water-wet to intermediate-wet. Similar results were reported by Higgs et al. [124], Ali et al. [28] and Yekta et al. [125]. 

In terms of carbonate, Hosseini et al. [126] examined the hydrogen wettability of calcite with consideration of different pressure (0.1 to 20 MPa), temperature 

(298 to 353 K), salinity (0 to 4.95 mol/kg of NaCl + KCl), tilting plane angle (0 to 45 o) and surface roughness (root mean square, RMS = 341, 466 and 588 

nm). They observed that the contact angle of brine in the presence of hydrogen on calcite surface increased with increasing of pressure, salinity and tilting 

plane angle, but decreases with increasing of temperature and surface roughness. Overall, similar to hydrogen wettability of quartz, the hydrogen wettability 

of calcite presents weakly water-wet to intermediate-wet regardless temperature and pressure. To understand the physics behind the experimental findings, 

Zeng et al. [127] calculated calcite surface species concentrations and surface potential in the presence of hydrogen at variety of temperature, pressure and 

salinity through geochemical surface complexation modelling, and the disjoining pressure on calcite surface. The results indicate that the disjoining pressure 

would shift to more positive with increasing temperature and decreasing salinity, intensifying the repulsion force of H2 against calcite and thus decreasing H2 

wettability, which is consistent with experimental observations. 

Since the shale caprock is usually rich in clay minerals, understanding the hydrogen wettability of clays are also very important. Ahmed et al. [33] measured 

the contact angles for H2-brine-clay (kaolinite, illite, and montmorillonite) at moderate temperature of 333 K and different pressures (5 to 20 MPa) conditions. 

They reported that increasing pressure increases the contact angle from 13.4 to 26 o for kaolinite, 16.3 to 31.7 o for illite, and 19.8 to 38.6 o for 

montmorillonite. While all tested clays present water-wet, kaolinite is most water-wet followed by illite and montmorillonite. The different octahedral clay 

sheet (‘TO’ and ‘TOT’) was claimed to account for the varying water-wetting characters [33]. 

A more comprehensive study was later performed by Esfandyari et al. [128], where the contact angles of saline brines in the presence of hydrogen on the 

surface of calcite, dolomite, quartz, shale, anhydrite, gypsum, granite and basalt crystals were measured at various temperatures (20 to 80 oC) and pressures 

(10 to 100 bar). Their results confirmed that hydrogen wettability would increase with increasing pressure for not only quartz and calcite, but also for the rest 

of minerals. However, the contact angles are more sensitive for calcite (35 to 93 oC), dolomite (33 to 80 oC) and shale (20 to 81 oC) at different P/T, which 

change from strong water-wet to intermediate-wet, than gypsum (45 to 71 oC), quartz (34 to 73 oC) and basalt (17 to 35 oC), which only change from strong 

water-wet to weakly water-wet. Besides, hydrogen wettability was also examined on surface of mica [129, 130]. In summary, in the realistic reservoirs’ 



 

conditions, the wettability of almost every mineral within caprock is water-wet. This is in favour of caprock sealing for store hydrogen, since it provides 

caprock with stronger structure and residual trapping capacity to prevent hydrogen from migrating upward and de-risks the hydrogen leakage problems [126]. 

3.1.3 Capillary pressure and interfacial tension 

Capillary pressure of hydrogen-water system in geological storage conditions are important to characterize the hydrogen migration and the capillary sealing 

capacity of caprock during UHS. To the best of our knowledge, hitherto, the only experimental data of capillary pressure of hydrogen-water-rock system 

come from Yekta et al. [125], who measured capillary pressure as function of water saturation using Triassic sandstone at “shallower” (55 bar, 20 oC) and 

“deeper” (100 bar, 45 oC) conditions. They found that capillary pressure increases approximately from 65 to 110 kPa with decreasing water saturation from 15 

to 11%. However, changing temperature and pressure had very limited effect on capillary pressure for H2-water system, which is different to CO2-water 

system where capillary numbers strongly depend on testing temperature and pressure [131, 132]. This result suggests that capillary pressure is almost constant 

for the entire range of tested pressure and temperature conditions appropriate for UHS. However, a wider range of P/T conditions, more complex 

compositions and concentrations of formation brines, and other types of minerals particularly carbonates and clays need to be considered for the future tests. 

Besides capillary pressure, interfacial tension between hydrogen and in-situ brine is another significant parameter that affects fluids flow and displacement 

within host rock and caprock, thus the entire sealing ability and containment security. Hosseini et al. [133] measured the interfacial tension between H2 and 

0.864 NaCl + 0.136 KCl solution at various temperatures (298 to 423 K), pressures (2.76 to 34.47 MPa) and salinities (0 to 4.95 mol/kg). Overall, the 

interfacial tension varies approximately from 45 to 80 mN/m. It decreases with increasing pressure and temperature but decreasing salinity. Similar results 

were reported by Chow et al. [134], Pan et al. [135], Ali et al. [129], Higgs et al. [124] and Yekeen et al. [136]. In summary, the capillary pressure and 

interfacial tension combined with contact angle of H2-brine-rock system determine the wettability and capillary sealing capacity of caprock. In the realistic 

geological conditions for UHS, the wettability of minerals in the presence of brine and hydrogen always presents water-wet (from strong to weak water-wet 

dependant on P/T). The more water-wetting promotes the residual and structural trapping efficiency of caprock and reservoir rock [136]. The stronger 

structural trapping also decreases the height of hydrogen plume, which further decreases the buoyancy force and the pressure acting on caprock [63]. At such 

condition, the buoyancy force is less than the capillary force of caprock, and thus de-risks the concerns on hydrogen upward migration and overall sealing 

failure during UHS. 



 

3.2 Reservoirs 
3.2.1 Mineral dissolution and precipitation 

The integrity of host rock in subsurface depleted gas reservoirs during UHS determines the formation petrophysical properties, including porosity, 

permeability, connectivity, etc., and thus the hydrogen injectivity and reproduction recovery or the entire cycling efficiency. Similar to caprock, the integrity 

reservoir rocks rely on the interactions of H2-brine-mineral at in-situ temperature and pressure. Among all compositional minerals, the sensitive minerals 

defined in the section 3.1 such as carbonates (calcite, dawsonite, dolomite, magnesite and siderite), sulfates (anglesite, anhydrite, gypsum, barite and celestite), 

sulfide (particularly pyrite and Fe3+-coupled minerals (goethite and hematite and some clays containing Fe3+) play the critical roles since they can react with 

stored hydrogen and lead to reductive dissolution. The reductive dissolution of these sensitive minerals strongly affect the formation stability and integrity and 

thus the long-term storage capacity. For sandstone reservoirs where quartz is the mainly component and geochemically stable [35], the sensitive minerals such 

as calcite, siderite and anhydrite contribute as cementation. Therefore, the dissolution of these minerals can increase porosity and affect fluids flow in 

subsurface porous media [99]. For carbonate reservoirs where calcite and/or dolomite are the dominant minerals, the carbonates dissolution caused by the 

redox reactions would not only compromise the stability of matrix of porous media, but also could trigger considerable volumes of stored hydrogen [91]. 

Apart from the reductive dissolution, some other minerals such as illite and kaolinite can also dissolve during UHS process. However, the dissolution of these 

minerals is not induced by the redox reactions since there are no redox-trigger ions or RTI (Fe(3), S(6) as SO4
2-, C(4) as CO3

2-/HCO3
-) bonded within minerals. 

Their dissolutions are mainly caused by the geochemistry change as the result of reductive dissolution of sensitive minerals. Therefore, it is reasonable to 

classify those sorts of dissolution as secondary dissolution. For example, the redox reactions of calcite in the presence of hydrogen and brine can increase pH 

[59, 91] (see detailed discussion in section 3.2.2). The pH increase could accelerate the dissolution of kaolinite and illite as they tend to dissolve quickly at 

more alkaline conditions [137, 138]. Consequently, extra attentions are required to pay when potential depleted gas reservoirs contain high percentage of 

kaolinite and illite accompany by sensitive minerals to assess the geochemical integrity of target formation for underground hydrogen storage. 

For subsurface hydrogen storage in porous media, depleted sandstone reservoirs are widely recognized as the premium candidate due to the high geochemical 

stability. From experiment point of view, Hassanpouryouzband et al. [35] systematically conducted more than 250 batch reactions using different types of 

sandstones (weight percentages of quartz are all greater than 80% with small fractions of carbonates, clays and other minor minerals) under various 

temperatures (332.15 to 353.15 K), pressures (1 to 20 MPa) and time scales (2 to 8 weeks). To quantify the mineral dissolution in the presence H2, they tested 



 

the compositions of fluid saturated within sandstone sample in the presence of hydrogen. To ensure that any observed geochemical reactions (if they did occur) 

were induced by hydrogen, a series of twin tests were performed under the same conditions where hydrogen was replaced by nitrogen. They observed a 

negligible difference of brine compositions before and after aging with hydrogen compared to nitrogen for all experiments, suggesting that no abiotic 

geochemical reactions occur for the tested sandstones, and concluded that UHS in sandstone reservoirs should be safe from geochemical perspective. Similar 

results were reported by Flesch et al. [99], who compared the variation of petrographic and petrophysical properties of twenty-one sandstones exposed to 

hydrogen under different temperatures (40 to 130 oC), pressures (10 to 20 MPa) and brine salinity (35,000 to 350,000 mg/L) in a time frame up to six weeks. 

They confirmed the results from Hassanpouryouzband et al. that no geochemical reactions occur for the Tertiary sandstone samples with hydrogen where pore 

filling cements were absent. However, for Permian and Triassic sandstones where the open and connected pores were widely filled with carbonate and 

anhydrite cements, these sensitive minerals were partially dissolved typically at higher salinity (because of the stronger hydrogen solubility [139]). The results 

were also supported by the observations that the helium porosity and nitrogen permeability increasing after hydrogen exposure, as well as the greater specific 

surface areas, suggesting that geochemical reactions indeed occurred with the presence of sensitive minerals as cement or infill materials. 

To further understand the impact of storing hydrogen in sandstone reservoirs and upscale the experimental testing on core-size samples to reservoir size, Bo et 

al. [19] performed geochemical modelling to characterize the degree of mineral dissolution and hydrogen loss due to geochemical reactions during UHS in a 

time frame up to 30 years. The simulation input parameters, including mineralogy, reservoir temperature, pressure, porosity, water saturation and rock density, 

were set to match the realistic data from Mondarra and Tubridgi in Western Australia, which are the two commercial gas storage facilities that currently be 

operating to store natural gas and seek potential of UHS. The results show that hydrogen loss due to geochemical reactions in Mondarra (with 3 wt% of 

calcite) by the end of thirty years is less than 3 %, whereas only 0.75 % hydrogen loss in Tubridgi which does not contains any carbonate mineral. Overall, the 

abiotic geochemical reactions induced hydrogen loss is negligible, which is consistent with experimental results reported by Hassanpouryouzband et al. [35]. 

Besides, calcite is the only reactive mineral for the given mineral compositions applied to the modelling, and likely play the role as cement, which is also in 

line with observations from Flesch et al. [99]. Similar results of geochemical modelling on UHS in sandstone reservoirs was also obtained by Hemme and 

Van Berk [81]. 

In terms of carbonate reservoirs, Zeng et al. [91] performed kinetic batch simulation on Majiagou carbonate reservoir in China, which contains more than 90 

wt% of calcite and dolomite. The results indicate that hydrogen loss due to geochemical reactions with carbonate mineral is 6.6% for the first year, but could 



 

increase to 81 % after 500 years (the typical time frame of UHS ranges from weeks to several months. However, not 100 % of injected hydrogen can be 

withdrawn and a fraction of them would just remain underground. Therefore, it is worth to interpret the long-term impact of the interaction between trapped 

hydrogen with minerals [91]). The mole fraction of calcite dissolution is only 0.065%. Considering calcite is the dominate mineral with more than 90%, the 

‘minor’ dissolution could still trigger formation integrity problem. Besides, the researcher observed a considerable amount of methane generation, which is 

converted from CO3
2- and HCO3

- through the redox reactions induced by hydrogen. Overall, the modelling results suggest that carbonate reservoirs are not 

suitable for UHS due to the several hydrogen conversion and carbonates reductive dissolution. Hassannayebi et al. [59] also conducted geochemical 

modelling combined thermodynamics with kinetic batch reactions in Molasse Basin of Austria to understand the fluid-rock interaction during UHS, although 

the percentage of carbonates are only 29 vol% with accompanying by 47 vol% of muscovite and clays (mainly illite and smectite), 20 vol% of quartz and 

small amounts of siderite and pyrite. Their results indicate that carbonate minerals are highly reactive to hydrogen, suggesting the potential risks of formation 

integrity when storing hydrogen in carbonate reservoirs, and the results are in consistence with the observations found by Zeng et al. [91]. 

To summarize, sandstone reservoirs are probably the best option for large-scale underground hydrogen storage in porous media due to the geochemical 

stability and negligible hydrogen loss. However, the presence of sensitive minerals such as calcite, anhydrite and siderite as cements in sandstone reservoirs 

could affect the formation porosity, permeability and connectivity, and thus the fluids flow behavior and formation integrity. However, a detailed 

experimental investigation on reservoir core samples to examine the petrographic and petrophysical properties in the presence of hydrogen is necessary for 

individual UHS project on specific site. On the other hand, carbonate reservoirs are not suitable for UHS because of the severe hydrogen conversion (either to 

methane or hydrogen sulfide via redox) and carbonates reductive dissolution, bringing concerns on reservoir integrity. 

3.2.2 Surrounding water geochemistry 

3.2.2.1 pH 

pH is an important geochemical parameter that affects mineral dissolution. Unlike CO2 geosequestration where injecting CO2 to subsurface dramatically 

decreases pH to the range between 2 to 5 [140-142], for UHS, injecting H2 to depleted gas reservoirs with presence of sensitive minerals can increase pH to 

the range between 9 and 12 (see Figure 3) [19, 59, 81, 91, 127, 143]. The pH increase when hydrogen involved is mainly induced by the reductive dissolution 

with carbonates where extra OH- can be generated (see reductive dissolution in Table 3) [91, 143]. The pH increase would gradually constrain calcite 

dissolution at more alkaline condition, and that is the main reason why the rate of calcite dissolution drops at high alkaline conditions as reported by Bo et al. 



 

[19] and Zeng et al. [91]. However, a more alkaline environment can also promote the redox reaction from pyrite (FeS2) to pyrrhotite (FeS) [59, 107, 144], 

and the secondary dissolution of some clays such as kaolinite and illite (without Fe3+) [137, 138], which may further impair reservoir integrity and stability. 

Since the pH increase during UHS mainly contributes to the interactions between sensitive minerals and stored hydrogen, it could be expected that for 

sandstone reservoirs with less fractions of sensitive minerals as cement or infill materials, pH probably would not increase too much (7 to 9 [19, 143]). 

However, for carbonate reservoirs rich in calcite or/dolomite, we could see a bigger jump of pH and bring potential risk of storage integrity [91]. Therefore, 

sandstone reservoirs with limited amounts of sensitive mineral are most suitable for the large-scale UHS to de-risk the impact of pH variation on storage 

integrity. 

3.2.2.2 pE 

pE is defined by the negative logarithm of electron concentration in a solution and it is directly proportional to the redox potential [145]. Zeng et al. [91] 

simulated the pE variation in a long subsurface storage time in a carbonate reservoir. They observed that pE can dramatically drop to -10.8 after 5 years (the 

pE of surface water is around 4) and eventually reach as low as -12. Similar to pH increasing during UHS, the decrease of pE is also caused by the redox 

reaction with carbonate minerals. The strong negative pE shows a strong reductive environment, where the CO3
2-, HCO3

-, SO4
2- and Fe3+ from either minerals 

or aqueous ions would be reduced to CH4, H2S (HS- and S2-) and Fe2+, respectively. Similar result was reported by Jacquemet [143], who observed that pE in 

sandstone rock after reaction with hydrogen decreased to -11.3. It is worth noting that a more negative pE does not mean that the solution really contains 

extremely high level of electrons. In fact, the solution should keep electrically neutral all the time. pE is actually a measurement of the potential of 

environment to reduce oxidant [146]. A more negative pe represents a greater reduction potential, indicating that the chemical species will have a tendency to 

gain electrons and reduce to low valence state in the presence of stored hydrogen. More detailed experimental measurements and simulations on pE are 

recommended to conduct to assess the degree of reduction potential in sandstone reservoirs to characterize the reductive dissolution of critical minerals thus 

the storage integrity. 



 

 

Figure 3 The variation of pH and pE over 500 years during UHS in Majiagou carbonate reservoir (from [91]) 

3.2.2.3 Ion composition and concentration 

The change of ion composition and concentration before and after rock treated by saline brine and hydrogen can reflect the extent of geochemical reaction, 

and thus help assess the storage integrity issue during UHS. Hitherto, the only experimental data of ion composition and concentration regarding the 

subsurface hydrogen storage in porous media come from Hassanpouryouzband et al. [35], who measured the concentration of Ca, K, Mg, Ba, Fe, S, Mn and 

Ni before and after the sandstones saturating with brine and either hydrogen or nitrogen (which is geochemical inert gas) under realistic reservoir conditions 

in over 250 batch reaction experiments. With consideration the experimental measurement errors, they observed negligible differences in water compositions 

for the sandstones treated by hydrogen compared to nitrogen, indicating the absence of abiotic geochemical reactions for the tested sandstones within the 

experimental time scale (up to eight weeks). This is good for storing hydrogen in sandstone reservoirs, since negligible water chemistry change indirectly 

represent the negligible dissolution or precipitation of minerals, which is in favor of maintaining the reservoir integrity. Meanwhile, a stable brine chemistry 

would keep a constant hydrogen solubility (a higher brine concentration can lead to up to 10% more of hydrogen dissolution [19, 139]). Therefore, it is 



 

expected to further de-risk and simplified the multi-phase flow behaviors during UHS in sandstone reservoirs (without considering other controlling factors 

such as hydrogen conversion to CH4/H2S, injection and reproduction rate, stress regime change, etc). 

3.3 Wellbore 
3.3.1 Near wellbore area 

Similar to caprock and reservoir host rock, if near wellbore area at subsurface contains sensitive minerals such as carbonates, sulfates, sulfide and Fe3+ oxides 

that can trigger reductive dissolutions, and other pH-sensitive minerals such as kaolinite and illite where the dissolution would be accelerated at alkaline 

conditions, the stability and integrity of formation near wellbore area would be compromised. The instability of formation near wellbore could cause the 

failure of downhole wellbore, increasing the potential risk of fluid migration (uncontrolled release of formation fluids to surface), longevity and hydrogen 

cycling efficiency [147, 148]. Therefore, characterizing the in-situ mineralogy at near-wellbore area, limiting the fraction of sensitive minerals and a good 

well completion would strengthen the stability of near-wellbore area thus the wellbore integrity. 

3.3.2 Cement degradation 

Well cement is another important component must be considered when assessing the wellbore integrity. Subsurface cement would face the challenge of 

degradation from both mechanical and chemical perspective [147, 149]. The mechanical degradation is derived from the exposure to severe loading 

conditions, including the variation of pressure and gas volume, and thermal expansion during the hydrogen cycling [147]. The impact of chemical degradation 

depends on the chemical reactions such as corrosion, leaching and strength reduction of cement compounds. In general, the Portland cement clinker consists 

of four basic mineralogical compounds, namely alite or hatrurite (3CaO • SiO2), belite or larnite (2CaO • SiO2), celite or aluminate (3CaO • Al2O3) and 

brownmillerite or ferrite  (4CaO • Al2O3 • Fe2O3), with slight amounts of anhydrite and other component [150, 151]. By adjusting the percentage of each 

component, Portland cement usually contains five different classes, namely Class A, B, C, D/E and G/H, where Class G/H is most commonly used in the 

industry. Therefore, understanding how hydrogen reacts with cement accompanied by in-situ water (controlled by water-cement ratio [152]) is essential to 

assess the cement degradation during UHS project. 

Current study on cement degradation with hydrogen involved in still scarce. Hussain et al. [153] tested the cement compressive strength and checked 

hydrogen bubbles within the cement by CT scanning after exposed to hydrogen and water at 120 oF and 1500 psi up to seven days using Class H cement. The 



 

results show that the compressive strength of cement decreases with increasing ageing time to hydrogen, implying that a certain redox-sensitive minerals 

(particularly hematite, Fe2O3) experienced reductive dissolution. The generated ferrous iron (Fe2+) then combinef with sulphides and led to mackinawite (FeS) 

precipitation. This result is further supported by CT scans, which show that the numbers of trapped hydrogen bubbles inside the cement increases with 

increasing hydrogen saturation duration, thus promotes hematite dissolution and reduces cement’s strength. From modelling point of view, Jacquemet et al. 

[154] simulated the geochemical reactions of Class G cement involving hydrogen at equilibrium state. Their results are in consistent with observations of 

Hussain et al., where hematite and ettringite [Ca6Al2(SO4)3(OH)12:26H2O] experience reductive dissolution and form mackinawite and magnetite (Fe3O4). To 

summarize, it seems like the cement degradation due to geochemical reactions with hydrogen can only occur within sensitive minerals as the parts of cement 

components. While the percentage of these redox-sensitive minerals to the entire cement is minor, the hydrogen-induced reductive dissolution can still impair 

the cement’s strength, and compromise the long-term wellbore integrity. One approach to alleviate the hydrogen-involved cement degradation is to reduce the 

water content. Given Class G and H types of cement with similar compositions are the most commonly used cement in the industry, and the fact that the 

water-cement ratio of Class H (38%) is lower than Class G (44%) [147], cycling hydrogen through the well with Class H cement is recommended than 

other classes of cement, although more comprehensive rock mechanics and rheological tests on Class H cement at longer time period at reservoir T/P 

conditions is necessary in lab-scale before conducting field trial. 

4. Microbial activities 
Microbial activities have been widely identified as one of the main concerns for a successful implementation of underground hydrogen storage project [5, 36, 

61, 62, 89, 155-157]. Assessing the long-term effect of microbial activities on large-scale UHS in depleted gas reservoirs is typically essential, since the pre-

existing caron dioxide, sulfate and ferric ions in the reservoirs can be reduced to CH4, CH3COOH, sulfite and ferrous ions by various of major 

microorganisms’ processes, including methanogenesis, acetogenesis, sulfate reduction and iron reduction [36, 155]. Other secondary hydrogen-consuming 

processes may also occur such as denitrification, sulfur reduction and aerobic hydrogen oxidation [155]. The direct influence of microbial activities during 

UHS is to cause the hydrogen loss and contamination, where stored hydrogen is converted to CH4 and H2S and changes the gas mixture. The hydrogen 

consumption induced by the biotic processes compromises the main purpose of UHS, which aims to store hydrogen in a stable, safe and economical manner. 

Experience from industry on the ongoing hydrogen storage projects show that the percentage of hydrogen consumption ranges from 3% for the Underground 



 

Sun.Storage project in Austria (converted to CH4 through methanogenesis [158]), to 45-60% for an underground town-gas reservoir near Lobodice, Czech 

Republic [155, 159, 160]. The evidence of microbial activities were also reported by other projects in France [161], Germany [162] and Argentina [163]. 

While hydrogen conversion and contamination caused by the microbial activities can significantly affect the hydrogen cycling efficiency and increase the cost 

of processing of reproduced gas, it is beyond the main scope of this work (the storage integrity). In the following subsections, we will discuss the effect of 

microbial activities on hydrogen storage integrity during UHS in depleted gas reservoirs from three aspects: biotic mineral dissolution and precipitation, steel 

corrosion and core plugging or clogging, and the controlling factors that could affect the activities of different communities of bacteria, which may help 

screening the risk of microbial activities on storage integrity during UHS operations. 

4.1 Biotic mineral dissolution and precipitation 
The microbial activities induced mineral dissolutions can be classified into two categories: non-reductive dissolution and reductive dissolution. The non-

reductive dissolution is caused by the acid-producing microbes, acetogens and/or heterotrophic microbes, in which the bacteria activity can generate extra H+ 

and decrease pH, thus promotes the dissolution of carbonate minerals such as calcite, dolomite, dawsonite, magnesite and siderite [155, 164]. This process 

generates extra CO2 and increases the concentration of aqueous HCO3
-/CO3

2- in saline brines, which can be further used by certain communities of microbes 

as source of carbon to intensify the growth and activities of bacteria by increasing cell numbers [155, 165, 166]. 

For the reductive dissolution, similar to the abiotic geochemical reactions, microbes can trigger the reduction of the CO3
2- from carbonates to CH4 

(methanogenesis) or CH3COOH (acetogenesis), SO4
2- from sulfates and S2

2- from pyrite (sulfide) to H2S (and aqueous H2S and HS-, sulfur reduction), and 

Fe3+ from ferric iron coupled oxides to Fe2+-coupled minerals (e.g., pyrrhotite or mackinawite with the formula of FeS, iron reduction) [36, 62, 167].  

However, the presence of microbes can accelerate the reductive dissolution by providing extra electrons [5, 81]. The reductive dissolution combined with the 

non-reductive dissolution of these minerals as either small fractions of cementation in sandstone reservoirs or higher fractions of compositional minerals in 

caprock can affect the in-situ petrophysical properties, such as increasing porosity and permeability [99], and weaken the rock by decreasing the compressive 

strength [153] thus impair the storage integrity. 



 

4.2 Core plugging/clogging 
The activities of subsurface bacteria in the presence of hydrogen can lead to the plugging or clogging of pores or throats of reservoirs rocks [155]. The 

microbial activities induced core plugging would decrease the formation permeability and connectivity, thus reduce the injectivity and the subsequent 

hydrogen cycling efficiency. In general, microbial-induced plugging can be classified into two main categories: biomass plugging and mineral plugging. 

Biomass plugging is caused by a rapid growth and proliferation of microbial cells and associated biofilm structures in porous media [168]. The biomass 

plugging more likely occurs in the near-wellbore area, since the nutrient sourcing from surface through the hydrogen injection and the cells’ number are the 

highest.  

The mineral plugging is triggered by the precipitation of new mineral caused by the biotic redox reaction. For example, the ferric iron as either free aqueous 

ions in the saline brine or existing in the minerals (e.g., goethite and hematite) can be reduced to ferrous iron by the iron-reducing bacteria (IRB) and form 

new mineral phase such as pyrrhotite or mackinawite. Besides, as Dopffel et al. [155] suggested, when iron-oxidizing bacteria exist with dissolved ferric iron 

and oxygen, the Fe3+ ions can be oxidized to oxides such as ferrihydrite, goethite, magnetite. Moreover, a certain of bacteria metabolisms can lead to 

carbonate precipitation [169, 170]. When the surrounding source of carbon is abundant, some types of microbes can transform CO2 to carbonate mineral 

combined with nitrate and sulfate reduction. However, most of previous studies on the precipitation of iron-oxides and carbonates by microbial activities 

didn’t consider hydrogen. Since hydrogen is such a strong reductive agent, even if the precipitation of Fe3+-oxides in the presence of low concentration of 

dissolved oxygen or carbonate mineral could occur, the injected hydrogen during UHS would probably dissolve them again through both abiotic and biotic 

redox reactions and form CH4 and Fe2+. Nevertheless, the microbial activities induced mineral plugging in depleted gas reservoirs needs to be further 

characterized particularly in the presence of hydrogen at realistic subsurface temperature and pressure conditions. 

4.3 Microbial corrosion in steel and casing  
Microbial corrosion in steel and casing occurs within wellbore (and associated steel related infrastructures), and is generated by the activities of microbes 

typically on the steel surfaces [171]. The microbial activities at optimum conditions (temperature, pH, salinity, etc.) can form biofilms on the surface of steel. 

A biofilm consists of cells surrounded by a matrix of exopolymeric substances such as sugars, proteins and nucleic acids and often minerals [155]. The 

presence of microbial biofilms is very common for microbes’ communities in subsurface. The form of biofilms protects the inner microorganism from the 



 

outer severe physical and chemical environment. Below the biofilms, the activities of microorganism can cause the corrosion on the surface of steel and 

casing, impair several metallic downhole components weakening the storage integrity, and ultimately trigger wellbore failure. 

Among all microbial activities that could cause steel corrosion problems, the sulfate reduction induced by sulfate-reducing bacteria (SRB) usually raises more 

concerns. The SRB can reduce SO4
2- or sulfur to H2S by providing extra electrons and consume hydrogen. The generate acidic H2S would then corrode steel 

and metallic casing and lead to H2S-induced stress-cracking [172]. Other microbial activities such as methanogenesis, acetogenesis and iron reduction can 

also contribute to the steel corrosion and compromise the containment integrity [147, 173].  

4.4 Controlling factors of microbial activities 
While microbial activities can compromise the storage integrity by affecting mineral dissolution and precipitation through the redox reactions via different 

processes such as methanogenesis, acetogenesis, sulfate reduction and iron reduction, the activities are influenced by the surrounding conditions typically 

temperature, pH and salinity. Thaysen et al. [174] and Heinemann et al. [36] summarized those key factors controlling the activities of different classes of 

microorganism (see Table 4). In general, the microbial activities are most reactive at low temperature (less than 40oC), near neutral pH (6.0-7.5) and low 

salinity (less than 100,000 ppm) environment. Increasing reservoir temperature (storing hydrogen in deeper formation) or brine salinity (much less microbial 

activities induced hydrogen loss occurs in salt caverns due to the extremely high NaCl concentration [175, 176]) can effectively subdue the microbial 

activities. Besides, as discussed in the section 3.2.2, the surrounding pH would increase when reservoirs contain sensitive minerals that can trigger redox 

reactions. Experimental and modelling data show that pH can increase to 9-12 in the presence of sensitive minerals during UHS [19, 59, 81, 91, 143, 153]. As 

a result, it could be expected that the impact of microbial activities on biotic mineral dissolution/precipitation and associated storage integrity issues at high 

alkaline conditions is limited. Therefore, from only microorganism’s point of view, storing hydrogen in deeper formation with higher temperature, salinity 

and pH condition is in favor of restraining the activities of subsurface bacteria during UHS in depleted gas reservoirs.  

Table 4 Optimum and critical ranges of temperature, pH and salinity affecting microbial activities [36, 174]. Optimum condition is where the growth of 

microorganism reaches peaks; critical is the maximum condition within which the growth is possible. 

Microbial activity Temperature(oC) pH Salinity (ppm) 



 

Optimum Critical Optimum Critical Optimum Critical 

Methanogenesis 30-40 122 6.0-7.5 4.5-9.0 <60,000 200,000 

Acetogenesis 20-30 72 6.0-7.5 3.6-10.7 <40,000 300,000 

Sulfate reduction 20-30 113 6.0-7.5 0.8-11.5 <100,000 240,000 

Iron reduction 0-30 90 6.0-7.5 1.6-9.0 <40,000 200,000 

5. Faults and Fractures  
Identifying the distribution and intrinsic properties of faults and fractures across reservoirs and caprock is an essential part for UHS site selection. Faults 

consist zones of crushed sheared and fractured rock and usually are the geomechanically weak components [177, 178]. Since the permeability of faults and 

fractures are greater than the matrix, the injected hydrogen could migrate upward through the activated faults/fractures, which are induced by the change of 

physicochemical environment and hydrogen cycling triggered stress regime change (see section 6), causing the severe loss of stored hydrogen and leading to 

the potential environmental and safety concerns. Therefore, it is important to characterize the intrinsic properties of faults and fractures, such as shear strength 

and slip, friction coefficient, permeability and conductivity, distribution, orientation and fracture angle, mineral types on fracture surfaces, and the 

faults/fractures surface energy change caused by the physicochemical interactions, and subsequent subcritical crack growth. Hitherto, we still lack convincible 

data and analysis on the performance of faults and fractures in the presence of hydrogen. However, previous experience from conventional and 

unconventional hydrocarbon production, hydraulic fracturing, underground gas storage and CO2 geosequestration may bring some insights into the 

assessment of aforementioned faults’ intrinsic properties, and pave the road for future research particularly with hydrogen involved. 

5.1 Tensile damage, shear damage and shear slip 
During the injection and reproduction of each hydrogen cycling period, a higher cycling rate may aggravate reservoir heterogeneity and increase bottom hole 

pressure. When bottom hole pressure exceeds the designed upper pressure limit and the minimum horizontal stress, it could cause the tensile damage to 

reservoir and caprock, leading to the activation of existing fractures and generating tensile fractures [179, 180]. The impact from tensile damage on caprock 

and fractures could be much severer than shear damage at gas reservoirs with shallower burial depth [179, 181]. The development of tensile fractures can 



 

affect both permeability and permeability anisotropy [182] and accelerate hydrogen upward migration. Therefore, an accurate evaluation of tensile strength 

and trap ground stress is necessary to de-risk the tensile damage within caprock and faults. The leak-off test [183, 184] and AE Kaiser effect experiment [185, 

186] are the two widely applied methods to test the in-situ stress of reservoir and caprock. 

For a depleted reservoir with greater depth aiming to store hydrogen, the risk of shear damage on caprock and shear fractures could be more serious [187, 

188]. The shear damage is caused by the rock mechanical heterogeneity induced by the triaxial principle stress difference and in-situ stress change due to the 

hydrogen cycling [179, 189]. Shear damage can trigger sliding deformation along the mechanical weak plane, compromising caprock stability and 

aggravating hydrogen upward migration. Triaxial compression test [190, 191] on core-scale sample combined with larger-scale 3D geomechanical modelling 

[192, 193] are commonly used to analyse the risk of shear damage on caprock and associated shear fracture propagation. 

When faults and fractures are present across the reservoir and caprock, the injection and reproduction during hydrogen cycling could initiate shear slip of 

primary faults and extension of secondary fractures/micro-fractures along the main shear planes [194, 195]. The principle of fault shear slip is similar to shear 

damage, which is mainly caused by the stress regime cyclical change. However, compared to the geomechanically-weak sedimentary beddings of caprock, 

fault is even mechanically weaker as there is no cohesion. Therefore, the impact of stress change would be more prominent within the existing faults and 

factures. The faults and fractures’ slip occurs when the shear stress on fault or fracture plane is greater than the shear strength, which is the product of friction 

coefficient and effective normal stress [196].  Shear slip would result in severe rock deformation and fail the reservoir storage ability by damaging the 

caprock sealing capacity. 

5.2 Friction coefficient and internal friction angle 
As above discussed, fracture and fault will slip when shear stress exceeds shear strength, which is a function of effective normal stress, friction coefficient and 

internal friction angle. While the effective normal stress (total stress minus pore water stress [197]) and shear stress are affected by the stress regime change 

induced by the hydrogen cycling, the friction coefficient and international friction angle are more like fracture intrinsic properties that are irrelevant to stress, 

but can be affected by surrounding physicochemical conditions. For friction coefficient (the typical value is 0.6 but can increase to 0.85 [198, 199]), it 

presents a greater value with higher fraction of quartz and less fraction of clays [200]. The friction coefficient would decrease when water is added into the 

system, playing the role as lubrication to reduce the cohesive force of the crystal particles and adjacent fracture planes [201]. While there is no evidence of 

friction coefficient change caused by the physical injection of gas, the geochemical reactions between CO2 and reactive minerals such as carbonates can still 



 

affect the friction coefficient [202]. Meanwhile, the adsorption of CO2 on clays and organic matter can decrease the internal friction angle, and thus reduce the 

shear strength (assuming other parameters are constant) and increase the risk of faults shear slip. Since hydrogen is also reactive to the sensitive minerals as 

discussed in the section 3.1, it could be expected to see the similar results of the effect of CO2 on friction coefficient and internal friction angle. Nevertheless, 

it is necessary to conduct more experiments to confirm this assumption. 

5.3 Permeability 
Since faults and fractures across reservoirs and caprock are the mechanical weak components, their permeability is usually higher than the surrounding matrix. 

Therefore, fluids and stored hydrogen would more likely migrate upward through these flow conduits [203]. During the injection and withdrawal of hydrogen 

cycling, the stress regime change caused faults/fractures reactivation can further increase the permeability of the fault fracture zone, aggravating hydrogen 

leakage from stored reservoirs. This is typically critical for caprock shales which act the role as sealing layer with ultralow permeability from the scale of 

nano-darcy or 10-21 m2 to milli-darcy or 10-15 m2 [204], whereas the permeability of the fault fracture zone can rise to the range from 10−18 to 10−11 m2 [205-

208]. Therefore, it is important to test the fault zone’s permeability at different stress conditions and design a safe cycling rate/bottom hole pressure to prevent 

the existing faults and fractures from reactivation and propagation. 

5.4 Surface mineral types 
Similar to reservoirs and caprock, the sensitive minerals such as carbonates, sulfates, sulfide and Fe3+ oxides present on the faults/fractures surface reacting 

with hydrogen through the redox reactions, can cause reductive dissolution thus may extend the existing micro-fractures along the main faults/fractures planes. 

The subsequent change of in-situ geochemical properties may also lead to the secondary dissolution of other minerals such as illite and kaolinite where the 

kinetics of dissolution highly depends on pH [137, 138]. Besides, the adsorption and desorption of hydrogen to swelling clays such as montmorillonite and 

laponite can lead to swelling-induced stress changes and associated fracture mechanical behaviors [108, 209], and compromise storage integrity.  

5.5 Surface energy change and subcritical crack growth 
The above-discussed tensile damage, shear damage and faults/fractures reactivation are mainly caused by the stress regime change during hydrogen injection 

and reproduction. However, even in the underground storage period where the state of stress is relatively stable, the abiotic geochemical reactions and 

microbial activities can still change the in-situ geochemical environment such as pH and salinity, affecting rock surface species concentrations, surface 



 

potential and surface energy, and thus leads to subcritical crack growth [210-216] (see Figure 4). Subcritical crack growth corresponds to the slow fracture 

propagation at stress below the threshold of dynamic rupture [217-219]. When the energy release rate G (J/m2) at tip of a crack is greater than the rock surface 

energy 𝛾𝛾𝑠𝑠 (J/m2), the propagation of existing crack likely occur [220]. Since the surface energy change affected by the surrounding chemical conditions are 

kinetically controlled, compared to the instant faults slip induced by the stress change, it is expected to take much longer time to observe the impact of 

subcritical crack growth on storage integrity than the short-term faults slip. However, as not 100% of injected hydrogen can be withdrawn and there would be 

a partial of residual hydrogen trapped underground ([63, 133]), the risk of subcritical crack growth on fracture extension cannot be omitted even after the 

completion of UHS project. Hitherto, there still lack of data regarding the impact of hydrogen on subcritical crack growth. However, previous experience and 

knowledge from Earth’s crust deformation [213, 221], hydrocarbons exploitation [222-224], CO2 geosequestration [225] and mechanical weathering and rock 

erosion [226-228] can help to assess the impact of subcritical crack growth within fractures and reservoirs when hydrogen is involved. 

 

Figure 4 Schematic of microfracture propagation (subcritical crack growth) along main fractures and faults’ planes due to the surface energy change. 



 

6. Hydrogen cycling 
Depending on the seasonal energy demand or the purpose of transitory storage for future domestic transportation and foreign export, the cyclic period for 

hydrogen injection and reproduction (withdrawal) can last from weeks to months [5]. The impact of hydrogen cycling on storage integrity mainly acts in (a) 

instantly changing reservoir temperature and pressure at near-wellbore area, (2) altering stress regime of reservoirs and caprock, and (3) geochemical 

reactions and microbial activities that affect the abiotic/biotic mineral dissolution and precipitation thus the integrity and stability. While controlling hydrogen 

cycling through injection rate can also change the subsurface multiphase fluid flow behavior, viscous fingering, fine migration, the mixing of store hydrogen 

with cushion gas, etc., they are more related to the storage performance rather than storage integrity. Therefore, the influence of hydrogen cycling on these 

aspects will not be discussed in this paper but are well summarized in other works [5, 16, 21, 167]. 

Compared to the high temperature and pressure of target storing reservoirs, the injected hydrogen has much lower temperature but higher pressure. The 

difference of temperature and pressure induced by hydrogen injection near wellbore area would lead to significant Joule–Thomson cooling (JTC). JTC 

corresponds to a temperature drop when a real gas (in our case, H2) expands from high pressure to low pressure at constant enthalpy (i.e., adiabatic expansion) 

[229, 230]. The direct result of JTC is the freezing of formation brine accompanied by the generation of CO2 or CH4, which reduces the injectivity and may 

lead to deformation at near-wellbore area [230]. Although the influence of fluctuation of temperature and pressure induced JTC on storage integrity have been 

widely studied for CO2 geosequestration [231-233], there is still lack of research of the impact of JCT when hydrogen is involved, and thus calls for more 

efforts to assess the potential risks of JCT during UHS from both modelling and experimental perspectives.  

The stress regime change caused by the cyclical hydrogen injection-withdrawal may lead to the deformation of reservoirs and caprock. For reservoirs, 

hydrogen cycling will periodically change the pore pressure thus the effective state of stress in the matrix, even in the area beyond the presence of hydrogen 

and cushion gas plume [36, 234]. This is particularly dangerous when the high rate of hydrogen injection and withdrawal is implemented, which would 

further lead to plastic irreversible reservoir deformation and compromise storage integrity [179, 235]. The deformation of reservoirs triggered by cyclical 

stress alteration may also cause reservoir compaction, decreasing formation porosity and hydrogen cycling efficiency [236-238]. For the caprock, hydrogen 

cycling associated stress regime change can weaken the sealing capacity by causing tensile and shear damage [177, 179, 239]. Meanwhile, the change of state 

of stress may generate new fractures or micro-fractures as well as activate the existing faults across caprock since they are the geologic crushed zones and 

geomechanically weak component [177] (also see section 5.1). Consequently, the stored hydrogen would migrate upward and cause the failure of UHS 



 

project. However, most of the experience on deformation of reservoirs and caprock triggered by cyclic stress regime change come from underground gas 

storage particularly natural gas. It is still unclear how the stress alteration can affect the mechanical behavior of host rock and caprock when hydrogen 

participate. Nevertheless, more detailed studies need to be conducted to figure out the effect of stress regime change on reservoir and caprock deformation, 

fracture generation and propagation during UHS. 

Furthermore, each cycle of hydrogen injection-withdrawal will change the in-situ fluids’ compositions and phase behaviors through several physicochemical 

processes, including the mixing with existing trapped gas (CH4, CO2, etc.), adsorption and desorption typically associated with clay minerals [234, 240], 

dissolution and gasification from saline brine, etc. These changes combined with temperature and pressure fluctuations caused by hydrogen cycling can affect 

the abiotic geochemical reactions for both reductive dissolution and secondary dissolution defined in the section 3.2.1. Besides, the injection of new hydrogen 

from surface may introduce extra nutrient for subsurface microorganisms, thus boosting microbial activities and further accelerating biotic mineral dissolution 

and ultimately compromising storage integrity. Moreover, a certain portion of residual hydrogen could be trapped in the reservoirs even with the presence of 

cushion gas after the withdrawal process [241]. The trapped hydrogen can continue reacting with minerals and impair the long-term reservoir stability. To 

summarize, hitherto, we still lack enough data from both field and laboratory to assess the impact of hydrogen cycling on Joule–Thomson cooling at near-

wellbore area, stress regime change induced reservoir/caprock deformation and abiotic/biotic mineral dissolution/precipitation. More laboratory and field trial 

tests need to perform before large-scale UHS implementation to de-risk the storage integrity issues associated within hydrogen cycling. 

7. Implications, challenges and future works 
To reduce the carbon emissions and alleviate global warming by holding the increase of global average temperature to well below 2 °C above pre-industrial 

levels [242], as an agreed deal in The 26th UN Climate Change Conference of Parties (COP26) known as Glasgow Climate Pact (GCP [243]), it is estimated 

that at least 113,009 Terawatt hour (TWh, [244]) should be provided by renewable energy to replace fossil fuels and to meet the global energy demand. 

Compared to other renewable energy such as wind, solar, tidal and wave where the generation capacity is either seasonal or affected by weather fluctuation, 

hydrogen is more promising as a sustainable medium for energy storing due to the nature of weather independent source and the convenience to meet seasonal 

balance of demand and supply [91]. To safely and economically store the tremendous volume of hydrogen, subsurface porous media is being considered as a 

better option than the current surface storage technology, such as high-pressure gas tanks [245, 246], cryogenic tanks [247, 248], metal hydride [249, 250], 

metal-organic framework [251], liquid organic hydrogen carrier [252, 253] and carbon nanotube [254, 255]. Hitherto, there are ten operating UHS projects 



 

worldwide, where two in depleted oil and gas reservoirs, three in saline aquifers and five in salt caverns as shown in Table 1, and another 13 UHS projects are 

under planning [1]. The limited numbers of operating UHS sites compared to more than 680 underground gas storage projects [21] reflect the limited data and 

experience for successful implementation of UHS. This is typically important for storage integrity assessment, since it directly determines how far we can go 

to store hydrogen in subsurface in a safe manner. Therefore, it is necessary and urgent to design a screening tool to identify the potential risks from both 

formation petrophysical properties and implementation parameters, and associated impacts on UHS integrity. 

Before going through the screening tool, it is reasonable to define the level of likelihood, consequence (or impact) and subsequent risk in the risk assessment 

matrix (Table 5). Likelihood is the probability that something might happen and it is often ranked on a five point scale: very likely (80%), likely (10%), 

possible (1%), unlikely (0.1%) and very unlikely (0.01%). Consequence is defined as the most probable result of the potential incident and it is also ranked on 

a five point scale: negligible, minor, moderate, severe and critical. Based on the combination of different likelihood and consequence, five levels of risk are 

proposed. High risk is defined to the variables or cases must be implemented cease and endorse for immediate action, since they are highly possible to fail the 

UHS projects. High risk (unlikely/severe, likely/moderate) is defined to the variables or cases needed to avoid or proceed with special care, since there is a 

small chance of cases occur but can lead to severe impact on UHS implementation. Medium high (Med Hi) is defined to the variables which are less 

dangerous than high-risk variables but must be reviewed to carry out improvement strategies. Medium risk is defined to the variables or cases that could 

impair storage integrity and may be considered for further analysis. Low/low med is defined to the variables that no further action is needed. They unlikely 

affect storage integrity based on the current knowledge, but could be upgraded to a higher risk level due to the change of likelihood/consequence in a specific 

case.  

Table 5 Likelihood, consequence and risk assessment matrix. Med Hi and Low Med represent medium high and low medium risk, respectively. 

Likelihood × Consequence = 
Risk 

Consequence 

Critical Severe Moderate Minor Negligible 

Likelihood Very likely High High Med Hi Medium Low Med 



 

Likely High Med Hi Medium Low Med Low 

Possible Med Hi Med Hi Medium Low Med Low 

Unlikely Med Hi Medium Low Med Low Med Low 

Very Unlikely Medium Medium Low Med Low Low 

Table 6 summarizes the controlling variables that may affect the storage integrity from geochemical reactions (section 3), microbial activities (section 4), 

faults and fractures (section 5) and hydrogen cycling (section 6), and assigned likelihood, consequence and risk on storage integrity, respectively. The inter 

connections of these variables are presented in the form of workflow shown in Figure 5. From geochemical reaction aspect, storing hydrogen in carbonate 

reservoirs or sandstone reservoirs/caprock with the fraction of sensitive minerals more than 10% are proposed to have medium risk, since the injected 

hydrogen can cause the abiotic and biotic dissolution of carbonate minerals through redox reaction discussed in the section 3.1.1 and 3.2.1, and thus 

compromise the formation stability and storage integrity. pH increase due to redox reaction is assigned as medium risk as high alkaline condition would 

accelerate the dissolution of clay minerals. Wellbore cement degradation would cause the instability of wellbore and bring the risk of collapse. However, 

based on a thermodynamic modelling on cement class G/H, the degree of H2-induced cement degradation is very similar to cement hydration (reaction with 

brine only) compared to CH4 and CO2. Therefore, we rank cement degradation as medium risk but need to confirm with further rock mechanic tests. Other 

variables, including storing hydrogen in sandstone reservoirs with the fraction of sensitive minerals <10%, capillary leakage such as H2 diffusion, wettability, 

interfacial tension and capillary pressure, and other water chemical properties are identified as low or low medium risk. For microbial activities, the four main 

microbial processes and bacteria accumulation induced pore plugging/clogging is in low or low medium risk in terms of storage integrity (but would be 

updated to medium or medium high risk when assessing H2 conversion and contamination [36]). However, the steel/casing corrosion caused by the H2 

embrittlement in the presence of certain types of bacteria (IRB and SRB) would significantly impair the stability and longevity of wellbore. Therefore, we 

assign it with medium high risk which requires extra solution to minimize the propagation of crack inside the steel [147]. 

In terms of faults and fractures, the primary concerns come from fault shear slip, Fracture reactivation of existing fractures or propagation of new fractures, 

fracture orientation and fracture population/density, which are caused by the stress change during H2 cycling. While these processes typically fault slip 



 

unlikely happen (experience of successful operations in UGS and CCS), if they did occur, the consequence would be severe or even critical since the caprock 

sealing capacity would be severely compromised. For this reason, they are identified as the medium high risk. It is worth noting that the consequence of the 

variables in faults and fractures may change case by case. For example, different subsurface geological site has different fracture orientation, population and 

network density, and the magnitude of facture reactivation/extension and fault shear slip may also be different. Therefore, a more detailed geological analysis 

in terms of fracture distribution in the specific depleted gas reservoir is necessary de-risk the impact of faults and fractures on storage integrity. For hydrogen 

cycling, the main risk is the stress magnitude change typically in the near-wellbore area, which is controlled by injection/withdrawal rate, bottom hole 

pressure and cycling frequency. The stress change can lead to reservoir and caprock deformation, fracture generation and propagation during UHS. While low 

injection/withdrawal rate is preferred to minimize the potential risk [5], a higher rate may be requested due to the energy demand in market and overall 

economic feasibility. Therefore, the variables in H2 cycling are assigned with medium risk, which means they are under control but need special attention to 

avoid integrity failure. It is also worthwhile recalling the fact that we only focus on screening the risk of storage integrity in this paper. Some other variables 

such as the role of cushion gas are not discussed because they are more relevant to other UHS issues, such as hydrogen conversion and contamination, storage 

performance, surface facilities and wells, economic assessment, and planning, regulation, safety and society. Even the same variable may have different risk 

in terms of different screening perspectives. For example, the hydrogen diffusion has low medium risk on caprock sealing capacity due to the limited distance 

of upward migration [81]. However, it may affect the purity of stored hydrogen and reproduction efficiency through the mixing with cushion gas [79, 256], 

and could be upgraded to medium or medium high risk in storage performance screening tool, which is beyond the scope of this work though. 

Table 6 Controlling variables, risks and impacts on storage integrity during UHS. 

Variables Caprock Reservoir Wellbore Values/characteristics Likelihood Consequence Risk 

Geochemical 
reactions Primary 

N/A Carbonate reservoirs (including 
near wellbore area) 

Carbonate dissolution 
<0.01% Very likely Minor Medium 

N/A Sandstone reservoirs (including 
near wellbore area) 

Fraction 
of 
sensitive 
minerals 

<5% Likely Negligible Low 

Argillaceous N/A N/A 5 to 10% Likely Minor Low Med 



 

shales >10% Likely Moderate Medium 

Secondary 

H2 diffusion N/A N/A 
14.4 to 
218.9 × 
10-8 m2/s 

Capillary 
leakage 

Likely Minor Low Med 

Wettability N/A N/A 
Strong to 
weak 
water-wet  

Likely Minor Low Med 

Interfacial 
tension N/A N/A 45 to 80 

mN/m Likely Minor Low Med 

Capillary 
pressure N/A N/A 65 to 110 

kPa Likely Minor Low Med 

N/A pH N/A 7 to 12 Likely Moderate Medium 

N/A pE N/A 4 to -12 Likely Negligible Low 

N/A 
Ion compositions 
and 
concentrations 

N/A Site dependant Very unlikely Negligible Low 

N/A N/A Cement 
degradation 

Limited further 
degradation after 
cement hydration 

Likely Moderate Medium 

Microbial 
activities Primary 

Methanogenesis CO2 + 4H2 = CH4 + 
2H2O Likely Minor Low Med 

Acetogenesis 2CO2 + 4H2 = 
CH3COOH + 2H2O Likely Minor Low Med 



 

Sulfate reduction SO4
2- + 5H2 = H2S + 

2H2O Likely Minor Low Med 

Iron reduction 2Fe3+ + H2 = 2Fe2+ + 
2H+ Likely Minor Low Med 

Secondary 

N/A Pore 
plugging/clogging N/A Bacteria accumulation Unlikely Negligible Low 

N/A N/A Steel/ casing 
corrosion H2 embrittlement Very likely Severe Med Hi 

Faults and 
fractures 

Primary 

Fault shear slip N/A Stress change Unlikely Critical Med Hi 

Fracture reactivation/propagation N/A Stress change Possible Severe Med Hi 

Fracture orientation N/A Side dependant Possible Severe Med Hi 

Fracture population/density N/A Side dependant Possible Severe Med Hi 

Secondary 

Friction coefficient N/A 0.85 Very unlikely Negligible Low 

Fault permeability N/A 10−18 to 10−11 m2  Possible Moderate Medium 

Surface mineral types N/A Sensitive minerals Likely Minor Low Med 

Subcritical crack growth N/A Surface energy Possible Minor Low Med 

Hydrogen 
cycling 

Primary Stress magnitude change Rock failure Likely Moderate Medium 

Secondary 
Injection rate Low rate is preferable Likely Moderate Medium 

Withdrawn rate Low rate is preferable Likely Moderate Medium 



 

Bottom hole pressure Site dependant Likely Moderate Medium 

Cycling frequency (number and duration) Site dependant Likely Minor Low Med 

Number of legacy well Site dependant Possible Moderate Medium 

 

Figure 5 Workflow of interconnection of identified variables affecting storage integrity during UHS. 



 

Sometimes, although the identified risk of certain variables is high or medium, they can be controlled with proper measures or the degree of danger would be 

alleviated with consideration other parameters (so called risk mitigation). In these cases, the lower occurrence of medium high or medium risk would degrade 

the impact on real UHS implementation. A good example is carbonate reservoirs. We do classify the medium risk of storing hydrogen in carbonate reservoirs 

due to the severe dissolution of carbonate minerals and associated hydrogen loss. However, since we’ve already known these risks, we will not inject 

hydrogen into depleted carbonate reservoirs or sandstone reservoirs containing high fractions of sensitive minerals. Therefore, the potential high risk 

regarding the mineralogy is minimized. Similarly, although the microbial activities have medium risk on critical mineral dissolution, they are only reactive in 

the optimum conditions, e.g., low temperature (< 40 oC), neutral pH (6 to 7.5) and low salinity (< 60,000 ppm) conditions (section 4.4). Reservoirs with 

higher temperature and salinity can restrain the microbial activities. Besides, with the presence of sensitive minerals and stored hydrogen, the in-situ pH can 

increase to the range between 9 and 12 (section 3.2.2), which would further limit the impact of microbial activities on storage integrity (from this point view, 

a small fraction of sensitive minerals that will not affect overall rock mechanical properties after the redox reactions with hydrogen could be in favor of 

inhibiting microbial activities). However, the stress change related variables, including faults and fractures shear slip, reactivation and propagation, rate of 

injection and withdrawal, and bottom hole pressure are identified as medium high or medium. Although a low rate of injection and withdrawal is suggested to 

minimize the risk on stress regime alteration, lateral spreading, fingering, fluid conning, etc. [5], due to the in-situ heterogeneity, the injection and withdrawal 

even under designed threshold may still trigger unexpected issues affecting the storage integrity. In fact, experience from more than 50 years in petroleum 

industry tell us that most of failures during gas extraction and injection occur at wellbore or near wellbore area due to the faulty casing, cementing and 

inappropriate production rate and bottom hole pressure, which eventually cause the excessive fluctuation of state of stress and well integrity problems, 

triggering the gases and liquids leakage and failing the whole project [257]. Therefore, the stress related impacts are characterized as medium to medium high 

for UHS and need special care to proceed. 

The aforementioned screening tool summarizes the possible variables that could affect storage integrity during underground hydrogen storage in porous 

media particularly in depleted gas reservoirs, and the corresponding levels of likelihood, consequence and risk. However, the identified degrees of risk and 

impact are based on the current knowledge from limited studies of simulations, experiments and field pilot projects. The lack of more detailed research and 

data, to some extent, may influence the judgement of assigned risk. Therefore, much more efforts from reservoir engineer, geochemist, geophysicist, 

petrophysicist, geologist, rock mechanics engineer, microbiologist, etc., from both academia and industry are calling for to assess the possibility of storing 



 

hydrogen in subsurface and de-risk the potential integrity issues. For example, current geochemical modelling on mineral dissolution and precipitation in 

reservoirs and caprock, either from thermodynamic or kinetics perspective, highly relies on the database to simulate the comprehensive fluid-rock interactions 

[19, 59, 81, 82, 91, 143, 154]. However, the existing geochemical database needs to be updated by calibrating the equilibrium constant and reaction enthalpy 

in thermodynamic modelling, and the rate constant, Arrhenius activation energy and reaction order in kinetics modelling when hydrogen is involved. For 

microorganism, since their activities are highly dependent on the surrounding temperature and water chemistry typically pH and salinity, it is important to 

measure the biotic hydrogen consumption rate for each type of microbial reactions (i.e., methanogenesis, acetogenesis, sulfate reduction and Fe3+ reduction) at 

different temperature, pressure, pH, salinity and in the presence of different types of rock (e.g., sandstones, carbonates and shales, etc). In terms of rock 

mechanics, hitherto, there is still lack of reliable data on how hydrogen can affect rock mechanical properties such as compressive strength, Young’s modulus 

and brittleness index, etc., and stress regime change induced tensile and shear damage, faults shear slip, fracture reactivation and propagation in reservoirs, 

caprock and near-wellbore area. One unique property differentiating hydrogen from other stored gas such as CO2, CH4 and N2 is that hydrogen is a strong 

reduction agent that can trigger the redox reaction with sensitive minerals. During redox process, the electrons would transfer from hydrogen to other ions at 

high valence. Meanwhile, the presence of microorganisms can provide extra electrons. However, it is still unclear how the transferred electrons would affect 

rock mechanical behaviors. Future works are required to address these problems to narrow the limitation fence and de-risk the challenges on storage integrity 

issues during underground hydrogen storage in porous media. 

8. Conclusions 
While underground hydrogen storage is considered as the best option to economically store hydrogen on the scale to replace fossil fuel to meet energy 

demand, current experience and understanding of UHS are still very limited, which impedes the industrial implementation in large-scale. Hydrogen storage 

integrity is one of the main concerns in UHS associated with geochemical reactions, microbial reactions and hydrogen cycling process with presence of 

fractures and faults. This work delineates the scientific and technological challenges and knowledge gaps, which need to be further examined, to mitigate and 

manage hydrogen storage integrity risks and uncertainties. In each of the primary variables, various secondary variables were discussed in detail, including 

the role of sensitive minerals on dissolution/precipitation, capillary leakage which consists of wettability and contact angle, capillary pressure and interfacial 

tension, water chemistry change (pH, pE, ion concentration and composition), cement degradation, microbial corrosion in steel and casing, different 

mechanisms of faults slip and fracture reactivation and propagation, etc. More importantly, a state-of-the-art technical screening tool was developed for the 



 

first time to assess risks and uncertainties regarding storage integrity, which can help industry operators selecting best candidate for pilot tests of underground 

hydrogen storage in depleted gas reservoirs. 
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