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Executive summary 

This review outlines some main effects of cyclic injection and withdrawal of hydrogen-
containing gas streams on (1) quality of the hydrogen gas stream, (2) reservoir rock properties, 
(3) caprock properties, (4) faults, (5) well systems and (6) surface environment. In particular, 
the effects on rock and well materials, and well systems were adressed by summarizing 
existing theory and experimental data. 
 
Effects on quality of the hydrogen gas stream may result from reactions or mixing between 
hydrogen and minerals, fluids or gases in the reservoir (e.g., H2S formation by reactions with 
pyrite). Effects on rock properties are likely mainly due to changes in pH and redox reactions 
(e.g., Fe3+ reduction), which may lead to dissolution of carbonate (calcite, dolomite) and 
sulphate (anhydrite) minerals, alteration of cements between grains, and sorption of hydrogen 
and swelling of clays. Reservoir, caprock and faults may be affected by changes in fault rock 
properties as well as stress changes and re-distribution of stresses resulting from cyclic 
injection and withdrawal of hydrogen-containing gas. The effects of cyclic injection and 
withdrawal of hydrogen may be comparable to those associated with seasonal storage of 
natural gas, although differences may result from difference in properties of natural gas and 
gas-hydrogen mixtures (e.g., thermal conductivity). For well systems, the ductility and load-
bearing capacity of (casing) steel can be reduced and fracturing can be promoted due to 
interaction with hydrogen (e.g., hydrogen embrittlement). Hydrogen can promote dissolution of 
carbonate and sulfate minerals and reactions with minerals in cement that may lead to 
enhanced migration mainly along rock-cement-casing interfaces or fractures in cement. The 
mechanical and sealing properties of elastomers can be affected, but effects critically depend 
on type of elastomer, pressure and temperature conditions, and mechanical state. Well 
materials are particular prone to reduction in functionality if H2S is formed or under conditions 
favouring microbial influenced corrosion. Effects on properties of well materials can be the 
result of a combination of chemical interaction of hydrogen and temperature and pressure 
variations due to cyclic injection and withdrawal of gas. The surface environment may be 
affected by ground motions (i.e. subsidence and heave) due to cyclic injection and withdrawal 
of hydrogen-containing gas, induced seismicity if faults are reactivated due to stress changes, 
and well leakage in the unlikely case that zonal isolation is lost over large sections of the well. 
 
The main risks and risk mitigation measures for durability, integrity and efficiency of porous 
reservoir storage systems that were identified include (1) degradation of the quality of the 
hydrogen-containing gas stream by contamination of hydrogen with byproducts of geo- and 
biochemical reactions with rocks, fuids and micro-organisms, or mixing with non-hydrogen 
gases in the reservoir, (2) reduced injectivity and productivity of the hydrogen-containing gas 
stream because of changes in rock properties, and precipitation of minerals or formation of 
bio-based solids that clog pores, (3) loss of well integrity and hydrogen leakage along wells, 
(4) loss of hydrogen containment by breach of geological seals, and (5) induced seismicity due 
to fault reactivation and ground motions due to cyclic reservoir dilatation and compaction. The 
review of findings from existing underground hydrogen storage projects and existing 
experimental data suggest that risks are likely low if relatively low concentrations (< ~10%) of 
hydrogen are co-mixed with natural gas streams in existing underground gas storage projects 
with demonstrated durability, integrity and efficiency of operations. Risks may be higher for 
larger concentrations of hydrogen, for long-term hydrogen storage and for new wells or storage 
sites as reactions between hydrogen and rock and well materials can be expected to 
progressively affects the storage reservoir, geological seals and well systems and because 
new or modified storage operations lack operational experience. 
  



  Doc.nr: 

Version: 

Classification: 

Page: 

HyUSPre-D5.1 

Final 2021.05.31 

Public 

4 of 60 

 
 

 

 
 

         
www.hyuspre.eu 

About HyUSPRe 

Hydrogen Underground Storage in Porous Reservoirs 
 

The HyUSPRe project researches the feasibility and potential of implementing large-scale 
underground geological storage of renewable hydrogen Europe. This includes the identification 
of suitable porous reservoirs for hydrogen storage, and technical and economic assessments 
of the feasibility of implementing large-scale storage in these reservoirs to support the 
European energy transition to net zero emissions by 2050. The project will address specific 
technical issues and risks regarding storage in porous reservoirs and conduct an economic 
analysis to facilitate the decision-making process regarding the development of a portfolio of 
potential field pilots. A techno-economic assessment, accompanied by environmental, social 
and regulatory perspectives on implementation will allow for the development of a roadmap for 
widespread hydrogen storage by 2050; indicating the role of large-scale hydrogen storage in 
achieving a zero-emissions energy system in the EU by 2050. 
 
This project has two specific objectives. Objective 1 concerns the assessment of the technical 
feasibility, associated risks, and the potential of large-scale underground hydrogen storage in 
porous reservoirs for Europe. HyUSPRe will establish the important geochemical, 
microbiological, flow and transport processes in porous reservoirs in the presence of hydrogen 
via a combination of laboratory-scale experiments and integrated modelling, and establish 
more accurate cost estimates to identify the potential business case for hydrogen storage in 
porous reservoirs. Suitable storage sites will be identified and their hydrogen storage potential 
will be assessed. Objective 2 concerns the development of a roadmap for the deployment of 
geological hydrogen storage up to 2050. The proximity of stores sites to large renewable 
energy infrastructure and the amount of renewable energy that can be buffered versus time 
varying demands will be evaluated. This will form a basis for developing future scenario 
roadmaps and preparing for demonstrations. 
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1 Introduction 

1.1 Deliverable context 

Within the HyUSPRe project the feasibility of large-scale storage of renewable hydrogen in 
porous reservoirs is investigated, including assessment of technical issues and risks. 
Research on technical issues and risks focusses on geochemical (WP2), microbiological 
(WP3), flow and transport (WP4), and geomechanical (WP5) processes that control the 
response of the subsurface porous reservoir storage system to cyclic injection and withdrawal 
of a hydrogen-containing gas stream. A combination of laboratory-scale experiments and 
integrated modelling will be performed to assess this response. In this report, current practices 
and existing experimental data for well and rock materials under cyclic hydrogen injection and 
withdrawal are reviewed. Focus is on geomechanical processes that affect the durability and 
integrity of critical elements in porous reservoir storage systems, and the efficiency of 
operations (WP5, Figure 1). Geochemical, microbiological and flow processes are briefly 
addressed if interacting with geomechanical processes. More detailed analysis of these 
aspects is addressed in the other work packages and deliverables. 
 

 
Figure 1. Schematic diagram illustrating the approach to link processes from laboratory 
experiments to project risks. This approach is followed for research within WP5 of the HyUSPRe 
project, and the basis for the structure of the current report. 

1.2 Scientific background 

The interest in renewable sources of energy has been growing in recent years primarily as a 
means to decrease emissions of greenhouse gases in accordance with the international 
agreements, and to reduce the energy dependence on fossil energy sources. Among available 
renewable energy sources, the share of wind and solar energy gradually increases and is 
expected to become a major contributor in the energy mix for electricity production. However, 
the energy supply from these sources is highly dependent on variable weather conditions that 
do not follow the cyclic (daily, seasonal) energy demand. It also cannot directly respond to 
emergencies that dramatically affect energy supply and demand, for example resulting from 
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political or industrial crises (Schaber et al., 2012). Therefore, the imbalance between energy 
supply from renewable sources and energy demand requires large-scale energy storage to 
develop a sustainable energy system that can efficiently respond to variable energy 
consumption from populations and industries. 
  
Underground storage is a proven technology for storing a variety of gasses (natural gas, 
nitrogen, air, hydrogen, helium) to balance supply and demand. It is mainly used for seasonal 
storage of natural gas (UGS). The vast majority of UGS are in depleted gas fields, but salt 
caverns and aquifers are also used (Zivar et al., 2021, Groenenberg et al., 2020). Hydrogen 
has been considered for a long time as a suitable candidate for large-scale energy storage 
(e.g., Carden and Paterson, 1979). Hydrogen has a high energy potential (1 m3 produces 
maximum 12.7 MJ for combustion, cf. Table 1) but requires more energy to be produced than 
the energy it produces. However, hydrogen is considered an efficient energy carrier because 
it is clean (no CO2 is emitted during combustion of hydrogen), it can be produced with 
renewable electricity by way of electrolysis, and it is easily converted back into electricity or 
into heat (Zivar et al., 2021). In addition, energy loss during transportation using hydrogen gas 
as an energy carrier is minor (<0.1%)  compared to transport of electricity over power networks 
(8%). Therefore, hydrogen is an attractive energy carrier to transport and store energy 
produced from renewable sources.  
 
Hydrogen is usually stored in underground reservoirs for two reasons. First, to regulate the 
fluctuations between energy production and consumption caused by variable (regional) 
demands from populations and industries, large volumes of hydrogen need to be stored. While 
storage capacity in surface tanks could be used for small-scale (local) buffering, large-scale 
buffering (order of 109

 m3 working volume) is required for buffering of regional energy supply 
and demand (Juez-Larré et al., 2019). Second, underground storage may be safer than 
storage above-ground as it prevents contact between hydrogen and oxygen which may lead 
to explosive mixtures. There are roughly 2 categories of geological storage sites that can be 
used for underground hydrogen storage (UHS): (i) porous permeable media in which the gas 
occupies the pore space such as aquifers and depleted oil and gas reservoirs, and (ii) salt 
caverns in which the gas is contained in sealed cavities surrounded by dense, impermeable 
salts. Although salt caverns present many advantages for UHS in term of installation and 
operational costs (Michalski et al., 2017; Stone et al., 2009; Tarkowski, 2019; Tarkowski and 
Czapowski, 2018; Zivar et al., 2021), their use may be limited due to limits in storage capacity 
and distances between locations of hydrogen production and geographical occurrences of 
caverns (Heinemann et al., 2021). In this review, we will focus on porous media reservoirs, 
which have the advantage of large storage capacity and widespread distribution over the world 
(in particular aquifers). 
 
So far, only a few operational sites are storing pure hydrogen around the world, mainly in salt 
caverns located in UK and USA. Technology using depleted gas fields for storage of “pure” 
hydrogen is yet to be proven. However, in recent years two projects, one in Austria (Sun 
Storage) and another in Argentina (Hychico), proved the viability of this technology in a 
depleted gas reservoir, by mixing up to 10% of hydrogen with natural gas. Current practices in 
these projects provide valuable lessons learned that can help mitigating technical issues and 
risks for other UHS projects. 
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2 Properties of hydrogen affecting integrity, durability and 
efficiency of porous reservoirs storage systems 

Effects of cyclic injection and withdrawal of a hydrogen-containing gas stream on the integrity 
and durability of porous reservoirs storage systems depend on properties of the gas stream as 
well as properties of rock and well materials. Detailed analysis of properties of hydrogen and 
hydrogen-containing gas stream, and potential technical issues and (surface) risks that are 
specific to properties of the hydrogen-containing gas stream have, for example, been reported 
by DBI GUT (2017), Van der Valk et al. (2020), RAG Austria AG et al. (2017) and Heinemann 
et al. (2021). In this review, we focus on changes in properties of well and rock materials that 
can affect the durability and integrity of critical elements in porous reservoir storage systems. 
It is of interest to compare underground hydrogen storage (UHS) with other underground 
geoenergy activities that have a longer track record of studies to durability and integrity of 
critical elements in porous reservoir storage systems, in particular, seasonal storage of natural 
gas (UGS) and carbon capture and underground storage (CCS). In Table 1, a comparison of 
properties of H2, CH4 and CO2 is given that allows comparison of potential interaction between 
gases and rock or well materials.  
 

Table 1. Comparison of properties of H2, CH4 and CO2 relevant to subsurface storage 

Property  Hydrogen 
(H2)  

Methane 
(CH4)  

Carbondioxide 
(CO2) 

Molecular weight [g/mol]  2.016  16.043  44.09 

Normal density (20C, 1 atm) [kg/m3]  0.0838 0.668  1.842 

Diffusion coefficient in air (20C, 1 atm) [cm2/s]  0.61  0.21  0.16 

Diffusion coefficient in water (20C, 1 atm) [cm2/s] 4.58x10-5 1.62x10-5 1.67x10-5 

Normal boiling point (20C, 1 atm) [°C]  -253  -162  -78 

Solubility in water [mg/ml]  0.0016  0.022  1.69 

Viscosity (20C, 1 atm) [Pa s]  0.88x10-5  1.10x10-5  1.47x10-5 

Specific heat capacity (25C, 1 atm) 
isobaric/isochoric [J/mol K] 

28.84/20.53 35.8/27.4 37.35/28.96 

Thermal conductivity (25C, 1 atm) W/mC 0.182 0.0339 0.01663 

Physical state (20C, 1 atm) Gas  Gas  Gas 

Boiling point (1 atm) [C] -253 -162 -78 

Critical temperature [C] -240 -83 31 

Critical pressure [bar] 13 46 73.8 

Triple point temperature [C] -259 -183 -57 

Triple point pressure [bar] 0.07 0.12 5.18 

Joule-Thomson max. inversion temperature [°C]  -72  736  1227 

Energy density per unit mass LHV - HHV [MJ/kg]  120-142 50-56  - 

Energy density per unit volume LHV-HHV (1 bar) 
[MJ/m3] 

10.8-12.7 35.8-39.8 - 

Energy density per unit volume liquids LHV [MJ/L] 7.9  21.1  - 

Wobbe index (interchangeability) [MJ/Nm3]  40.65-48.23  47.91-53.28  - 

*NTP- Normal Temperature and Pressure defined as 20C and 1 atm, respectively. 
 

Despite a higher energy density per unit mass, the lower density of hydrogen compared to 
methane means that larger volumes of hydrogen are needed to buffer the same amount of 
energy. Considerable variation in energy storage capacity of subsurface porous reservoirs may 
be expected depending on reservoir depth, considering that volumetric energy density is 
pressure (and hence depth) dependent (Figure 2). These differences between hydrogen and 
methane can affect integrity and durability of storage reservoirs as (1) larger parts of storage 



  Doc.nr: 

Version: 

Classification: 

Page: 

HyUSPre-D5.1 

Final 2021.05.31 

Public 

10 of 60 

 
 

 

 
 

         
www.hyuspre.eu 

reservoirs or more reservoir compartments may need to be used to increase storage capacity 
(although it could also be beneficial in case lower volumes of cushion gas are needed), (2) 
more wells may be needed or existing wells may need higher volumetric gas flow rates to 
accommodate similar rates of energy send-in and send-out, and (3) higher reservoir pressures 
may result from storing larger volumes of gas. 
 
Lower density of hydrogen compared to methane also supports formation of a hydrogen gas 
cap below the caprock, and possibly to buoyancy-driven separation between hydrogen, 
(residual) methane (in case of gasfields), cushion gas (methane, or other gases such as N2) 
and brine. Its effects on the integrity and durability of storage reservoirs may be that it promotes 
contact between the caprock and gases with relatively high concentrations of hydrogen. 
Thereby, alteration of properties and sealing capacity of the caprock may be promoted. 
Viscosity of hydrogen is lower than methane at atmospheric and reservoir conditions. Together 
with a heterogeneous permeability distribution in porous reservoirs, density and viscosity 
differences between hydrogen, (residual) methane and cushion gas may lead to more complex 
distribution of hydrogen concentration, reservoir pressures and stresses. Higher thermal 
conductivity of hydrogen at reservoir conditions may also contribute to complex distribution of 
pressures and stresses in the reservoir. Combined, these effects may locally enhance 
alterations and deformation of the reservoir rock. 
 

 
Figure 2. Energy densities of different gases and fluids. Lower heating values (LHV) based on 
net heat of combustion (DOE, 2022). 
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Higher diffusion coefficients of hydrogen compared to methane and CO2 may promote 
fracturing of rock or well materials (e.g., hydrogen embrittlement of steel) and migration along 
leakage pathways such as faults, fractured cement or rock-cement-casing interfaces. 
Accordingly, seal or well integrity may be affected and thereby containment of hydrogen in the 
porous reservoir storage system. 
 
Given the critical pressure and temperature of hydrogen, it will remain in gas phase during 
injection and storage (analogous to methane but different than CO2). Accordingly, potential 
issues with phase transformations in the well or reservoir are not relevant. Solubility of 
hydrogen in brines is low, so significant effects on formation fluid composition or hydrogen 
concentrations of the stored gas are not expected. Contrary to CO2, Joule-Thomson effects 
during injection of hydrogen into the reservoir are also not significant. 
 

3 Effects of cyclic hydrogen injection and withdrawal on 
properties of well materials 

3.1 Steel 

Steel materials are used in different parts of the well, including tubing, casing, wellhead, and 
also in pipelines or container for transport or storage of hydrogen at surface. Accordingly, a 
vast amount of literature exists that investigate the effect of hydrogen on steel materials in 
different environments and applications. In this report, we address some studies that are most 
relevant to potential effects of hydrogen on different elements of wells in the subsurface under 
conditions of UHS. 

3.1.1 Interactions between hydrogen and steel 

Steel materials are susceptible to failure due to three main (related) deteriorating phenomena 
(Figure 3); hydrogen blistering (HB), hydrogen-induced cracking (HIC), and hydrogen 
embrittlement (HE) (Reitenbach et al., 2015).. These mechanisms can cause the deterioration 
of material by reducing the ductility and load-bearing capacity of steel, resulting in onset of 
cracking and brittle failure at stresses below the yield stress of susceptible steel material. When 
atomic hydrogen (H) is formed at the metal surface (typically when H2S is present), it can enter 
the metal atom lattice by diffusion. Incipient crack formation and growth driven by hydrogen 
gas pressure in the crack can occur if hydrogen gas (H2) precipitation at vulnerable 
microstructural sites. The presence of atomic hydrogen extends the distance between the grain 
interfaces and leads to blistering (Martin and Sofronis, 2022). Blisters promote the initiation of 
cracks, and thereby decrease durability of steel. This effect is most prominent if susceptible 
well materials are subjected to (tensile) stress. Tensile stress conditions of tubing and casing 
occur under cycling loading. The phenomenon is known as hydrogen-induced cracking, and 
can ultimately lead to brittle failure referred to as hydrogen embrittlement.  
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Figure 3. Hydrogen induced blistering (left) and hydrogen induced cracking (right) (Szummer et 
al., 1999; Reitenbach et al., 2015). 

 
Three main drivers have to come together to initiate cracks, and subsequently lead to loss of 
durability of steel. These are (1) the presence (concentration) of hydrogen atoms, (2) contact 
between hydrogen and susceptible steel material, and (3) stress levels that promote tensile 
fracturing. The effect is mainly dependent on temperature, (hydrogen partial) pressure, and 
metal composition, microstructure, grain size and tensile strength resulting from the 
manufacturing process (Martin and Sofronis, 2022, Reitenbach et al., 2015). Metal materials 
that are most susceptible to hydrogen embrittlement are alloys with microstructures leading to 
high failure strength, such as high-strength steels, titanium and aluminum. For steels, ferritic 
and martensitic forms are more prone to hydrogen diffusion, and thus will have higher chances 
of failure due to HE (San Marchi and Somerday, 2012). 
 
Atomic absorption of hydrogen by metals can occur under dry and wet conditions. In dry 
conditions, hydrogen gas (H2) is the only source of hydrogen, and its absorption depends on 
the metal’s susceptibility to hydrogen solubility. This was described by Sievert’s law which 
states that temperature and hydrogen gas partial pressure will drive the solubility intensity. 
Under wet conditions a second source of hydrogen can be active in presence of an electrolyte. 
For example, the presence of H2S can lead to an acidic environment with H2S preventing the 
recombination of hydrogen atoms and therefore promoting their absorption (Trautmann et al., 
2020).  
 
Accordingly, hydrogen embrittlement is a function of pressure, temperature, hydrogen 
concentration (and hence, the hydrogen partial pressure), stress level, metal composition 
(including impurities in the metal), tensile strength, microstructure (including grain size), and 
the heat treatment history. Hydrogen embrittlement is promoted by applied tensile stress or 
other conditions that can increase micro-void growth and create more “space” for hydrogen to 
enter the metal structure. Tensile stresses frequently occur in cyclic storage operations. They 
mainly affect the steel parts of a well and completion that are in direct contact with hydrogen 
gas. The presence of brine (wet conditions) can contribute to hydrogen absorption under 
certain conditions, and thus potential material fatigue. This is relevant for UHS sites with high 
salt content in formation water, such is the case for wells in the Netherlands (DBI-GUT, 2017). 
Erosional velocity can also boost hydrogen absorption and thus material failure by creating a 
favourable environment for interacting erosion and corrosion. Parameters and conditions 
which lead to material failure due to hydrogen embrittlement are depicted in Figure 4. 
 



  Doc.nr: 

Version: 

Classification: 

Page: 

HyUSPre-D5.1 

Final 2021.05.31 

Public 

13 of 60 

 
 

 

 
 

         
www.hyuspre.eu 

The effects of hydrogen on steel materials are well known, and relevant topics in a variety of 
industries and research. It has been standardised for use in piping and pipelines (ASME 
B31.12), Sandia National Laboratories developed a technical reference for hydrogen 
compatibility of materials (San Marchi and Somerday, 2012), and the subject is also covered 
in research with respect to well completion materials (Reitenbach et al., 2015; Boersheim et 
al., 2019; Trautmann et al., 2020).  
 

 
Figure 4. Conditions that lead to material failure due to hydrogen embrittlement (HE). 
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3.1.2 Experiments on casing steel 

Experimental work investigating hydrogen embrittlement on metals is widely available, and the 
summary is discussed by Trautmann et al. (2020). Table 2 summarizes the experimental works 
on hydrogen embrittlement of wellbore casings in a hydrogen system and corrosive 
environment.  
 

Table 2. Summary of experimental works on steel performance in a hydrogen/corrosive 
system. 

Study by Hydrogen mixture & method Studied parameters Condition Steel material 

Underground 
Sun Storage 
(2020) 

5% NaCl with 17% CO2 and 83 
% H2. Other 6 mixtures with 
different corrosivity were 
included. 
Wet test 

Slow tensile test, 
constant load test 
(CLT), hydrogen 
content  

T: 25 oC 
P: 1 and 12 bars 
Period: 30 days 
 

L80, P110, 
42CrMo4 QT, 
42CrMo4 QTT, 
L360 and P235 

Boersheim et al. 
(2019) 

100% H2 
Static and wet test. The samples 
are submerged in a brine bath. 

Tensile strength test T: 100 oC 
P: 100 bars. 
Period: 4 weeks 
 

N80, J55, K55 

Trautmann 
(2020) 

H2, H2 & CO2, CO2 

Static and wet/dry test. The 
samples are submerged in NaCl 
solution (15,000 ppm). 

Permeation, CLT 
 

T: 25 & 80 oC  
P: 20 and 100 bars 
Period : 14 days 

L80, 42CrMo4, 
P110 

 

In the work by Boersheim et al. (2019), it was shown that the steel samples experienced severe 
corrosion on their surface. Corrosion was inferred based on the change of mineral content 
(increase in iron and reduced chromium minerals) in the in-situ fluid as well as microscopic 
imaging. The ultimate yield strength of the exposed samples (N80, J55, and K55) was reported 
to be similar to the initial condition. However, mechanical behaviour was different as a larger 
strain-hardening phase to yield strength was observed in the exposed samples. Trautmann et 
al. (2020) measured the hydrogen uptake on steel in both dry and wet conditions using 
permeation. The tensile strength of L80, 42CrMo4, and P110 casings were measured after 
aging. The results showed that the hydrogen content increases with increasing H2 partial 
pressure and the presence of electrolytes (i.e. wet conditions). Under dry conditions increasing 
temperature promotes absorption, but this effect is less significant under wet conditions. 
Threshold values for hydrogen content for embrittlement vary considerably between different 
types of steel and alloys, and pressure and temperature conditions. The measured hydrogen 
content at 100 bars and 80 oC under dry conditions are 0.31, 0.54, and 0.34 wt. ppm for L80, 
42CrMo4, and P110, respectively. These values are less than the threshold hydrogen content 
for these steels and under these conditions (in ranges 5.58-22.8, 0.54-8.35, 0.38-6.61 wt. ppm, 
respectively), and not sufficient to cause hydrogen embrittlement. Under conditions with H2S, 
hydrogen absorption can be an order of magnitude larger, and embrittlement was observed 
for 42CrMo4 and P110 at ambient and 100 bar pressure. An equation to estimate the critical 
hydrogen contents for embrittlement for different grades of wellbore casing was proposed by 
Asahi et al. (1994). 
 
In the work by RAG Austria et al. (2020), the elongation of the metal samples that were aged 
in fluids with different corrosivity levels was measured. The hydrogen content in the medium 
had no significant effect on the elongation break in all samples (L80 and P110) at both 
conditions of 1 and 12 bars. The reduction in elongation was mainly due to the corrosive effect 
of the CO2 content. Based on the constant tensile load (CLT) test results, none of the H2-
exposed samples experience a time-delayed fracture. The hydrogen content in both P110 and 
L80 samples exposed to the H2 mixture was similar to the initial hydrogen content. Thus, the 
presence of molecular H2 does not significantly influence hydrogen absorption. The most 
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significant parameter that affects the hydrogen content is the presence of H2S, as also 
suggested by Trautmann et al. (2020). Reitenbach et al. (2015) and DBI GUT (2017) discussed 
that hydrogen has no critical impact on low-carbon steel if the hydrogen concentration in the 
injected natural gas is less than 10%. While these low hydrogen concentrations may be 
relevant for most current storage projects, higher concentrations may be expected in future 
projects to increase energy buffering capacity. Also, de-mixing of hydrogen from injected gas 
may bring casing steel in contact with higher concentrations of hydrogen. 

3.2 Cement 

The UHS system involves a cyclic operation of hydrogen injection and withdrawal to balance 
hydrogen (energy) supply and demand. UHS operations change the wellbore pressure and/or 
temperature causing the casing, cement sheath, and formation to contract and expand 
alternately. Stress changes are induced with each cycle that potentially affect the integrity of 
the wellbore. The magnitude of the stress changes is mainly dependent on required injection 
and production flow rates, and formation and cement mechanical properties. During injection 
the temperature in the wellbore drops due to the injection of the cold H2 gas, which leads to 
contraction. Simultaneously, the wellbore pressure increases following the injection pressure 
at the surface. The thermal stress is significant in the deeper section (i.e. production casing) 
of the wellbore because the differential temperature between wellbore and fluid is larger. If the 
cement sheath in this section is damaged, it will increase the risk of hydrogen migration. 
 
Starting from completion until the end of the storage life cycle of a well, annular cement is 
exposed to chemical attacks and physical loads from thermal or pressure changes in the 
wellbore. Consequently, the mineralogical, hydraulic, and mechanical properties of cement 
can alter over time. Since the cement matrix is comprised of minerals from the hydration 
product, the alteration of one of the parameters influences the others. Below we identify the 
cement properties and the possible interactions between cement and the surrounding system 
that could lead to alteration. 

3.2.1 Mineralogy of cement 

The main compound of hydrated cement is CSH (calcium silicate hydrate), which occupies 50-
60% of the total volume of solids. Another product of cement hydration is CH (calcium 
hydroxide or portlandite), which occupies 20-25% of the volume. CSH gel is an anhydrous 
material, whereas CH is a highly-crystalline material. The remaining phases of AFm (mainly 
calcium aluminate hydrates) and Aft (mainly calcium sulfoaluminate hydrates) are around 15-
20% (Nelson and Michaux, 2006) 
 
The interaction between water and cement can cause the cement minerals to alter due to the 
leaching of Ca ions which alters the pH balance. The pore solution of cement is alkaline with 
a pH of between 13 and 14. If surrounding water enters cement pores it reduces the 
concentration of Ca ions in the pore solution (Lagerblad, 2001). To maintain equilibrium, the 
Ca ions are supplied through CH and CSH dissolution. In addition, water diffusion into cement 
pores leads to pore fluid’s pH reduction and alteration of C/S ratio (Ferreira et al., 2019). The 
leaching process will occur through advective flow following the Darcy equation if a pressure 
gradient is present. The water flow increases if other flow paths (e.g. fracture or defects) exist. 
If the pressure in the system is equalized, leaching will occur through diffusion. The diffusion 
is driven by the concentration gradient between the alkaline pore solution in cement and the 
water, which occurs at a much slower rate compared to reactive flow.  
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The CH dissolution and CSH decalcification lead to an increase in porosity (Jain and Neithalath, 
2009). The influence of CH dissolution is much more significant on increasing cement porosity. 
The change in hydraulic properties due to leaching is dependent on the hydration degree of 
cement. When submerged in water, early-age (low hydration degree) cement experienced 
leaching and clinker hydration simultaneously with water invasion (Liu et al., 2015). Leaching 
occurs at the early phase of immersion (< 30 days) and contributes to an increase in both 
porosity and surface permeability. The clinker hydration starts to dominate after 150 days of 
submersion, and both porosity and permeability are greatly reduced. Cement clinker containing 
pozzolans (such as silica flour or fly ash) has a greater resistance to leaching. This is because 
the CH reacts with pozzolans to produce CSH. If CO2 impurities are present in water, the Ca 
ions released react with CO2, which results in calcite precipitation.  
 
At downhole conditions, the outer interference of annular cement is in direct contact with 
formation brines, which could lead to leaching. However, the fluid transport of the formation 
brine to the cement matrix (lateral flow) more likely occurs through diffusion. Report from 
cement core analysis in actual wells shows that portlandite content in the Class G cement is 
intact, indicating no degradation with the native brine (Duguid and Scherer, 2010). It was also 
confirmed that the primary minerals present in the actual cores were katoite and tobermorite 
(CSH with a C/S ratio of 0.83) with minor brownmillerite.  

3.2.2 Mechanical properties of cement 

Cement mechanical properties develop over time following the hydration rate and are highly 
dependent on the curing pressure and temperature. The compressive strength of cement is 
typically measured by using an unconfined load frame (destructive) and mechanical property 
analyzer (non-destructive) following the testing standard (API RP 10B-2, 2013). The 
unconfined compressive strength (UCS) of neat cement cured at ambient conditions 
developed rapidly after the first 48 hours to approx. 21 MPa. At 10-days curing time, the 
strength increases to 34 MPa and has not reached a steady state. Conformity between the 
measurements from the crush test and UCA was also reported (Maharidge et al., 2016). This 
overall observation is similar to the experimental results by Guner et al. (2017).  
 
The compressive strength increases with the temperature due to the increase in hydration rate. 
Nelson and Michaux (2006) showed that the 8-hours UCS of neat cement increases from 2.1 
to 10.3 MPa when the temperature is increased from 38 to 60 oC. Experimental results by 
Nasvi et al. (2012) showed that the 3-days strength of cement increases from 30 to 50 MPa 
after increasing the temperature from ambient condition to 60 oC. The mechanical strength of 
neat Class G cement drops at elevated curing temperature >110 oC due to the alteration of 
CSH gel to alpha-dicalcium silicate hydrate (α-C2SH), which is denser than CSH gels. 
Consequently, the strength and the permeability of cement are reduced (Nelson and Eilers, 
1985). The strength reduction in neat cement at an elevated temperature is also reported in 
other experimental works (Nasvi et al., 2012; Patchen, 1960; Zhang et al., 2014). The 
compressive strength of cement is also reported to follow its permeability and porosity (Ridha 
et al., 2013; Ridha et al., 2014). 
 
The Young’s Modulus of cement also increases with cement hydration progress. The reported 
values of class G cement at 3-days curing varied between 6 and 10 GPa in different curing 
temperatures <80 oC (Nasvi et al., 2012). Guner et al. (2017) showed that the increase in 
Young’s Modulus follows a power function with time, which is similar to the trend of UCS value. 
The cement core analysis from Duguid et al. (2017) showed that the cement samples of class 
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G and Pozmix are ranging between 10.4-18.8 GPa in well 46-TPX-10 and 8.6-9.4 GPa in well 
43-TPX-10. 
 
The tensile strength of cement is less than its compressive strength due to its brittle 
characteristic. The typical tensile/compressive strength ratio is around 10%. Thus, cement 
sheath commonly fails in tension, which can be characterized by radial cracking, debonding, 
and disking. The tensile test can be carried out by splitting (Brazilian) test and direct uniaxial 
tensile strength. The tensile strength of neat cement was reported to vary between 1.8 and 
2.88 MPa (Arjomand and Bennett, 2018). The tensile strength of cement is reduced with 
increasing curing pressure and temperature (Li et al., 2016). Bond strength is another essential 
mechanical parameter that defines the strength of the interface between cement and 
casing/formation. The cement interface is known as a weak link that potentially fails under 
severe loading to form microannuli. There are three types of bond strength, (i) tensile bond 
strength, (ii) shear bond strength, and (iii) hydraulic bond strength. A comprehensive summary 
of the cement bond strength is provided by Opedal et al. (2019). 

3.2.3 Hydraulic properties of cement 

The hydrated cement retains voids, which are a combination of interlayer space of C-S-H 

layers, capillary, and air voids. The capillary pores (0.01 um < d < 10 m) are formed as the 
water in the cement pores is consumed by the cement clinker. The CSH gel pores (d < 0.01 

m) are filled with physically bonded water in the gel structure of CSH (Sidney et al., 2003). 
The size of capillary pores and air voids is orders of magnitude larger than CSH gel pores. The 
permeability of the set cement is mainly defined by the capillary pore system (Powers, 1958). 
Pore parameters, such as the pore throat size and the connectivity, affect the cement 
permeability. Less connected capillary pores reduce the set cement permeability as fluids must 
flow through the gel pores. 
 
The cement permeability changes over time due to the cement hydration. The permeability 
decreases at a fast rate during the early-age hydration due to cement slurry densification. The 
process of hydration will be slower with time because the formed matrix limits the water intake 
for unhydrated clinkers. Hence, the change in permeability at a later age is less significant. In 
the first 24 hours, the gas permeability of cement drops by 2-3 orders of magnitude to 1 mD 
(Ridha et al., 2014), and the water permeability is approx. 0.1 mD (Goode, 1962). In the 
prolonged curing, Yu et al. (2018) measured that the water permeability drops further from 
0.04 to 0.02 µD after 2 years of curing. Similar to cement permeability, the cement porosity 
reduces as cement hydrates and the rate of porosity reduction is slower with time. The capillary 
porosity of cement drops from 22.4% in 28 days to 10.6% in 2 years (Yu et al., 2018). In 
addition, the connectivity of the capillary pores drops from 50% in 28 days to 39.2% in 2 years. 
The threshold pore width of cement capillary pores is also reduced from 360 nm in 24 hours 
to 45 nm in 7 days (Cook and Hover, 1999). Afterward, the size of the pore width becomes 
constant until the end of the measurement period of 56 days. 
 
The general guideline for zonal isolation requires cement with water permeability less than 0.1 
mD (Piot, 2006). Dissolution/precipitation may affect the mineral mass to reduce/increase the 
porosity. Similarly, degradation from high temperatures could increase the permeability 
significantly. Defects in the cement bulk or at the interface also influence the effective sealing 
properties of cement. Defects could form due to issues during cementing operation, cement 
shrinkage, and geomechanical factors from the change in wellbore stress. Improper fluid 
displacement during the cementing job and poor cement gelation could become the source of 
gas migration and channeling issues. The bulk shrinkage during cement hydration, ranging 
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from 0.5-5.0% of cement volume, reduces the cement pore pressure and total stress, which 
ultimately can lead to microannulus (Thiercelin, 2006). Cement with microannulus hydraulic 
apertures of 10-100 µm can increase the effective permeability of cement sheath to 1-1000 
mD, and a methane leakage rate at surface above 10000 kg/yr if the annulus is continuous up 
to surface (Stormont et al., 2018; Moghadam et al., 2022). 
 
Cement core analysis by Duguid et al (2017) showed that most of the cement samples have 
good intrinsic permeability at approx. <0.01 mD. Few cement cores have higher permeability 
due to various causes of contamination, degradation, and channeling. The effective 
permeability of the annulus from the vertical interference test (VIT) data shows that the 
effective wellbore permeability in two selected wells is larger than the intrinsic permeability of 
the cement cores. This finding indicates that the well interface is much more permeable than 
the cement sheath. 

3.2.4 Interactions between hydrogen and cement 

Abiotic reactions can occur between hydrogen with materials in the pores of cement, such as 
fluid or minerals in the matrix (Figure 5). The reactivity of H2 for these reactions is kinetically 
limited due to the polar nature of the H2 molecule. In addition, very high energy is required to 
break the strong binding energy of H-H bond before electron transfer takes place (Ting and 
Stagner, 2021). The reaction rates depend on pressure, temperature, pre-existing minerals, 
ions, and living bacteria that may act as catalysers. Except for pyrite reduction by hydrogen, 
the reactions can occur at temperatures up to 600 oC (Ting and Stagner, 2021; Zivar et al., 
2021). The process is considered negligible at low temperatures as long as other catalysts are 
not present.  

 

 

Figure 5. Possible interactions of cement in the underground hydrogen storage (UHS) system. 
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The penetration of H2 into cement is governed by mass transport in a porous medium, which 
could be advective and diffusive flow. The advective flow is controlled by the permeability of 
the cement, and the mechanism is driven by the pressure gradient. Unless defects are present, 
the advective flow through cement is limited because the permeability is very low, as discussed 
in the previous section. In the two-phase flow system, the entry of gas into the cement pores 
is also governed by the capillary pressure. Based on the relationship between threshold 
pressure and permeability proposed by Thomas et al. (1968), the threshold pressure for air to 
displace water in cement with a permeability of 0.1 mD is approximately 0.14 MPa. Above the 
threshold pressure, the flow of air in the cement pores follows the gas effective permeability, 
which is a function of pore water saturation (Kameche et al., 2014). If the pressure gradient is 
non-existent, the mass transport of gas into the cement pores is through diffusion. Hydrogen 
gas diffusion in cement depends on the water saturation in the capillary pores, and they are 
ranging between 10-6

 m2/s for dry samples and 10-10-10-13 m2/s for nearly saturated samples 
(Sercombe et al., 2007). A sharp reduction in diffusion coefficient occurs for water saturations 
above 60% (Boher et al., 2013). 
 

3.2.5 Experiments on well cement 

3.2.5.1 Reactions between cement and hydrogen 

Existing studies that investigate mechanisms of abiotic reactions between cement and H2 are 
limited. A simulated chemical reaction between cement minerals and hydrogen has been 
provided by Jacquemet et al. (2020). Ettringite and hematite are cement minerals that can 
interact with hydrogen. The non-reacted cement minerals include jennite (CSH phase with C/S 
of 1.5), portlandite, and diaspore (AlO(OH)). The interaction of ettringite and hematite with 
hydrogen is driven by the sulfate and ferric content, respectively. The products of the reaction 
resulted in precipitation of FeS and Fe3O4, which were estimated to reduce the cement matrix 
volume by <1 vol% after reaching full thermodynamic equilibrium based on geochemical 
modelling (PHREEQC). 
 
Several studies conducted experimental works investigating the influence of hydrogen on 
hydraulic and mechanical cement properties. The summary of experimental works is shown in 
Table 3. 
 

Table 3. Summary of experimental works evaluating cement properties in a hydrogen system. 

Study by Hydrogen mixture & method Studied parameters Condition Cement mixture 

RAG Austria et 
al. (2017) 

25% H2 and 75% CH4 
Static test with wet gas 
(circulated through water-
saturated activated carbon)  

Gas permeability, 
XRD analysis 

40 oC and 70 bars 
Period: < 14 months 
 

N/A 

Boersheim et al. 
(2019) 

100% H2  
Static test. The samples are 
submerged in brine bath. 

Gas permeability, 
porosity 

100 C and 50 bars. 
Period: 4 weeks 
 

Neat cement 
Class G (44% 
BWOC) 

Shi et al. (2020) 13% H2 and 87% NG (96.4% 
methane) 
Static test. The samples are 
aged in air bath 

Gas permeability, 
porosity, XRD analysis 

80 C and 262 bars. 
Period: 3 months 
 

N/A 

Corina & Ter 
Heege (2021) 

Static test. The samples are 
submerged in brine bath (8% 
NaCl) 

Uniaxial compressive 
strength, Young’s 
Modulus, Poisson’s 
ratio 

80-110 C and 200 
bars. 
Period 

Neat cement 
Class G (38% 
BWOC) 
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Three studies evaluated the intrinsic hydraulic properties of cement aged in H2 environment. 
Results from RAG Austria et al. (2017) showed that gas permeability of cement typically 
increased by a factor 1.2-1.7 after being aged for 2 to 14 months. However, no clear differences 
in permeability changes were observed between samples aged in H2 and samples aged in CH4 
and N2. Leaching of cement and reaction with CO2 in the mixing water were discussed as the 
cause of the alteration in permeability. This was based on the XRD measurement showing a 
reduction in portlandite and an increase in vaterite.  
 
The experimental work by Shi et al. (2020) showed that the aged cement sample had an 
increase in gas permeability of 62.5% and a drop in porosity by 0.4%. The XRD measurement 
on the aged sample indicated that the calcite amount increased and an altered form of 
Portlandite was formed. It was mentioned that technical difficulties in the XRD measurement 
might mask the result. In the work by Boersheim et al. (2019), the water permeability of aged 
cement samples increased by 140-450%, and the porosity reduced by 24-31%. The change in 
permeability of samples aged in N2 varied from -23.6% to 600.9% and the porosity mostly 
dropped by 5-22%. The final permeability and porosity of the aged samples were dispersed, 
and the range was similar between the samples exposed to H2 and N2.  It was observed that 
the pH of the in-situ fluid increased from pH 5 to 11 and the concentration of calcium increased. 
The change in the porosity and permeability was presumed due to cement 
leaching/precipitation and the precipitation of salt minerals. 
 
Based on the work by Boersheim et al. (2019) and RAG Austria et al. (2017), the final 
permeability of cement samples aged in H2 is in a similar range to that aged in N2. It was also 
observed that the permeability of the aged cement increases from the initial condition. The 
change in permeability varies in each study, which could be due to the variations in the aging 
methods. Cement aging in a dry condition could risk microcracking from evaporation if the 
relative humidity in the incubator is less than 100%. The influence of microcracking is more 
pronounced in a small cement sample, which significantly increases its permeability. The 
presence of liquid, either water or brine, during the incubation period may mask the change in 
permeability and porosity due to competition between leaching and hydration rate. This is 
especially the case if early-age cement is used as the test samples. Impurities in the liquid, 
such as CO2, could also react with cement minerals, which ultimately correspond to changes 
in cement’s properties. Therefore, it is essential to perform the aging testing in a good-
controlled environment that has minimum side effects on the cement properties.  
 

Table 4. Summary of mechanical properties of neat cement (38% BWOC) in different exposure 
conditions (Corina & Ter Heege, 2021). 

Sample # 
 

Exposure UCS (MPa) Young’s modulus (E) 
[GPa] 

Poisson’s ratio 
(n) [-] 

2.1 No exposure 39.2 8.7*) 0.087*) 

2.2 N2 exposure 56.3 10.8 0.121 

2.3 H2 exposure 47.2 11.3 0.127 

 
Results of cement’s mechanical properties under different gas exposure can be seen in Table 
4. It was observed that the compressive strength of samples exposed to N2 and H2 is higher 
compared to non-exposed samples by 30 and 20%, respectively. The difference could be due 
to the variation in storing the samples. During aging, the exposed samples were submerged in 
brine and at elevated pressure and temperature. This could promote further cement hydration. 
On the other hand, the unexposed sample was stored inside a wet cover at room temperature 
condition. The Young’s Modulus and Poisson’s ratio of the N2- and H2-exposed sample are in 
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the same range at approximately 11 GPa and 0.12, respectively. The H2-exposed sample has 
lower compressive strength by 16% than the N2-exposed sample. This could be due to the 
heterogeneity of cement samples, and thus repetitions of measurement are required. 
 
The future outlook should consider the influence of hydrogen on the mechanical properties of 
cement because the availability of this knowledge is limited. Different types of cement 
compositions that reflect the actual cement system in the wellbore should be taken into 
account. Cement systems with silica flour can be one of the candidates because not only that 
it is commonly used for deeper wellbore sections (high temperature), but it is also less prone 
to leaching. Ettringite cement system (cement type K, S, and M) – an expansive cement system 
–  could behave differently in an H2 system compared to neat cement. Cement that experiences 
a major sulfate attack due to the reaction with magnesium sulfate and sodium sulfate might 
contain higher ettringite content. Confirming the mineral contents in brine provides an overview 
to estimate the event of sulfate attack. 
 
According to the existing studies, the variability in the experimental results is quite large since 
cement is a very heterogeneous material. Therefore, test repetitions will be beneficial. When 
aging in wet or submerged conditions, cement continuously hydrates, and therefore the 

comparison should be made with samples at the same hydration. At a temperature of ~23C, 
the degree of cement hydration stabilizes after 28 days because the matrix densifies and the 
moisture transport for further hydration is limited (Cook and Hover, 1999). After 28 days, 
cement permeability, porosity, and pores size change at a significantly lower rate (Cook and 
Hover, 1999; Yu et al., 2018). At elevated temperatures, the stabilization occurs at a faster 
period because of higher hydration rates. The evolution of compressive strength of class G 

cement with curing time suggest stabilization after ~4 days of curing at 80C (Zhang et al., 
2014). Accordingly, selecting the correct curing period prior aging test avoids side effects from 
cement hydration. Accompanying analyses, such as XRD measurements, provide added 
analysis of the mineral contents in cement to check unwanted side effects and further cement 
hydration. 

3.2.5.2 Cement integrity under cyclic operating conditions 

Experimental and numerical works investigating the cement sheath damage from the 
injection/withdrawal cycles are available (De Andrade et al., 2014; De Andrade et al., 2015; 
Fernandez et al., 2019; Stormont et al., 2018; Vrålstad et al., 2015; Moghadam et al., 2022). 
The cement failure modes are inner debonding with casing, outer debonding with formation, 
radial cracking, disking, and shear failure (Bois et al., 2011). The drop in wellbore temperature 
from cold fluid injection generates significant radial tensile stress in the cement sheath. If the 
stress is greater than the tensile strength, cement is debonded from the inner casing. During 
heating, the cement sheath is exposed to hoop tensile stress, which could lead to radial 
cracking if the stress exceeds the tensile strength. A lower thermal load can also damage the 
cement sheath. In the work by Kuanhai et al. (2020), cement damage was observed after 11 
temperature cycles of ΔT 60o C. The tensile bond strength of cement/casing was reduced after 
the thermal cycling, and the reduction is significant at a higher thermal load (ΔT 120 oC). The 
shear bond at the interface of cement/casing can be damaged from thermal cycling (Carpenter 
et al., 1992). The cement damage due to temperature cycling promotes crack enlargement 
and microannuli propagation. Stormont et al. (2018) reported that the hydraulic aperture of 
microannulus in damaged cement sheath increases with decreasing temperature during cold 
water injection. The change in the hydraulic aperture was found to be greater than the radial 
contraction of the casing that can be calculated from linear thermoelastic theory, suggesting 
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additional (non-elastic or non-mechanical) effects of temperature on annulus permeability (e.g., 
fracturing of cement).  
 
Pressure change in the wellbore also influences wellbore stress. Inner pressure reduction 
generates hoop compressive stress in the cement sheath. In severe cases, it promotes radial 
cracking in high compressive cement and shear cracking in soft cement (Goodwin and Crook, 
1992). In addition, the contraction may lead to inner microannulus due to debonding. The 
increase in pressure can lead to compressive damage and the development of tensile radial 
cracks. The numerical work by Xu et al. (2018) shows the coupling effect of temperature drops 
and pressure increases during injection operations. The cold fluid injection without pressure 
promotes tri-axial (radial, hoop, and axial) tensile stress in cement. In the cold injection with 
high pressure, the radial stress becomes compressive and the hoop and axial stresses are in 
tension. This means that the risk of debonding is reduced. Meanwhile, injection with high 
pressure also promotes octahedral shear stress that increases the risk of shear failure in the 
cement sheath. Elastic-plastic characteristic of cement during pressure cycling was evaluated 
by Kuanhai et al. (2020). It was shown that during the pressure cycling, cement was gradually 
damaged due to the accumulation of plastic deformation. Recently, TNO conducted 
experimental work to evaluate mechanical and hydraulic microannulus characteristic and 
associated well leakage under changing wellbore pressures (Moghadam et al., 2020; 
Moghadam, et al., 2022).  
 
Evaluation of the effect of pressure and temperature cycles on cement integrity relevant to 
UHS well systems needs to be further evaluated. Selecting the optimum flow rate and injection 
temperature for effective hydrogen storage while limiting cement (bond) damage can be based 
on experimental or modelling results. It would be a first step in defining the optimum window 
of operating conditions that reduce risks of cement integrity loss. A better understanding of the 
possible alteration in cement mechanical properties and the influence of cyclic operations for 
UHS would further constrain the optimum operational window.  

3.3 Elastomers 

Elastomers are mainly used as packers in wells to seal off the annulus between the tubing and 
casing. Elastomers are rubber or plastic materials used as seals in a well, most commonly in 
packers and fittings. The most common oilfield elastomers and their corresponding material 
code are Nitrile (NBR), Hydrogenated Nitrile (HNBR), Fluoroelastomers (FKM, FEPM or TE/P) 
and Perfluoroelastomers (FEKM). What is special about these materials is the ability to easily 
deform (low Young’s modulus), while maintaining almost incompressible (high bulk modulus). 
This means that applying force on elastomer in one direction will mainly result in expansion in 
the other direction (high Poisson’s ratio), without change in elastomer volume (Bellarby, 2009). 
Elastomer properties are affected by temperature, i.e. at low temperature the material can 
become too resistant to deformation (“too hard”) to provide a good seal while at high 
temperature extensive deformation can lead to extrusion and loss of sealing capacity (“too soft 
or flexible”). 

3.3.1 Interactions between hydrogen and elastomers 

Elastomers can be susceptible to detoriation by certain chemicals, such as hydrogen sulfide. 
Thus, proper material selection must be based on the expected chemical and operational 
conditions associated with local UHS operations at project locations, depending on well 
designs as well as reservoir and formation fluid composition and conditions. A failure 
mechanism specific to elastomers is blistering or explosive decompression which can happen 
if pressure is rapidly reduced (Koga et al., 2011). Under high applied pressure, hydrogen can 
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enter into elastomers through permeation or dissolution and be entrapped inside the 
elastomers, which promotes volume increase. The integrity of the elastomers can be severely 
jeopardized. Ultimately, elastomers may suffer from blister fracture by rapid gas 
decompression, sometimes referred to as explosive decompression failure (XDF). This 
phenomenon is more likely to be encountered close to the surface, for example, if a pressure 
in a high-pressure well is bled too sudden. Fast decompression resulting in inner blister-related 
fracturing can also happen if hydrogen penetrates through elastomer elements which could 
lead to loss of sealing capacity. The effects can be mitigated if, after a long idle period, the 
start-up and withdrawal phase are done in gradual steps.  
 
The Sun Storage project provides field experience that can be used to evaluate the 
compatibility of elastomers typically used in oil and gas to hydrogen. Elastomers used in 
operations for this project were NBR 9-, HNBR 80, Viton 90, Packer Sealing 90, Pacer sealing 
70, Fluorocarbon, HNBR, FPM 90, and O-ring. No change in mass and volume was observed 
after injecting and withdrawing the gas mixture with 10% hydrogen in most elastomers. The 
only change was noticed in the HNBR elastomer which showed slight mass and volume gain 
(RAG Austria AG, 2017). 

3.3.2 Experiments on elastomers 

The compatibility of rubber seal materials to hydrogen infrastructure, such as for piping and 
storing, has been reported. Most of the studies focus on NBR and EPDM elastomers. For well 
completion purposes, other types of rubber materials made from hydrogenated nitrile, fluoro-
elastomers, and perfluoro-elastomers are also used for specific applications (e.g. HPHT, sour 
wells). A summary of the experimental studies evaluating elastomer performance in a 
hydrogen system is shown in Table 5. 
 

Table 5. Summary of experimental works on elastomers. 

Study by Hydrogen mixture & 
method 

Studied parameters Condition Elastomer 
material 

Yamabe and 
Nishimura 
(2012) 

Dry H2 gas Hydrogen content (permeation 
test), optical microscopy 
imaging, tensile strength 

T: 30 oC 
P: 10 MPa 
Aging period: 2-24 
hours 

NBR, EPDM 

Yamabe and 
Nishimura 
(2012) 

Dry H2 gas Molecular structure (IR and 
Raman spectra), viscoelastic 
properties 

T: 30 oC 
P: 100 MPa  

NBR, EPDM 

Simmons et al. 
(2021) 

99.99% H2 gas Compression set, swelling, 
transmission electron 
microscopy, chemical analysis 

P: 27.6-90 MPa  
Aging period: 16 
hours 
 

NBR 

Fujiwara et al. 
(2015) 
 

99.99% H2 gas – 
cyclical test 

Hydrogen content, dynamic 
mechanical strength (DMA) 

T: 30 oC 
P: 90 MPa 
 

NBR 

Yamabe et al. 
(2013) 
 

Dry H2 gas – cyclical 
test 

Tensile strength, SEM, DMA T: 30-60 oC 
P: 10-70 MPa 

EPDM  

Ahmed et al. 
(2019) 

N2 gas – cyclical test Pressure tightness of seal 
under cyclic load 

T: Room 
temperature 
P: 0.28 MPa 

NBR, EPDM 

 

The blister initiation mechanism due to hydrogen penetration into rubber materials is discussed 
extensively in the work by Yamabe and Nishimura (2012). It was reported that a sub-
micrometer-size cavity (bubble) was formed in the material due to the supersaturation of the 
dissolved hydrogen after decompression. The formation of such bubbles hardly influences the 
tensile properties of rubber composites unless the bubbles initiate blistering. In addition, the 
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hydrogen content in EPDM and NBR seals increases with hydrogen partial pressure. Simmons 
et al. (2021) also reported similar findings and showed that the compression set of NBR seals 
increases by 40% after high-pressure hydrogen exposure. It is reported that there was no 
significant influence on the molecular structure, mechanical properties, and chemical 
properties of the EPDM and NBR seals under hydrogen exposure (Yamabe and Nishimura, 
2012). 
 
The performance of rubber seal materials in high-pressure H2 gas, however, is highly 
influenced by pressure cycling and temperature condition. Ahmed et al. (2019) tested the 
sealing EPDM and NBR elastomers under an N2 cyclical pressure (<0.28 MPa). Under normal 
conditions (i.e. no mechanical or chemical degradation), the elastomers were leak-tight. 
However, the sealing of the elastomers was reduced significantly after being exposed to CO2 
and when mechanical defects were present, resulting in leakage.  The H2 cyclical pressure test 
by Yamabe et al. (2013) showed that the damage in the rubber seal (EPDM) becomes severe 
with pressure increase. At pressure > 35 MPa severe damage from extrusion fracture due to 
swelling was observed. The tensile strength of the seals was reduced with increasing 
temperature, and hence the damage from cyclical pressure is pronounced at elevated 
temperatures. Besides pressure and temperature, the increase in pressure-cycle frequency 
promotes damage from cracks. The strength of elastomer and its resistance to crack can be 
improved by enforcing filling materials, such as silica and Carbon Blake (CB). Fujiwara et al. 
(2015) showed that the mechanical properties of the materials can be weakened after cyclical 
pressure depending on the type of fillers added within rubber seal material.  
 
The current knowledge of the compatibility of wellbore elastomers for the UHS system is still 
limited to NBR and EPDM seals. Evaluation of wellbore elastomers can follow the testing 
guideline define in NORSOK Standard M-710 (2001). In addition, evaluation of wellbore 
elastomers performance under cyclic temperature conditions and for high hydrogen content of 
gas mixtures is still lacking, and knowledge from experiments or operational experience is 
scarce. 
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4 Effects of cyclic hydrogen injection and withdrawal on 
mechanical behaviour of porous reservoirs and 
caprocks 

4.1 Overview  

UHS in porous permeable media requires (1) the presence of impermeable top seal (caprock) 
and lateral seals (e.g., fault seals) to prevent the stored gas from migrating, and (2) host rock 
characteristics that are favourable to gas injection and production. Indeed, the ideal reservoir-
caprock-lateral seal combination should prevent hydrogen leakage or loss from hydrogen-rock-
fluid systems, for example due to microbial reactions or breach of geological seals (Dopffel et 
al., 2021; Flesch et al., 2018; Hassannayebi et al., 2019; Henkel et al., 2014; Shi et al., 2020; 
Truche et al., 2013; Yekta et al., 2018) and pre-existing faults (Zivar et al., 2021). The 
mechanical integrity of the reservoirs and caprocks must be considered because the 
mineralogical transformation induced by reactions may impact the mechanical properties of 
the reservoir and caprock (Hangx et al., 2015; Schimmel et al., 2021). Processes transforming 
mechanical properties need to be well constrained to apply the range of pressure within the 
porous reservoir without loss of hydrogen containment.   
  
The effect of cyclic H2 injection and production on the mechanical integrity of porous reservoirs 
are well summarized in the top right quarter of Figure 6 (Heinemann et al., 2021). Indeed, the 
injection of a pressurized foreign fluid will, on the one hand, alter the chemical environment of 
the reservoir resulting in fluid-rock reactions that potentially impact grain-scale microstructures 
and thus the rock mechanical properties. On the other hand, it will have a direct effect on the 
state of stress within the reservoir with pore pressure increase and decrease during injection 
and production periods respectively, generating a poroelastic response that can potentially 
lead to the reactivation of neighbouring faults (e.g., Candela et al., 2018; Segall, 1989). 
Therefore, in this section we will first describe the different type of hydrogen-rock-fluid reactions 
affecting porous reservoirs. We will then discuss how these chemical transformations may 
influence the mechanical behaviour of these rocks. Finally, we will review the combined effects 
of cyclic injection and productions and chemical reactions on reservoirs, caprocks and faults.   

4.2 Hydrogen - fluids - mineral reactions in geological reservoirs 

Table 6 summarize the results of recent laboratory and/or modelling experiments investigating 
biotic or abiotic mineralogical reactions in the hydrogen – fluid – rock system applied to porous 
reservoirs and their caprock.  
  
Injection of hydrogen gas in a “dry” reservoir rock or caprock has no effect with none or barely 
detectable reactions with minerals (Yekta et al., 2018). When hydrogen is dissolved in the 
formation brine, only limited reaction with silicate and clay minerals are observed (Bo et al., 
2021; Hassannayebi et al., 2019; Labus and Tarkowski, 2022; Shi et al., 2020; Yekta et al., 
2018). For example, Labus and Tarkowski (2022) predict minor dissolution of silicate minerals 
of about 10-3 % volume over 8 years. Such minor reactivity results from the slow kinetic rates 
of hydrogen – brine – minerals reactions  (Hassannayebi et al., 2019).   
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Figure 6. Aspects involved in the storage of hydrogen in porous media (from Heinemann et al., 
2021). 

 

The dissolution of hydrogen in brine induces redox equilibration of the fluid-rock system which 
triggers redox reactions affecting iron oxides (goethite, hematite, magnetite), iron sulphides 
(pyrite, pyrrhotite) and iron-bearing clays and minerals (Hassannayebi et al., 2019; Henkel et 
al., 2014; Labus and Tarkowski, 2022; Truche et al., 2013). Depending on the rock composition, 
these reactions may increase or reduce the porosity. The experiments of Labus and Tarkowsky 
(2022) show that these reactions increase the porosity in sandstones and some claystones but 
can also reduce it in other claystones and mudstones. Porosity variations may affect the rock 
strength and elastic properties and thus the mechanical integrity of the reservoir. As these 
variations are important in the claystones and mudstones, they could also modify the sealing 
properties of the caprocks. In addition, hydrogen-driven redox reactions with iron-bearing clays 
involve the reduction of Fe(III) which could result in sorption of hydrogen in swelling clay-rich 
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reservoirs, caprocks and fault gouges (Didier et al., 2012; Mondelli et al., 2015). Another aspect 
of redox reaction with sulphide is the formation of H2S which not only decreases the quality of 
the stored hydrogen but also modifies the redox and pH of the brine triggering further fluid-rock 
reactions (Truche et al., 2013).  
   
Carbonate- and sulphate-bearing minerals are particularly sensitive to the dissolution of 
hydrogen into their formation fluids (Table 6). Several experiments have shown that carbonate 
(calcite, dolomite) and sulphate (anhydrite) are dissolved in H2-brine-rock systems because of 
the pH decrease of the pore water just after hydrogen injection (Bo et al., 2021; Flesch et al., 
2018; Henkel et al., 2014). Bo et al (2021) have shown that hydrogen dissolution in brine 
induces a pH decrease at pressure and temperature relevant for subsurface aquifers and 
hydrocarbon reservoirs (Figure 8). These dissolution processes are fast, and simulations show 
that sandstone reservoirs with calcite or anhydrite cement could almost disappear after a few 
decades. However, carbonate dissolution as well as the redox reactions will increase the pH 
of the pore fluid and could limit the dissolution processes over time (Labus and Tarkowski, 
2022). In addition, Flesch et al. (2018) demonstrated that the carbonate and anhydrite 
dissolution are not pervasive through the reservoirs but are localized along a reaction zone a 
few 100 µm wide at the interface between the injected hydrogen and the formation fluid (Figure 
7). This reaction front is not fixed in space and time and will sweep through the reservoir 
according to the injection-production cycle. In particular, near the injection well, the spatial 
distribution of interfaces between hydrogen and formation fluid will show complex patterns. 
Displacement of formation fluid by hydrogen can be heterogeneous. For example, hydrogen 
will preferentially migrate along zones of elevated reservoir permeability, and displace 
formation fluid. 
 

Because UHS in former natural gas reservoirs or simultaneous storage of hydrogen and 
natural gas are currently mainly considered, reactions in the system hydrogen – natural gas – 
rock (± fluids) need to be constrained. Shi et al. (2020) performed such experiments on a 
sandstone gas reservoir, its caprocks and even well cements (Table 6) and described similar 
reactions as described above. Only slight changes of porosity were observed and slight 
changes in permeability for the sandstone while caprocks display high permeability reduction, 
which is good for sealing.  
  
Reactions involving microorganisms in the hydrogen – fluid – rock system have been reviewed 
by Dopffel et al. (2021). To summarize, microbial activity can be considerable in aquifers and 
gas reservoirs and their effect strongly depends on the pressure and temperature conditions, 
rock and fluids composition, and the type of microorganism population. Overall, their effects 
are similar to and enhance the type of reactions that we have described above such as the 
formation of sulphide or the dissolution of minerals which often results and contributes to the 
porosity increase in the UHS reservoir.   
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Table 6. Summary of recent experimental studies on mineralogical 
reactions in hydrogen-fluid-rock systems. 
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Figure 8. Schematic illustration where in a potential hydrogen reservoir the observed reactions 
will occur. The reaction/mix zone, in which mineral alteration was observed, is not fixed and will 
align corresponding to H2 injection or rejection during reservoir management (from Flesh et al., 
2018). 

4.3 Effect of H2-fluid-rock reactions on the mechanical properties 
of porous reservoirs and their caprocks 

In the previous section we have seen that dry H2 mostly act as an inert gas when in contact 
with sandstones reservoirs and caprock. However, when injected into a fluid-rock system, H2 
will disturb the pore chemical environments. The redox and pH state of the system will be re-
equilibrated based on various fluid-rock reactions depending on the fluids and rock 
composition. In the following, we will present the effects of: (i) pH decrease, (ii) pH increase 
and (iii) redox reactions on the sandstones and caprock microstructures and therefore their 
mechanical properties.  
 
The injection of H2 in sandstone reservoirs and claystone caprocks will lead to the reduction of 
the pH of the formation fluid (Bo et al., 2021; Flesch et al., 2018; Henkel et al., 2014), resulting 
in the dissolution of carbonate (calcite, dolomite) and sulphate (anhydrite) minerals in 
claystone and cements in the sandstones. The loss of solids due to dissolution increases the 
rock porosity and permeability as new fluid flow paths open. In sedimentary rocks, when the 
porosity increases the rock strengths and stiffness drops, i.e. the compressive strength, 
Young’s modulus, and the bulk modulus decrease (Carcione et al., 2005; Chang et al., 2006; 
Wang, 1984). However, Hangx et al. (2015) showed that the effect of cement dissolution on 
the mechanical behavior of sandstones also strongly depends on the type of cementation. 
Indeed, while pore filling cements have a limited contribution to the support of the framework, 
diagenetic nodular and lamellar cements with or without grain replacement contribute 
significantly. Higher porosity also means more space for grain rearrangement and less surface 
contact between grains, thus increasing local stresses and promoting grain crushing 
(Brzesowsky et al., 2014). Both mechanisms induce reservoir compaction and permanent 
deformation may accumulate during the injection/production cycles (Schimmel et al., 2021). 
Direct shear experiments on CO2-exposed (low pH) gouges have shown that even in acid 
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conditions the fault friction properties are not altered and fault reactivation due to pH decrease 
was unlikely (Hangx et al., 2015).  
   

 
Figure 9 (a, b). The efect of pore fuid chemistry on short-term compaction of quartz sand 
aggregates based on uniaxial stress-cycling experiments. Total strain, (c, d) elastic strain, (e, f) 
permanent strain versus pH for quartz aggregates with low (group A) and high (group B) porosity 
(from Schimmel et al., 2021). 

  
The short-term dissolution of carbonates and sulphate as well as the various redox reactions 
taking place after H2 injections in porous reservoirs increase the pH of pore fluids over time 
scales consistent with UHS activities (Labus and Tarkowski, 2022). As described in section 
4.2, the fluid-rock reactions occurring at this stage have a limited effect on sample mineralogy 
and porosity of the sandstone and caprocks. In sandstones, redox reactions mostly induce 
dissolution or precipitation of minor phases with likely limited impact on the rocks mechanical 
properties while the reactions triggered in a high pH environment are limited due to their slow 
kinetics (Hassannayebi et al., 2019; Labus and Tarkowski, 2022; Yekta et al., 2018). However, 
stress corrosion microcracking in quartz is sensitive to the pH of the surrounding fluid with 
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higher rate of crack growth at elevated pH (Atkinson and Meredith, 1981). Compaction 
experiments on quartz and feldspar aggregates wetted by fluids covering a large range of pH 
conditions have shown that the amount of permanent deformation resulting from grain crushing 
increases with pH (Figure 9, Hangx et al., 2010; Schimmel et al., 2019; Schimmel et al., 2021). 
The authors also argue that low pH solutions would inhibit microcracking therefore competing 
with carbonate and sulphate cement dissolution effect on grain crushing.  
 
Redox reactions with iron-bearing clays involve Fe(III) reduction which could result in sorption 
of hydrogen and swelling of clay-rich reservoirs, caprocks and fault gouges (Didier et al., 2012; 
Mondelli et al., 2015). At grain scale, adsorption and desorption of hydrogen to swelling clays 
within grain contacts may lead to local stress variations between grains (Zhang, 2019), which 
could lead to mechanical fatigue and increase permanent deformation over the lifetime of a 
UHS complex (Heinemann et al., 2021). Heinemann et al. (2021) also argue that although the 
hydrogen sorption capacity of swelling clays is less than other fluids such as CO2 the stress-
strain-sorption behaviour may still be relevant for the integrity of UHS reservoirs, their caprocks 
and neighbouring faults. Indeed, clay swelling may lead to critical stressing of fault triggering 
slip but also potentially enhanced the lubrication effect of hydrogen (Cornelio et al., 2019; 
Wentinck and Busch, 2017). Both mechanisms could result in fault reactivation and and/or 
provoke leakage across geological seals (Heinemann et al., 2021).  
 

The wide variety of chemical reactions triggered by the injection of H2 are strongly dependent 
on the rock and pore fluid compositions and the alteration of the mechanical properties they 
induce can vary widely. However, the increase of permanent (inelastic) deformation occurs 
with all H2-fluid-rock reactions described above which can have a significant impact in term of 
injectivity and productivity of hydrogen, fault reactivation, sealing capacity of caprocks and 
faults, and, ultimately, subsidence and induced seismicity (e.g., Hettema et al., 2006; 
Pijnenburg et al., 2019). These effects will be further discussed in the following section. 

4.4 Effect of cyclic loading on the mechanical behaviour of porous 
reservoir and their caprocks 

The injection of cold pressurized fluids into a porous subsurface reservoir will provoke a 
thermoporoelastic response resulting in a change of the state of stress in the rock mass and 
the faults around the injection source (e.g., Candela et al., 2018; Rutqvist, 2012; Segall, 1989).  
During hydrogen injection/production, the temperature variations in the reservoir near the 
injection well will be small compared to injection/production of natural gas, depending on the 
amount of hydrogen in the gas stream. Temperature changes and thermoelastic stress 
changes are unlikely for injection of gas mixtures with large amounts of hydrogen (Heinemann 
et al., 2021; Klell, 2010). However, the pressure variations resulting from the injection of 
pressurized hydrogen/natural gas mixtures may changes the state of stress far from the well-
bore and involve deformation beyond the area of pressure change (Rutqvist, 2012, Ellsworth, 
2013; Ter Heege et al., 2018). The pressure increase reduces the effective stresses, which 
bring the state of stress closer to failure for both faults and rocks. This process is for example 
what likely caused the M4 earthquake at the Castor underground gas storage in Spain 
(Vilarrasa et al., 2021). During the period of production, pressure in the rock mass and the fault 
decrease but compaction may lead to a stress build up able generate high enough shear stress 
on favourably oriented fault and initiate failure (Segall, 1989; Van Wees et al., 2017; 
Muntendam-Bos, 2021). 
   
The mechanical properties of rocks not only determine how they deform under stress changes 
but also how stress variations propagate through the rock mass. Thereby, they control the 
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spatial distribution of stress changes and compaction, and how the state of stress around 
surrounding faults is affected by the cyclic injection/production. As we have seen in the 
previous sections, the interactions between hydrogen, fluids and rocks result in a variety of 
mineralogic reactions depending on the rock and fluid composition. We have shown that the 
transformations triggered by the pore fluid pH variations, such as carbonate and sulphate 
dissolution at low pH and stress corrosion microcracking in quartz and feldspar at high pH, are 
the most significant in term of alteration of the rock mechanical properties (Hangx et al., 2010; 
Schimmel et al., 2019, 2021). Understanding the interaction between rock property 
transformations and poroelastic stressing due to cyclic injection/extraction of hydrogen are key 
to constrain changes in reservoir flow, compaction and injectivity/productivity, and the stability 
of the faults surrounding the UHS system. 
 
In their study, Schimmel et al. (2021) have performed cyclic compaction experiments on quartz 
aggregates at various pH conditions and shown that total permanent deformation is mostly 
acquired during the first cycles (Figure 9). Indeed, the cumulated grain cracking and grain 
reorientation during the compaction increase the surface contact between grains, which 
reduces the intergranular stress. Thus, crack growth and grain failure may progressively be 
impeded. When scaled to a UHS porous reservoir, hydrogen injection could trigger a response 
of the reservoir involving dissolution of carbonates and sulphate as well as grain crushing and 
local compaction. These processes will alter porosity and mechanical and flow properties of 
the reservoir. The response will be time-dependent, i.e. pH equilibration to higher values could 
trigger even more compaction and stiffening of the reservoir, but this effect likely will stabilize 
after a few cycles. In this scenario, the poroelastic response of the reservoir will be highly 
dependent on the chemical environment in the early stages of operations and become more 
stable and predictable in later stages.  
 
Clay-rich caprocks such as claystones and shales have an anisotropic elastoplastic behaviour. 
The elastic response to stress changes as well as the creep rate are highly dependent on the 
bedding orientation relative to principal stress orientations (Zhang et al., 2019). Cyclic 
compaction experiments from Zhang et al (2019) also show the hardening behaviour of 
claystones. However, as we have discussed in the previous section, hardening could be 
influenced by clay swelling during injection in wet conditions. Clay swelling may also lead to 
self-sealing of clays with strong effects on the opening and closure of leakage pathways (e.g., 
fractures) during the injection/production cycles (Song and Zhang, 2013). The swelling-
shrinkage of clays are also important for fault stability as fault gouge strength depends on clay 
contents and hydration, with lower strength at high water content (Ikari et al., 2007). 
Mineralogical reactions occurring in the hydrogen-brine-rock system for caprocks can have 
varying effects on porosity and permeability (cf. section 4.2). The overall effect on mechanical 
properties will have to studied for every targeted reservoir and caprock because of the high 
variability of mineral composition of this type of rocks.  
 
In their review, Heinemann et al. (2021) argue that repetitive injection of dry hydrogen could 
lead to the pervasive drying out of the reservoir, changing the mechanical properties over time. 
The direct consequences would be the progressive diminution of fluid rock reactions 
threatening the reservoir integrity, but the drying of clays would induce their shrinkage and may 
reverse the self-sealing properties of fractures leading to the reopening of leakage pathways 
(Song and Zhang, 2013). 
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5 Integrity and durability of well systems under cyclic 
hydrogen injection and withdrawal 

Wells are considered a critical component in safe and reliable storage operation to inject, store 
and withdraw gas from the reservoir. Because of that, wells must be designed to ensure 
integrity and safe operation throughout the lifetime of the well. Uncontrolled gas leakage, but 
also material compatibility to certain hydrogen concentration can compromise the integrity of 
the well, whereas additional stress of cyclic injection, shut-in, and withdrawal periods may 
further affect the integrity of a well. There is limited research and operational experience that 
is specific to cyclic hydrogen injection and withdrawal. Thus, this report will review existing 
knowledge and the limited operational experience to define critical aspects specific to cyclic 
nature of underground hydrogen storage (UHS) operation. 

5.1 Current practices of well designs for cyclic gas and hydrogen 
storage 

Underground storage of natural gas is regulated by two recommended practices addressing 
the safe operation of underground natural gas storage in salt caverns (API 1170) and porous 
reservoirs (depleted hydrocarbon reservoirs, aquifers) (API 1171). There are no existing 
standards and regulations that explicitly consider storing hydrogen underground. Thus, current 
well design and completion standards from oil and gas industry have to be adapted for 
hydrogen-rich environments and loads expected during cyclic injection and withdrawal. 
 
Based on API 1171, a storage well must contain at least two casings, i.e. a surface and a 
production casing that is cemented partly or fully to the surface. Well completion of wells for 
storage in porous reservoirs and salt caverns is similar, and typically consists of production 
tubing, i.e. a tubular conduit through which injection and withdrawal take place (Figure 10). It 
is hung off from the wellhead and usually anchored with a production packer. A packer anchors 
the tubing to the casing and seals off the injection/production zone from the upper part of the 
well. Wellhead equipment must comply with API spec 6A. It controls the fluid flow from the 
wellbore, and is equipped with a set of valves that can be used to close off the well. Every 
storage well must include a sub-surface safety valve (SSSV) which acts as an additional safety 
element in case of uncontrolled inflow. Another important part of maintaining the integrity of 
the well is cement. The purpose of cement is to isolate certain formations and keep the fluids 
from communicating with other zones (i.e. provide zonal isolation), provide a leak-tight bond 
between the formation-casing and casing-casing interface, and maintain the overall structural 
integrity of the well mainly by shielding metal casings from local variations in mechanical loads 
and chemical interactions.   
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Figure 10. Schematic well with different components, barriers and potential modes of failure that 

may leak to well integrity issues, loss of zonal isolation or leakage (according to ISO/TS 16530‐
2:2013(E), cf. Van der Valk et al. 2020).  
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Salt cavern UGS wells are equipped with a large diameter production tubing, usually 9-5/8” to 
satisfy high injection/withdrawal rates, but smaller diameters may be used. A sample 
schematic of two salt cavern storage wells in the Netherlands is depicted in Figure 11. Wells 
in a depleted hydrocarbon reservoir might be similar in design, but are most commonly 
designed with a 7” production casing which can host smaller tubing diameters. For example, 
UGS wells in Alkmaar, Grijpskerk and Norg in the Netherlands are equipped with 7” liners 
inside 9-5/8” production casing (see www.nlog.nl for details on well designs). The alternative 
to compensate injection/withdrawal capacity requirements would be to drill new fit for purpose 
wells with large diameter production sections. However, the downside of this approach is that 
every new well drilled through the caprock is a potential source of leakage and can compromise 
the viability of the project. 
 

 

Figure 11. Schematic drawing of two wells in the gas storage facility in Zuidwending (NL) 

(EnergyStock, 2017). 

 
In general, well and completion design of UGS can be applied for UHS because the safety 
requirements are independent of the stored media type (DBI-GUT, 2017). However, all flow 
wetted components that are continuously exposed to hydrogen-rich gas, have to be material 
compatible and able to sustain a new operational environment. Storage wells are designed to 
have multiple barriers to prevent leakage and to maintain safe operation throughout the lifetime 
of the well. Most commonly adopted is a two-barrier rule. Part of the primary barrier are all 
elements marked in blue in Figure 12, which are in direct contact with the injected and/or 
produced gas such as the last cemented casing (LCC) below the packer, cement of LCC, 
production packer, production/injection tubing and subsurface safety valve (SSSV). The 
secondary barrier is a backup barrier in case of primary barrier failure. It is composed of 

http://www.nlog.nl/
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caprock, LCC above the packer, cement behind LCC above the packer, wellhead system, and 
master valve.  
 
 

 

Figure 12. Two barrier concept of a UGS/UHS well. The actual well design and completion might 
vary from case to case (BVEG, 2021). 

5.2 Effects of hydrogen under cycling injection and withdrawal on 
critical well elements 

Storing hydrogen in existing depleted gas reservoirs allows for a large-scale, long-term and 
scalable energy buffering solution. A promising option is to reuse existing oil and gas 
infrastructure for UHS. However, due to the nature of hydrogen being added to the gas mixture, 
it can lead to microbiological and chemical reactions, in particular at the reservoir level (Dopffel 
et al., 2021). Depending on the hydrogen concentration in a gas mixture, deteriorating effects 
of storage well materials can occur (Reitenbach et al., 2015). Thus, experience and practices 
of storing natural gas into UGS cannot simply be translated to cases with added hydrogen in 
the gas mixture. Recent projects in Argentina and Austria demonstrated that adding up to 10% 
of hydrogen in a mixture with natural gas is feasible without any observed impact on well 
integrity and completion envelope. However, at higher concentrations, and specifically when 

Primary barrier (Blue) 

1 Storage formation 

2 Last Cemented Casing (LCC), below packer 

3 LCC Cement, below packer 

4 Packer 

5 Injection/withdrawal tubing 

6 Subsurface safety valve (SSSV) 

Secondary barrier (Red) 

A Caprock 

B LCC above packer 

C LCC cement above packer 

D Bottom flange 

E, F, G 
Wellhead (tension spool, master valve, 
emergency shut down valve) 



  Doc.nr: 

Version: 

Classification: 

Page: 

HyUSPre-D5.1 

Final 2021.05.31 

Public 

37 of 60 

 
 

 

 
 

         
www.hyuspre.eu 

injecting pure hydrogen well system integrity over timescales of UHS projects is yet to be 
proven. 
 
Hydrogen has different chemical and physical properties compared to other underground 
storage gasses (Table 1). It is the smallest molecule and compared to methane, less soluble 
in water but its diffusivity is four times larger which might result in higher leak rates and stricter 
leak-tight requirements of storage operation as a whole. The viscosity is also lower compared 
to CH4, thus the addition of 10% of hydrogen in a storage gas mixture can cause a 5% increase 
in flow rates, aiding in potential leakage (Reitenbach et al., 2015). A higher concentration will 
therefore increase the potential. Hydrogen has a higher mass-energy density than natural gas, 
but eight times smaller density under standard conditions. This results in a factor of 3 to 4 times 
lower volumetric energy density compared to methane at standard (atmospheric) conditions 
(~10 MJ/Sm3 for H2 versus ~35 MJ/Sm3 for CH4, Table 1). Hydrogen is also less compressible 
(5-10%) compare to natural gas, which means it will require a larger storage capacity to deliver 
the same amount of energy. 
 
Hydrogen gas is injected and produced (withdrawn) via tubing at a certain operational flow 
velocity. The flow velocity increases as density decreases due to depressurization. This effect 
in a UHS operation will be most prominent at bottom hole conditions during injection, and at 
the wellhead during the withdrawal phase (Groenenberg et al., 2020). In contrast to natural 
gas, hydrogen has lower volumetric energy density, which might require higher flow velocities 
during cyclic storage operation to compensate for lower energy content. There is a certain 
velocity limit, a threshold value above which flowing gas will result in erosion of completion 
elements. This value is called erosional velocity and depends on the average gas/fluid density 
flowing through the tubing. The threshold value will decrease with increasing pressure and 
decreasing tubing size that are subject to higher gas velocities. This effect is even more 
prominent in case solid particles are present in the gas stream. Erosion intensity of gas flow is 
generally related to particle impact angles. Thus, the most susceptible parts of a well will be 
casing perforations, the lower part of the tubing, and bends at the wellhead.  
 
Another important operational aspect related to cyclic injection and withdrawal is the 
operational pressure window. It is defined by the formation fracture pressure and minimum 
pressure that have to be sustained to prevent formation collapse. It is important to stay within 
this operating range as it can lead to near well formation damage and well integrity issues. 
Injection of pressurized and cold hydrogen will affect the chemistry, pressure and temperature 
changes in the reservoir and the near well bore area, but will not lead to a significant 
temperature drop due to the Joule-Thomson (JT) depressurization effect as is the case with 
CO2 injection (Heinemann et al., 2021). On the contrary, the JT effect is negative, which means 
it will lead to a slight increase in temperature due to depressurization.  
 
Hydrogen can lead to microbiological and chemical reactions at the reservoir level. The most 
critical by-product for well related materials is hydrogen sulfide. It can form geochemically by 
a hydrogen-induced redox reaction with the mineral pyrite (FeS2) (Heinemann et al., 2021), or 
as a by-product of bacterial sulfate reduction. In any case, even small quantities of hydrogen 
sulfide can enter the well and promote corrosion of steel components that are in direct contact 
with the fluid. Several studies showed that such aggressive environment can aid in material 
failure due to hydrogen embrittlement and the reduction of ductility in steel (RAG Austria AG 
et al., 2017., Trautmann et al., 2020). Additional strain on such exposed elements, for example 
caused by the cyclic injection/withdrawal of hydrogen in UHS operations, can promote 
mechanisms that lead to material failure (Trautmann et al., 2020) 
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Adding hydrogen to natural gas streams can pose a threat to flow-wetted components of a well 
such as casing, cement, tubing, packer, and valves. The well components that are most 
commonly exposed to a new hydrogen-rich environment can be divided into three material 
categories; cement, steel alloys, and elastomers.  

5.3 Critical well elements and barriers for cyclic hydrogen injection 
and withdrawal  

The main aspect to consider during cycling operation is that all well design and completion 
components must be leak-tight and sustain integrity during injection and withdrawal of gas 
mixtures with added hydrogen (Figure 10). The main materials to be affected by the operation 
are the parts in direct contact with hydrogen, which are usually part of the well barrier system 
(e.g., wellhead, casing and tubing steel alloys, cement, SSSV, and elastomer packers). 
Technical integrity and reliability of well materials have been identified as critical aspects for 
successful UHS operations in Sun Storage project (RAG Austria AG et al., 2017). The issue 
was also addressed in a comprehensive study of the effects of hydrogen injection in natural 
gas networks for the underground storages in the Netherlands (DBI-GUT, 2017). Van der Valk 
et al. (2020) identified material integrity and durability as important risks categories to be 
evaluated while repurposing depleted gas reservoirs for hydrogen storage. 

5.3.1 Wellhead 

The wellhead provides structural support, and pressure control of a well via its valves which 
can be automatically and/or manually controlled. A wellhead is a part of the secondary barrier 
during hydrogen withdrawal, and all its components have to be leak-tight. According to 
Crotogino (1996), the maximum accepted leak rate for wells underground gas storage is 150 
kg/d whereas ISO 13678 recommends a leak rate of 0.1 l/d for seals and thread compounds 
for use with a casing, tubing, line pipe and drill stem elements. These thresholds for leak rates 
were assessed within the context of salt cavern storage and hydrocarbon operations. Leak 
rates for hydrogen have not been regulated and standardised. All connections at the wellhead 
level have to be leaktight as hydrogen is the smallest and highly diffusive molecule under 
relevant conditions. Field experience from the Sun Storage project showed that the existing 
wellhead maintained its integrity with no leakage at 10% of hydrogen in a gas mixture.  
 
There are existing wellheads specifically designed for hydrogen storage operation, that are 
tested for material suitability i.e. hydrogen embrittlement, and leak tightness. Some 
manufacturers of valves and wellheads claim a 100% compatible wellhead system to the 
hydrogen environment. Examples are based on a double sealing design and an integrated 
metal-to-metal seated ball. The advantage of such a system is that several components are 
built in one block, reducing a number of flange connections and requiring no grease injection. 
Ball valves are designed according to API 6A specifications, can tolerate pressures up to 690 
bar, temperatures up to 550C and high cycles up to 200 000 per year, which seems to be in 
line with UHS requirements.  
 
An issue may be that valves and bends at the wellhead will be subjected to erosion if certain 
particle velocity is reached within the gas stream. Erosion-induced corrosion can create 
environments where HE is promoted, which can lead to degradation and subsequently the 
failure of exposed components. Therefore, wellhead pressure during injection and production 
must be kept within a safe operating window with respect to critical erosional velocity. 
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5.3.2 Casing and tubing 

In general, high-strength steels are more prone to hydrogen embrittlement. The embrittlement 
reduces the material ductility and will result in material failure below its tensile strength. The 
first indications are formation of cracks and fractures. The required steel grade type to be used 
in a hydrogen rich environment will depend on the hydrogen concentration and temperature. 
At higher temperatures, hydrogen disperses in the metal structure and no build-up occurs, 
whereas at lower temperatures migration is restricted and hydrogen can build up locally. 
Depending on local stress conditions, this build-up of hydrogen can promote cracking (Bellarby, 
2009). 
  
Corrosion-resistant alloys (CRA) which are commonly used in the oil and gas industry in 
environments rich in H2S or CO2 have a martensitic structure which is strong, hard and shows 
good resistance to sulfide stress cracking (SSC). However, the structure is brittle (less ductile) 
and is more prone to the HE effect. Austenitic structures, on the other hand, can absorb more 
hydrogen but requires a higher hydrogen concentration to initiate embrittlement compared to 
the martensitic structure (Trautmann et al., 2020). 
 
Reitenbach et al. (2015) indicated an ultimate tensile strength (UTS) of 900 MPa as the 
threshold value for steel to be more prone to HE. They also stated that welds are the most 
critical components of well completion if subjected to cyclic gas injection and withdrawal. 
However, most tubulars are nowadays seamless with a threaded connection. Low to 
intermediate mild carbon steel with carbon content less than 0.3% shows good resistance to 
HE, compared with high carbon steel with a carbon content of more than 0.3%. They also 
concluded that no severe effects on steel well storage equipment are expected below 10% 
volume concentration of hydrogen in a gas mixture, provided that hydrogen partial pressure 
does not exceed 20 bar. These conclusions are in line with the results from Sun Storage field 
testing which showed no degradation of steel materials under 10% hydrogen and partial 
pressure of 10 bar. The gas mixture was injected during three months period, followed by three 
months shut-in phase and a withdrawal phase lasting for almost five months. Steel grade 
materials used downhole were L80, P110, 43CrMo4, L360, P235, J55 and K55. No effects of 
HE were recorded. This was also confirmed by wall thickness measurements before and after 
storage operation. No effects on well integrity due to cyclic operation were observed.  

 
Trautmann et al. (2020) concluded that hydrogen uptake increases with hydrogen partial 
pressure and temperature. Wet (electrolytic) environment as resulting from the addition of H2S 
increases the uptake of hydrogen. Susceptible material is exposed to specific stress conditions,  
it can lead to hydrogen embrittlement, which was the case for 42CrMo4, and P110 steel grade. 
The sour service steel grade L80 did not crack under similar testing conditions, and seems 
suitable for application up to 100 bar H2. Another experimental study conducted by Boersheim 
et al. (2019) looked at effects of hydrogen embrittlement on N80, K55 and J55 steel grade 
materials commonly found in a well. Specimens have been placed in a high salinity brine and 
exposed to hydrogen at 100°C and 100 bar for a period of 4 weeks. No HE was observed, 
probably because specimens have not been exposed to deformation that promote hydrogen 
uptake.  
 
There is limited research and field experience of the effects of hydrogen on steel materials 
used in a well design and completion, and thus further studies are required. Trautmann et al. 
(2020) made a summary of existing experimental studies for the amount of hydrogen absorbed 
for various steel grades under different experimental conditions. However, there is a lack of 
integration of these results with field operations that would be relevant to the UHS. Further 
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research is required to assess effects of hydrogen on steel performance within the functional 
environment of wells. More details on the conducted experiments on steel materials are 
provided in section 3.1.2. 

5.3.3 Sub-surface safety valve (SSSV) 

The main purpose is to automatically and safely close off the well in case of uncontrolled 
release of the gas from the reservoir. It is a part of the primary barrier. It is failsafe, meaning 
that a certain hydraulic pressure is required to open the valve, whereas a pressure drop will 
return the valve to a closed position (EnergyStock, 2017). SSSVs are a standard in gas flowing 
wells in oil and gas but are yet to be proven in hydrogen storage wells. There is limited 
information publicly available on the compatibility of SSSVs with hydrogen rich environments 
and their cyclic storage operation. Most likely they will have to be designed specifically for 
hydrogen storage, such as is the case for wellheads. 

5.3.4 Cement 

The purpose of cement is to create a leaktight bond of the casing with the rock in order to 
protect the casing against formation pressure, corrosion, and mechanical loads, and seal the 
annulus between other casings. Hydrogen is a small and highly diffusive molecule (Table 1). 
Because of these properties, it is more prone to diffusion into wellbore cement than other 
molecules in a storage gas mixture. A small increase in hydrogen content will affect the flow 
rates of the mixture with natural gas, and thus can increase the potential of migration and 
leakage in cement or along rock-cement-casing interfaces if defects are present. Chemical 
reactions can cause the dissolution of carbonate and sulfate minerals, and can reduce the 
sealing ability of the bond between cement and casing or rock (Reitenbach et al., 2015). In 
general, the risk of chemical alteration is considered to be low (DBI-GUT, 2017). Well 
cementation operations are standardised to ensure well integrity in well operations, but 
standards are not specifically adopted for hydrogen gas storage. Due to the specific nature of 
hydrogen, cement may have to be modified to prevent gas leakage through the cement or 
along rock-cement-casing interfaces. Modifications should consider chemical compatibility 
with stored gas and effects of stress cyclic on cement due to cyclic hydrogen injection and 
withdrawal during UHS operations. A more detailed review of effects of hydrogen on cement 
and conducted experimental studies are described in section 3.2.5.  
 
From the field experience in the Austrian RAG storage site, no effects of cyclic storage 
operation have been observed on cement integrity with 10% hydrogen in a natural gas mixture 
at reservoir conditions of 40°C and 70 bar. It was validated by running ultrasonic measurement 
(USIT) and cement bond logs (CBL). Also confirmed in small-scale laboratory tests under 
similar testing conditions. However, to further estimate the effects of cyclic operation with 
higher hydrogen content on typically used Portland types of cement, such as API classes G 
and 10B further studies are required. As a future outlook, Groenenberg et al. (2020) proposed 
to develop a geomechanical model which could simulate the effects of cyclic hydrogen injection 
and withdrawal on the formation of micro-annuli and other potential leak pathways in cement.  

5.3.5 Packers 

Elastomers are used in packers to seal off the annulus between the tubing and casing. In 
general, these types of sealing elements are also used for UHS. It remains yet to be proven if 
existing UGS packers and elastomers can be used in hydrogen storage operations (DBI-GUT, 
2017). Due to small molecule and high diffusivity, hydrogen penetration in elastomers can 
result in rapid decompression and inner blister fracture, and ultimately to loss of sealing 
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integrity. From the existing studies, blister fracture, or decompression failure (XDF) is referred 
as the most common failure mechanism of elastomer materials. However, it is not clear 
whether cyclic loading due to injection and withdrawal will additionally contribute to failure. It 
potentially leads to additional strain on the material, but further research and field experience 
is required to evaluate the effects. It seems that failure of elastomers is most likely in case of 
sudden changes in pressure and temperature, or in case elastomers are incompatible with the 
chemical environment. Rapid decompression and temperature change is not typical during 
normal UHS operations, and its impact on well systems remains to be demonstrated. A more 
detailed review of effects of hydrogen on elastomers and conducted experimental studies are 
described in section 3.3.2.  
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6 Implications for durability, integrity and efficiency of 
porous reservoir storage systems under cyclic hydrogen 
injection and withdrawal 

The previous sections provide a detailed review of the effects of hydrogen injection and 
withdrawal on properties of well and rock materials. Implications for the durability and integrity 
of well elements and rock materials that are part of the subsurface hydrogen storage systems 
are also discussed. In this section, we compile the detailed information and identify the main 
overarching risks associated with hydrogen storage in subsurface porous reservoirs for some 
critical elements or risk receptors. Critical elements that are distinguished are (1) the hydrogen-
containing gas stream, (2) the storage reservoir, (3) the caprock, (4) faults, (5) the well system, 
and (6) the surface environment (Figure 13, Ter Heege et al., 2021). 
 

 
Figure 13. Schematic diagram showing the critical elements of porous reservoir storage systems 
(H2 stream, storage reservoir, caprock, faults, wells and surface) that are distinguished to 
address risks for durability, integrity and efficiency of cyclic hydrogen injection and withdrawal. 
The approach to link processes from laboratory experiments to project risks is also indicated 
(cf. Figure 1). Modified from Ter Heege et al. (2021). 
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In identifying the main risks, we focus on technical and environmental risks related to 
geomechanical effects on durability, integrity and efficiency of the critical elements and risk 
receptors in porous reservoir storage systems. Other types of risks (e.g., commercial, political 
and societal) are not explicitly addressed, although links to economic and societal risks are 
apparent. For example, loss of storage efficiency can affect economic risks and (lack of) 
environmental impacts can affect societal risks by enabling or hampering a social license to 
operate for hydrogen storage projects. Note that only surface effects resulting from or directly 
linked to subsurface operations are considered (for example, regarding surface infrastructure 
only wellheads are considered and not pipelines for transportation of hydrogen at surface). 
 
The main processes and factors contributing to the risks are discussed together with some 
general mitigation measures. An advantage of focussing on few main risks rather than a 
comprehensive inventory of possible incidents and risks is that risk mitigation measures can 
be more focussed and directly linked to monitoring efforts and operational measures that are 
practically feasible to implement. A disadvantage of the current approach may be that several 
processes and incidents with different causes are lumped together in the classification of main 
risks. More elaborate risk inventories can be found in other reviews, for example Evans (2008), 
Van der Valk et al. (2020), DBI GUT (2017), RAG Austria AG et al. (2017) and Heinemann et 
al. (2021). Detailed geochemical, microbiological and flow effects and properties are studied 
in other work packages within the HyUSPRe project. 
 
For reviewing current practices, it is of interest to compare risks associated with UHS with other 
underground geoenergy activities. In particular, seasonal storage of natural gas (UGS), 
geothermal energy extraction (GEE) and, to some extent, carbon capture and underground 
storage (CCS) have a longer track record and UHS can benefit from lessons learned regarding 
risk management (Ter Heege et al. 2021). UHS is unique in that large volumes of hydrogen 
are not present in subsurface reservoirs, contrary to natural gas or CO2. However, some 
processes and risks may be comparable and risk management approaches may serve as 
analogues to approaches for UHS, if differences in geological and operational characteristics 
are properly addressed. 

6.1 Main processes affecting the durability, integrity and efficiency 
of critical elements in porous reservoir storage systems 

We identified two main interacting processes that affect the durability, integrity and efficiency 
of critical elements associated with UHS: (1) interaction between hydrogen, formation fluids or 
gases, and well or rock materials that change the properties of materials and elements in the 
subsurface storage system, and (2) temperature and pressure variations due to cyclic injection 
and withdrawal of hydrogen that changes the spatial and temporal distribution of stresses in 
the subsurface storage system. 
 
Interaction between hydrogen, formation fluids or gases, and well or rock materials can be 
directed by chemical reactions altering the composition or mineralogy of materials or diffusion 
and accumulation of hydrogen in materials (e.g., hydrogen embrittlement). Interaction can also 
be indirect, for example by promoting microbial activity that affect material integrity. The 
interaction is generally time-dependent and complex effects may be expected over time (see 
also previous sections). Whereas, some effects may be cumulative over multiple cycles of 
hydrogen injection and withdrawal (e.g., formation damage). Others may be most prominent 
during initial cycles and progressively diminish with subsequent cycles (e.g., chemical 
reactions of hydrogen and rock materials). Notable examples of this interaction that negatively 
affect durability, integrity of efficiency of critical elements in UHS are: 
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• Degradation of quality of hydrogen gas stream by mixing with formation gases, products 
from reactions with hydrogen (e.g., H2S) or solids released from the reservoirs (e.g., sand 
or fines migration); 

• Microbial corrosion of well casings due to enhanced microbial activity; 

• Loss of hydrogen injectivity or productivity due to formation damage (hydrogen-induced 
plastic deformation, enhanced compaction) at injection or production wells; 

• Loss of sealing capacity of caprocks or fault seals due to changes in properties of rock 
materials by reactions with hydrogen. 

Temperature and pressure variations due to cyclic injection and withdrawal of hydrogen will 
change the spatial and temporal distribution of stresses in the subsurface storage system by 
direct pressure, poroelastic and thermoelastic effects in the reservoir. In general, effects are 
partly instantaneous (direct pressure effect in the near well area) and partly time-dependent 
(pressure diffusion of injected hydrogen in the reservoir or creep of rock materials driven by 
stress changes). Notable examples of re-distribution of stresses that negatively affect durability, 
integrity of efficiency of critical elements in UHS are: 

• Hydraulic fracturing of reservoir during hydrogen injection (high injection rates, 
temperature effects or clogging of reservoir in the near wellbore area); 

• Loss of sealing capacity of caprocks or fault seals due to fracture initiation or fault 
reactivation resulting from re-distribution of stresses during hydrogen storage cycles; 

• Induced seismicity due to fault reactivation resulting from re-distribution of stresses during 
hydrogen storage cycles; 

• Surface subsidence and heave due to compaction and expansion of the reservoir resulting 
from pore pressure variations during hydrogen storage cycles. 

Besides the differences caused by difference in properties of natural gas and hydrogen-gas 
mixtures (Table 1), temperature and pressure variations during UHS can be analogous to 
variations occurring during UGS. Interaction between CO2, formation fluids or gases, and well 
or rock materials during CCS result in very different reactions, changes in formation fluid 
composition and pressure/temperature variations compared to UHS. However, some aspects 
can be compared given that both UHS and CCS involve injection of a chemically active gas or 
fluid that potentially affect durability, integrity and efficiency of critical elements in the 
subsurface storage system. In particular, well integrity issues and seal integrity associated with 
CCS operations are extensively studied (Zhang and Bachu, 2011; Wolterbeek et al., 2016; 
Teodoriu and Bello, 2020; Orlic, 2016). Induced seismicity has been studied extensively within 
the context of GEE (Foulger et al., 2018; Buijze et al., 2020). Despite many differences 
between GEE and UHS (e.g., water versus hydrogen injection), some aspects of GEE 
operations may be relevant, in particular regarding assessment of seismic risks associated 
with subsurface injection operations. Unique to UHS is that contrary to the other geoenergy 
applications, hydrogen is not naturally occurring in large volumes in subsurface reservoirs 
(contrary to CH4, CO2 and brine). Accordingly, the effect cyclic hydrogen injection and 
withdrawal on the durability, integrity and efficiency of subsurface storage systems is 
determined by the interaction between changes in properties of materials and re-distribution 
of stresses. For example, fracture initiation in caprocks may promote chemical interaction with 
stored hydrogen and changes in mechanical properties of the reservoir will affect re-distribution 
of stresses. 
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6.2 Main risks associated with the durability, integrity and efficiency 
of porous reservoir storage systems under cyclic hydrogen 
injection and withdrawal 

6.2.1 Risk assessment 

Risks can be defined as the combination of (1) the probability or likelihood of the occurrence 
of an incident or hazardous event and (2) the (severity of) impacts or effects that the incident 
has on a risk receptor, such as a system or environment (e.g., Okrent 1980; Smith 2013). 
Within the context of this review, we consider the hydrogen-containing gas stream, storage 
reservoir, caprock, faults, well system, and the surface environment as risk receptors (Figure 
13). Risks associated with these critical element generally affect the efficicency of operations. 
A risk bow-tie is useful to describe incidents in terms of its causes and effects with associated 
preventive and control measures that lower the likelihood of incident occurrence or the impact 
of the incident, respectively (Figure 14). 
 

 

Figure 14 Example of a risk bow-tie that describes incidents in terms of its causes and effects 
with associated preventive and control measures (top), and a risk assessment matrix that 
classifies risks according to their likelihood of occurrence and severity of effects (bottom). 
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A risk assessment matrix can be used to classify risks according to their likelihood of 
occurrence and severity of effects (Ter Heege, 2017; Van der Valk, 2020). Note that different 
versions with different number and type of classes dividing severity of impacts and likelihood 
of occurrence exist. In general, there is a trade-off between number of classes and robustness 
of differiation in likelihood and impacts of incidents. Distinguishing many classes allows 
detailed differentiation of likelihoods and impacts, but differentiation may become subjective if 
limited data is available. Distinguishing too few classes limits differentiation in risk levels, and 
thereby limits differentiation of practical mitigation measures (i.e. risk levels may too quickly 
switch from minor to high despite relatively minor changes in likelihood or impact). 

6.2.1.1 Degradation of the quality of the hydrogen-containing gas stream 

Interaction between the hydrogen-containing gas stream and reservoir, caprock or well 
systems can lead to degradation of quality the gas stream. Changes in gas stream composition 
can affect the durability and integrity of reservoir and well systems as well as the efficiency of 
operations. We emphasize three main causes, focussing on the hydrogen-containing gas 
stream as the critical element in the storage system:  

• Mixing with naturally occurring formation gases or fluids. Most likely is mixing with 
formation gases or fluids (such as brine, CH4, N2), and, in particular, cushion gas used. 

• Contamination with H2S or CO2 which can occur if it is naturally occurring or if it is formed 
by reactions between hydrogen and dissolved sulphur species of sulphur-bearing minerals 
such as pyrite (FeS2). 

• Mixing with solids released from the reservoir (fines migration) that is promoted by 
formation damage and cumulative plastic deformation in the near-wellbore region. 

 
Some mixing between the hydrogen-containing gas stream and naturally occurring formation 
gases or fluids or cushion gas will generally occur. Low levels of impurities in the gas stream 
can usually be handled by standard surface gas processing facilities, and are not likely have 
significant effects on operations. Contamination with corrosive gases or fluids such as H2S or 
CO2 or mixing with solids are less likely to occur. 
 
Contamination of the hydrogen-containing gas stream affects the efficiency of UHS operations 
if additional cleaning measures are required at surface to make it suitable for end use. The 
effects are minor if contaminants can be easily separated or removed from the gas stream at 
surface. Contamination with corrosive gases or fluids such as H2S or CO2 can have significant 
effects on other critical elements, mainly well systems (injection/withdrawal tubing) and surface 
infrastructure (e.g., valves). In particular, formation of H2S can affect well integrity as it is highly 
corrosive. Due to its toxicity at low concentrations, formation of H2S is also a major concern for 
surface environments if leakage from the well system or surface infrastructure occurs. Mixing 
with solids released from the reservoir can promote tubing erosion, which will limit the window 
of storage operations and impact efficiency. 

6.2.1.2 Reduced injectivity and productivity of the hydrogen-containing gas 
stream 

Changes in flow properties of wells or reservoirs in the near-well region can lead to reduced 
injectivity and productivity of the hydrogen-containing gas stream. It is mainly dependent on 
reservoir integrity and efficiency of flow in the well, and affects efficiency of operations. We 
emphasize three main causes, focussing on interaction between well system and storage 
reservoir as critical elements including the well, well-reservoir interface and near-well reservoir 
region: 
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• Cumulative non-reversible (plastic) deformation of reservoir rock in the near-well region 
due to stress changes during cyclic injection and withdrawal of hydrogen. 

• Changes in formation fluid/gas composition and reaction with reservoir rock in the near-
well region that affect mechanical and flow properties of the reservoir. 

• Clogging of wells by solids or liquids released from the reservoir (e.g., liquid loading) 
and/or geochemical and microbiological processes such as bacterial growth or mineral 
precipitation (e.g., scaling). 

Most current UHS projects use existing UGS sites that have been in operation for longer 
periods of time. In these systems, reduced injectivity/productivity may only occur if chemical 
interactions between hydrogen and reservoir affect reservoir integrity. Release of solids or 
fluids from the reservoir due to stress changes is less likely considering long term cyclic 
injection and withdrawal operations for UGS. If reservoirs would be prone to sand or fines 
migration or liquid production, these issues would have been encountered during UGS already. 
In future UHS projects, larger amounts of hydrogen may be co-mixed with natural gas, and 
chemical interaction may become more likely. 
 
Impacts of formation damage, fines or sand migration and liquid loading may be that reservoir 
injectivity/productivity is significantly reduced. Special well operations may be required to 
regain injectivity/productivity, such as chemical, pump or foam treatments. Ultimately, re-
perforation or side-tracking of wells may be required to access new reservoir sections, which 
have a large impact on efficiency of operations. 

6.2.1.3 Loss of well integrity and hydrogen leakage along wells 

Well systems are artificial pathways connecting storage reservoirs with surface infrastructure 
that are designed to prevent uncontrolled migration of gases or fluids outside of the storage 
reservoir. Maintaining well integrity is critical in preventing uncontrolled fluid or gas migration 
outside of the tubing. If migration is extensive, mitigation measures are required that 
(temporarily) affect well operations and may considerably influence the efficiency of operations. 
We emphasize four main causes, focusing on the well system as the critical element in the 
storage system: 

• Problems with well construction that may occur due to operational (e.g., drilling issues) or 
geological (e.g., overpressures) factors, in particular related to casing cementation. 

• Cyclic stress changes on well systems due to temperature and pressure variations during 
injection and withdrawal of the gas stream. 

• Well material degradation due to interaction between hydrogen and steel tubing or casing, 
casing cement and elastomers. 

• Loss of reservoir integrity in the near-well region that alters stresses on the well system 
(e.g., support of cemented casing by the reservoir). 

Properly constructed wells should be able to sustain long term operation, including cyclic 
injection and withdrawal of hydrogen-containing gas streams. Environments prone to problems 
with well construction include (1) wells in special geological settings that are tectonically active 
(e.g, prone to shear deformation of wells), (2) reservoirs with exceptional large overpressures 
(e.g., prone to mud weight issues) or high temperatures (e.g., prone to cement curing issues), 
or (3) when drilling through mobile and/or soluble formations such as salt (e.g., prone to 
problems with washouts). For different subsurface geoenergy operations, many well integrity 
issues are (at least partly) related to problems with well construction. If UHS is considered in 
reservoirs that have been subject to long term cyclic injection and withdrawal operations for 
UGS, well construction issues are less likely to be encountered. In general, the combination of 
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cyclic stress changes on well systems and material degradation due to interaction with 
hydrogen could lead to well integrity issues. Issues may be more frequent for long term term 
operations and for gas streams with large concentrations of hydrogen. Given limited UHS 
projects that have been operational for longer periods of time and generally low concentration 
of hydrogen in gas streams, the likelihood of loss of hydrogen leakage over the lifetime of 
storage projects is difficult to assess based on current practices.  
 
Severity of impact can vary considerably for well integrity issues. Primary or secondary well 
barriers may be affected leading to local loss of zonal isolation. The main effects may include 
(1) enhanced corrosion of steel components in the well system (e.g., tubing or wellhead valves), 
(2) alteration of well cement that affect durability and integrity of casings, and (3) loss of 
functionality of elastomers that affect their sealing capacity. Ultimately, in rare occasions of 
extensive loss of well integrity and zonal isolation over large well sections likely combined with 
poor well placement and cementation, leakage of hydrogen to surface may occur. 

6.2.1.4 Loss of hydrogen containment by breach of geological seals 

Containment of hydrogen within the porous reservoir storage system relies on the long term 
integrity of geological seals such as formations in the overburden with low permeability and 
fault seals. If these seals are jeopardized, effects on the efficiency of operations may be severe.  
We emphasize two main causes that can affect the sealing capacity of geological seals, 
focussing on caprock and faults as the critical elements in the storage system: 

• Alteration of rock materials by interaction with hydrogen can change the mechanical and 
flow properties of the reservoir, caprock or faults, and thereby the sealing capacity of top 
or lateral seals. 

• Stress changes and re-distribution of stresses due to cyclic injection and withdrawal of 
gas can lead to initiation of fractures by initiation of fractures or reactivation of faults. 

Porous reservoir storage systems and operations are generally designed so that containment 
of injected gases or fluids is ensured. However, changes in rock properties by interaction with 
hydrogen and stress changes due to cyclic injection and withdrawal of gas may lead to 
changes in the mechanical and flow properties of the reservoir, caprock and faults. Generic 
statements on the likelihood of seal integrity issues are difficult to make as it critically depends 
on site-specific geological and operational factors. It would require geomechanical modelling 
to asses under what conditions the integrity of seals would be affected, taking into account 
uncertainties in rock properties and the presence and status of geological structures such as 
faults. For new UHS sites, uncertainties related to sealing capacity of caprock or faults with 
respect to hydrogen may require detailed analysis, in particular if reservoirs were not used for 
other geoenergy operations before UHS (e.g., storage in aquifers). For existing (UGS) sites, 
progressive fracturing or reactivation of sealing faults required to induce significant leakage 
out of the storage reservoir would require significant changes in the response of the storage 
system operations. In general, seal integrity issues would be more likely for long term 
operations and gas streams with high concentrations of hydrogen given that time-dependent 
interaction with hydrogen is an important factor. 
 
Despite that the likelihood of loss of containment may be limited for existing (UGS) storage 
systems and low concentrations of hydrogen in the gas stream, impacts can be severe should 
it occur. Limited measures exist that can mitigate hydrogen migration across geological seals 
as identifying and accessing leakage pathways away from wells is difficult. It may be necessary 
to significantly reduce reservoir pressures to attempt to close (tensile) fractures or reduce slip 
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tendency of faults. Ultimately, it may be necessary to shut-in (parts of) operations in leaking 
reservoir compartments.  

6.2.1.5 Induced seismicity and ground motions 

Subsurface storage operations may translate to (cyclic) ground motions at surface, i.e. 
subsidence or heave (Zoccarato et al., 2016, Fokker et al., 2018). If fault reactivation occurs, 
seismic energy can be released that may be observed at surface as earthquakes. We 
emphasize two main causes that lead to induced seismicity or ground motions, focussing on 
surface effects and surface environment as the critical elements in the storage system: 

• Reservoir compaction or expansion during injection and withdrawal, respectively, can lead 
to subsidence and/or heave if displacements are translated from reservoir to surface. 

• Stress changes and re-distribution of stresses due to cyclic injection and withdrawal of 
gas can lead to induced seismicity associated with reactivation of faults. 

 
Surface ground motions will likely be minor for cyclic injection and withdrawal of gas, in 
particular for large vertical separation between reservoir and surface. In general, the likelihood 
of inducing significant ground motions that create issues at surface is low. Surface 
displacements measured by levelling at surface or by InSAR using satellites can be used to 
characterize the hydromechanical response of reservoirs to cyclic injection and withdrawal of 
gas (Fokker et al., 2018). 

Induced seismicity requires seismic fault slip along reactivated faults. Occurrence of seismic 
slip is determined by local stress state at faults as well as fault composition (Buijze et al., 2020). 
As discussed for seal integrity, the likelihood of fault reactivation depends on site-specific 
geological and operational factors and can only be assessed using geomechanical modelling. 
Effects on surface environments may only be expected if seismic events with larger seismic 
magnitude are induced that can be felt at surface (approximately, M > 2, Buijze et al., 2020). 
Ground motion (i.e. peak ground acceleration or velocity) associated with seismic events are 
determining effects at surface. In general, the likelihood of inducing felt seismicity is low except 
if critically stressed faults are within critical distance to operations or for tectonically active 
regions with frequent natural seismicity. Seismicity can also be used to characterize the 
hydromechanical response of reservoir, caprock and faults to cyclic injection and withdrawal 
of gas (Foulger et al., 2018). 
 

6.3 Current practices and risk mitigation measures 

The relative importance of the main risks identified depends on site-specific geological and 
operational factors. Therefore, optimum measures to mitigate these risks should be tailored to 
local project-specific factors. Accordingly, current practices to mitigate risks can vary 
considerably between geoenergy projects. Some examples of general preventive and control 
measures that can be applied to mitigate risks with subsurface operations are given in Table 
7. Ideally, mitigation measures for risks that affect the durability, integrity and efficiency of 
critical elements in subsurface storage systems involve a combination of (1) site 
characterization to determine geological setting and optimum field development, (2) laboratory 
experiments to determine (changes in) properties of rock and well materials, and (3) 
probabilistic modelling to assess the effects of operations on critical elements including 
uncertainty in forecasts. Below, we highlight some measures that are of particular importance 
to the risks associated with UHS as identified in the previous section.  
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Proper planning of UHS projects and operations can lower the likelihood of incident occurrence 
that jeopardize durability and integrity of critical elements in the porous reservoir storage 
system over the entire project lifetime. It is particularly important to properly incorporate risk 
assessment and management in project planning to ensure durability, integrity and efficiency 
of the subsurface storage system over the lifetime of storage projects. Current practices for 
risk management protocols ideally include: 

• Assessment of likelihood and effects of incidents that may occur. 

• Optimum mitigation measures for specific incidents. 

• Practical implementation of mitigation measures tailored to operations. 

• Definition of thresholds in monitoring data that trigger deployment of mitigation measures. 

Detailed subsurface characterization can help assessing and mitigating risks associated with 
UHS operations, in particular by: 

• Analysis of composition of reservoir and caprock (for example by chemical analysis of 
available core material or analysis of depositional environment and stratigraphy by well 
log correlations) that help determining likelihood and effects of reactions on the quality of 
the hydrogen-containing gas stream. 

• Analysis of hydromechanical properties of the reservoir (for example by laboratory 
experiments) that help determining likelihood and effects of operations on reservoir 
compaction and expansion, injectivity and productivity, and subsidence and heave. 

• Analysis of the status of wells (for example by analysing well reports, conducting well 
integrity simulations, and cement bond logs) that help determining likelihood and effects 
of operations on well integrity, injectivity and productivity. 

• Mapping of geological formations and structures (for example using seismic surveys) that 
help determining likelihood and effects of operations on fault reactivation, seal integrity 
and induced seismicity. 

Best practices based on lessons learned from other UHS or geoenergy projects can be applied 
to obtain optimum, efficient operations for injection and withdrawal of gas while minimizing 
risks. For example, site characterization, experimental results and modelling forecasts can be 
implemented in: 

• Planning of new wells so that reservoir sections are avoided that are prone to chemical 
reactions with hydrogen, formation damage, and loss of injectivity/productivity. 

• Assessing operational windows so that large changes in reservoir pressures and stresses 
at caprocks and faults are avoided. 

The design, implementation and deployment of monitoring systems can both help to prevent 
incidents as well as reduce impacts. Traffic light systems that link thresholds to actions are 
useful, for example for: 

• Monitoring of composition of the hydrogen-containing gas stream to detect changes in 
quality and interactions between rock and well materials. 

• Monitoring of well conditions such as pressure and temperature to detect changes in 
reservoir and well performance. 

• Monitoring of aquifer or groundwater composition and air emissions to detect leakage 
across geological seals or along well systems. 

• Monitoring of surface subsidence or heave to characterize the subsurface response to gas 
injection and withdrawal. 

• Monitoring of induced seismicity to detect fracture initiation or fault reactivation. 
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If incidents occur, measures are generally required that affect operations. The impact of the 
measures on the operations depend on the type of incident (Figure 14), for example: 

• Minor impacts can be expected if additional equipment needs to be installed but operation 
can continue as planned during/after installation, for example if additional gas processing 
is needed to maintain quality of the hydrogen gas stream. 

• Moderate impacts can be expected if operations need to be (permanently) modified, for 
example if flow rates need to be lowered to prevent issue with formation damage, well 
integrity or seal integrity. 

• Major impacts can be expected, for example if well integrity issues require well workover. 
Ultimately, side-tracking or permanent shut-in, plugging and abandonment of wells may 
be required in case issues cannot be resolved, but such issues are not frequently 
encountered for most types of operations. 
 

Table 7. General mitigation measures for subsurface operations including UHS operations. 

Type of measure General description & examples 

Preventive measures  

Planning, regulations 
& internal procedures 

Planning of operations following regulations & best practices; risk 
assessment & management protocols; stakeholder management plans 

Surface & subsurface 
characterization 

Area & site characterization; geological (mapping), geophysical 
(seismics) & petrophysical (well logs) characterization 

Best practice & 
efficient operations 

Optimum operations for injection and withdrawal of gas (flow rates, 
temperature, chemistry) that incorporate risk-based constraints 

Implement monitoring 
systems & protocols 

Implement thresholds and actions for traffic light systems based on 
monitoring (e.g., for hydrogen quality, leakage, induced seismicity) 

Control Measures  

Deployment of 
monitoring systems 

Real time monitoring of performance & safety of operations with pre-
defined actions if thresholds are exceeded  

Modification of 
operations 

Additional gas processing/cleaning, modifications of operational window, 
temporary shut-in of operations 

Maintenance, repair & 
impact reduction 

Remediate reservoir & well integrity issues (e.g., formation damage, 
tubing corrosion) that require well workover or flow diversion 

Shut-in & 
decommissioning 

Permanent shut-in; plugging & abandonment of wells; environmental 
remediation 
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7 Summary & conclusions 

A review was performed to outline the effects of cyclic injection and withdrawal of hydrogen-
containing gas streams on the durability, integrity and efficiency of critical elements in porous 
reservoir storage systems. The critical elements of porous reservoir storage systems that were 
considered include the hydrogen-containing gas stream, storage reservoir, caprock, faults, well 
system and surface environment. In particular, effects on well and rock materials were 
addressed based on a review of existing experimental data. Current practices, main technical 
and environmental risks, and risk mitigation measures were also discussed.  
 
The main findings can be summarized as follows: 

• Hydrogen can cause the deterioration of steel by hydrogen blistering, hydrogen-induced 
cracking, and hydrogen embrittlement. It can reduce the ductility and load-bearing 
capacity of steel and result in onset of cracking and brittle failure at stresses below the 
yield stress. 

• Interaction between hydrogen and cement can cause the dissolution of carbonate and 
sulfate minerals, reaction with minerals in cement (e.g., ettringite and hematite), and can 
reduce the sealing ability of the bond between cement and casing or rock. It may alter the 
permeability and enhance migration along wells, in particular along rock-cement-casing 
interfaces or fractures in cement. 

• Interaction between hydrogen and elastomers can affect their mechanical and sealing 
properties (in some cases blistering an), but effects vary considerably between different 
types of elastomers (e.g., NBR, EPDM). Effects are influenced by hydrogen partial 
pressures, pressure and temperature cycling, and mechanical deformation. 

• Degradation of well materials (e.g., steel corrosion, alteration of cement and elastomers) 
is particularly important if H2S is formed. 

• The interaction between hydrogen and rock materials mostly affects rock properties by 
changes in pH and redox reactions (Fe3+ reduction). It may lead to dissolution of carbonate 
(calcite, dolomite) and sulphate (anhydrite) minerals, alteration of cements between 
grains, and sorption of hydrogen and swelling of clays. Accordingly, mechanical properties 
can be affected. 

• Chemical interaction between hydrogen and well or rock materials is also affected  by 
temperature and pressure variations due to cyclic injection and withdrawal of gas. For 
example, cumulative plastic deformation during subsequent storage/withdrawal cycles 
may occur. 

• Cyclic injection and withdrawal of hydrogen-containing gas may cause degradation of 
materials in critical well elements and barriers in well systems, but significant effects are 
only expected for high concentrations of hydrogen or for durability over long term 
operations. 

• Cyclic injection and withdrawal of hydrogen-containing gas may also cause changes in 
rock properties that affect integrity and stability of reservoir, caprock and faults by stress 
changes and re-distribution of stresses. 

• The main risks for durability, integrity and efficiency of critical elements in subsurface 
storage systems that have been identified are: (1) Degradation of the quality of the 
hydrogen-containing gas stream, (2) reduced injectivity and productivity of the hydrogen-
containing gas stream, (3) loss of well integrity and hydrogen leakage along wells, and (4) 
loss of hydrogen containment by breach of geological seals, and (5) induced seismicity 
and ground motions. 

• Some risk mitigation measures can be based on current practices of subsurface 
operations for geoenergy applications to reduce the main risks, i.e. (1) project planning 
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that include risk management protocols, (2) subsurface characterization that include 
chemical analysis, laboratory experiments, well log analysis, mapping of formations and 
structures, and modelling forecasts of effects on operations on caprock and well integrity 
and induced seismicity, (3) implementation of operational best practices, (4) deployment 
of monitoring systems, and (4) different measures that modify operations and/or remediate 
reservoir and well integrity issues. 

• In general, the review of findings from existing underground hydrogen storage projects 
and existing experimental data suggest that risks are likely low if relatively low 
concentrations (< ~10%) of hydrogen are co-mixed with natural gas streams in existing 
underground gas storage projects. Such subsurface storage systems generally have 
demonstrated durability, integrity and efficiency of operations with respect to natural gas 
storage, but effects of long term hydrogen storage can still affect critical elements in the 
subsurface storage system. Risks may be higher if larger concentrations of hydrogen are 
co-mixed or if new wells, reservoir sections or sites are developed. 
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