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Executive summary
Dynamic energy storage becomes more important with an increasing share of renewable energy sources due to fluctuating production and demand. Hydrogen storage in porous reservoirs
offers excellent potential to provide the storage capacities that may be required to balance
supply and demand and secure supply across seasons. However, the unique properties of
hydrogen lead to differences in flow behavior in the subsurface compared to natural gas that
may influence injection and withdrawal performance and recoverability of the stored hydrogen.
Furthermore, processes such as microbial activity and geochemical reactions may be stimulated by the presence of hydrogen, leading to changes in reservoir characteristics (porosity,
permeability), changes in fluid composition, and the generation of hazardous, toxic byproducts
(e.g., H2S), that all may likewise impact the technical and economic performance of the storage
site. In the HyUSPRe project, experiments are performed, and models are developed and applied to real-world sites to investigate and predict these processes and their risks.
The present report introduces the integrated approach to obtain input parameters for numerical
models from the experimental results of physical, chemical, and biological effects during hydrogen storage in porous subsurface formations. Relevant effects proven on a laboratory scale
are implemented in the open-source simulator DuMux to predict the impact on the storage
operation. Furthermore, this implementation is benchmarked using different commercial simulators.
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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 in 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 developing 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 in 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 modeling 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 store 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
The increasing share of renewable energy sources with characteristic fluctuations amplifies
the demand for sustainable energy storage. Here, hydrogen storage in porous rocks in the
subsurface offers a suitable potential to balance seasonal changes in production and demand
at a large scale to fulfill the anticipated demand for storage in a decarbonized future energy
system. The storage of natural gas, with a history of more than 100 years, can be assumed to
be well understood. However, hydrogen possesses unique properties influencing the storage
process. An overview of relevant processes and potential risks related to hydrogen is depicted
in Figure 1.

Figure 1. Overview of H2-related processes and risks in porous rocks according to Heinemann et al. (2021).

The processes can be categorized into hydrogeology, biochemical, geochemical, and geomechanical aspects. Hydrogeology is strongly affected by thermodynamic properties, leading to
unstable displacements (e.g., viscous fingering and density override), but mixing the injected
gas with the initial cushion gas is also essential. Relative permeabilities impacting the phase
mobilities may be influenced by an increasing hydrogen content and reducing displacement
efficiency during the storage operation. The effects of molecular diffusion and mechanical dispersion are considerable uncertainties regarding the mixing behavior. These effects will lead
to continuous mixing with the initial cushion gas.
Furthermore, microorganisms in the subsurface may consume parts of the injected hydrogen
to maintain their metabolism. This microbial activity can alter fluid composition in place, and
microbial clogging may reduce petrophysical properties, reducing the efficiency of the storage
operation. Fluid-rock interactions between minerals and hydrogen have been considered relevant processes. Geochemical reactions may lead to changes in the mineral and fluid composition, and the dissolution and precipitation within the aqueous phase can lead to altered permeability. Changes in the spatial and temporal distribution of stresses can occur due to geo-
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chemical reactions, pressure, and temperature variations. This may induce faulting or fracturing, and reduced integrity and durability of well materials or well barrier elements. Ultimately,
these changes may yield issues with the integrity of wells or the storage complex.
To characterize and predict hydrogen-related processes correctly, experimental work with subsequent numerical modeling is performed within HyUSPRe. The previously mentioned processes are analyzed separately within the experimental work, and models describing these
processes are developed. Afterwards, field-scale simulations of hydrogen injection and withdrawal into and from actual geological reservoirs are performed to evaluate the operational
performance and risks of hydrogen storage in these reservoirs.
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2 Physical, chemical, and biological effects in UHS
2.1 Geochemistry
Changing reservoir pressure and near wellbore temperature during hydrogen injection and
production, coupled with the dissolution of hydrogen into formation fluids, may induce mineral
reactions, altering the reservoir, caprock, and well cement integrity over time. These reactions
may be detrimental to geological hydrogen storage by changing the composition of the stored
hydrogen and causing mineral precipitation and dissolution, which may impact reservoir integrity and recovery efficiencies (Truche et al., 2018; Hemme and van Berk, 2018; Hassanpouryouzband et al., 2022).

2.1.1 Experience of geochemical reactivity during town gas storage
Experience from the town gas (containing ~50% H2, with CH4, CO2, CO, and N2) storages in
Ketzin (Germany) and Beynes (France) provides context to the potential significance of geochemical interactions in underground hydrogen storage. In both cases, alterations to the composition of stored gas were observed. Bourgeois et al. (1979) argue that the concentrations of
hydrogen sulfide (H2S) produced in Beynes could be qualitatively and quantitatively described
by the abiotic reduction of pyrite as opposed to the action of sulfate-reducing bacteria. Reitenbach et al. (2015) suggest that the hydrogen partial pressure (5−10 MPa), temperature (25 °C),
and alkalinity that characterize the Beynes storage site support this argument. At Ketzin, gas
losses in the order of 2 × 108 m3 were observed between 1964 and 1985; the processes causing the gas loss and evolution of gas composition have not been identified but are not considered to be sufficiently explained by microbial degradation alone (Liebscher et al., 2016; Reitenbach et al., 2015). Considering that CO, CO2, and traces of sulfur present in town gases make
them chemically more reactive than pure hydrogen, it is not appropriate to directly compare
them with pure hydrogen.

2.1.2 Potential geochemical reactions
The occurrence of hydrogen may promote geochemical reactions between the reservoir rocks,
formation fluids, and stored hydrogen such as precipitation and dissolution reactions.
The reactivity of hydrogen in sandstone reservoirs was first investigated by Foh et al. (1979),
who suggested that hydrogen could consume cements and mineral coatings on the surfaces
of quartz, feldspars, and mica primary minerals. However, the study later reported that these
reactions did not occur at lower pressures (~2000 psi) and temperatures between 25 – 75˚C.
Since then, numerous other studies have investigated the influence of hydrogen on geochemical reactions with varying outcomes. These have included associated redox reactions, such
as the reduction of pyrite to pyrrhotite, which could release toxic hydrogen sulfide gas (H2S),
increase formation water pH and consequently change the chemical equilibrium, which in turn
may promote further mineral reactivity and increase the corrosion risk to operational facilities.
Increased hydrogen concentrations in porous reservoirs can also promote redox reactions resulting in the oxidation of hydrogen and reduction of electron acceptors such as nitrate, iron,
sulfate, and carbonates. Figure 2 summarizes some of the essential abiotic and biotic reactions
and processes associated with injected hydrogen gas.
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Figure 2. Major abiotic and biotic reactions and processes associated with injected hydrogen gas (red bubble), showing methanogenesis and sulfate reduction (purple), harmful end products methane and hydrogen
sulfide (red), indicating kinetic reactions (single arrows), indicating equilibrium reactions (double arrows),
diffusive transport of fluid components (blue triangles) (Hemme and van Berk, 2018).

The hydrogen-promoted reactions identified during underground hydrogen storage in porous
rocks include:
•

•
•

•

•

The H2-driven, coupled dissolution-precipitation of pyrite to pyrrhotite. A major implication of this reaction is the generation of hydrogen sulfide gas which has been associated
with the degradation of subsurface infrastructure and promoting further geochemical reactions (Truche et al., 2013). However, the reduction of pyrite to pyrrhotite has been observed
at temperatures > 90˚ C and pressures > 20MPa, which indicates that this reaction could
be relevant at reservoir conditions. How relevant, that remains to be determined. Likely the
rate of this reaction is lower at lower temperatures. (Truche et al., 2010).
Redox reactions during UHS are promoted by elevated hydrogen concentrations. (Reitenbach et al., 2015).
Hemme and van Berk (2018) showed with geochemical modeling that K-feldspar, kaolinite and dolomite may precipitate, while quartz, calcite and illite may dissolve.
However, more recent studies have not made these observations (e.g. Hassanpouryouzband et al. (2022).
Hydrogen-induced carbonation reactions have been shown to occur in sedimentary
reservoirs. The occurrence of extensive calcite dissolution and subsequent consumption
of up to 9.5% of stored hydrogen at temperature and pressure conditions between 30 to
200 °C and 0.1 to 101 MPa, respectively, was observed via geochemical modeling by Bo
et al. (2021). However, modeling was done in equilibrium thermodynamics rather than considering activation energy and correct kinetics.
Hydrogen-brine-rock interactions can also affect caprock integrity as porosity enhancing
halite, quartz, illite, and anhydrite dissolution is observed, however, this is counteracted by albitisation reactions which are porosity reducing and hence limit the effect
of hydrogen geochemical reactivity on the caprock (Hemme and van Berk, 2018).
However, it has also been proposed that these aforementioned hydrogen promoted reactions are kinetically limited on seasonal storage timescales (Hassannayebi et al., 2019).
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•

Truche et al. (2018), recorded the trapping of 0.25 mol/kg H2 via adsorption onto the
clay minerals illite, chlorite, and kaolinite in Cigar lake uranium ore deposits. During
adsorption, hydrogen molecules bind to interlayer micropores between clay minerals, altering the fate of injected gas and resulting in reduced reservoir permeability and gas mobility. While hydrogen – mineral adsorption reactions were identified, they are only significant in clay rich geological systems (70 wt.%). This has implications for North Sea caprocks
with high clay content (Rahman et al., 2020). This might be beneficial for hydrogen storage
security as clay rich cap rocks will get even less permeable due to this effect.

It is important to note that these reactions generally have temperature and pressure controls
and that reaction rates are kinetically controlled during UHS operations. Lower temperatures
present a lower risk for geochemical reactions. Subsurface storage conditions range from 30120 °C and 2-30 MPa. A recent study showed no geochemical reactions were observed during
experiments executed at 80 °C (Hassanpouryouzband et al., 2022). This remains to be confirmed at higher temperatures and using single mineral experiments. In addition, H2S produced
may have been scavenged in the set-up of the experiments and can therefore not be ruled out.
H2 gas in reservoir systems has extremely low solubility which typically only reaches 0.14 Ml−1
at 65 °C and 20 MPa (Hassanpouryouzband et al., 2020). A further factor that prevents the
occurrence of extensive hydrogen associated reactions is the strong binding energy of the HH bond which requires the overstepping of a 436 kJ/mol activation energy (Truche et al., 2013).
Consequently, hydrogen induced abiotic redox reactions are rarely observed in low to medium
temperature, pressure and salinity settings on timescales relative to seasonal hydrogen storage.
The scarcity of experimental data has resulted in a lack of agreement in recent publications as
to the significance of geochemical reactions in porous underground hydrogen storage. An insufficient account of abiotic geochemistry in geological hydrogen storage in the published literature increases uncertainty and means that this remains a technical barrier to the development of geological hydrogen storage. Recently published data by Hassanpouryouzband et al.
(2022) from over 250 batch reaction experiments with different types of reservoir sandstones
at different injection pressures of up to 20 MPa, temperatures between 50 and 80 degrees
Celsius, and brine salinity of up to 25 %wt NaCl with time-scales of up to 2 months, to investigate potential reactions involving hydrogen show no hydrogen loss or reservoir integrity degradation due to abiotic geochemical reactions in sandstone reservoirs under the investigated
conditions. It must be noted that verification of this statement in a real reservoir is still missing.
The immediate implications from these results suggest that the effect of any additional influencing parameters for each storage site, such as the presence of other gases or minerals,
must be investigated over time scales of seasonal hydrogen storage before its usage. In addition, the steel of the reactors and lines could have scavenged any potential H2S or sulfide in
the solution if it was created in the experiment. Furthermore, reservoirs at temperatures higher
than 80 ˚C could be more inducive for geochemical reactions. Therefore, the authors recognize
the need for further investigation of potential geochemical reactions under site-specific storage,
rock/fluid chemistry, temperatures, and pressures.
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2.2 Microbiology
One could think about the deep subsurface as an extreme environment where no life is able
to persist. Microorganisms would have to face extreme temperatures and pressures, salinities
up to saturation, which are also higher than on the surface due to higher solubilities at elevated
temperatures, limited nutrients and energy sources, low water activity (Escudero et al., 2018),
and limited pore sizes to pass through or to provide space for colonization (Sharma and McInerney, 1994; Fredrickson et al., 1997). Despite those extreme conditions, microbial traces were
detected until high depth (Zhang et al., 2006; Teske et al., 2013; Soares et al., 2019), and this
deep biosphere was estimated to account for up to 2–19% of the Earth's total biomass
(McMahon and Parnell, 2014). The number of microorganisms and their diversity, however,
decreases with increasing depth and is, in general, dependent on the physical and chemical
constraints of the environment (Escudero et al., 2018).
Subsurface hydrogen (H₂) storage in salt caverns, mature gas and oil fields, and aquifers has
been proposed as a solution for balancing yearly fluctuations between production and usage
of sustainable energy (Tarkowski, 2019; Zivar et al., 2021). However, H₂ is also a high-energy
source for various anaerobic microorganisms (Claassens et al., 2018), which is crucial in subsurface environments where electron donors are scarce (Jones et al., 2018). H₂ can occur
naturally in subsurface sites, and it can originate from abiotic and biotic processes (Smith et
al., 2005). Despite the extreme conditions within salt caverns, mature gas and oil fields, and
aquifers, they do contain a diverse microbial community, amongst which hydrogenotrophs (H₂consuming microorganisms) are also present (Šmigáň et al., 1990; Ivanova et al., 2007; Ranchou-Peyruse et al., 2019; Ranchou-Peyruse et al., 2021; Buriánková et al., 2022; Schwab et
al., 2022). Those microorganisms can oxidize H₂ by combining it with the reduction of various
electron acceptors. However, not every functional group exerts a relevant risk on the subsurface hydrogen storage (Thaysen et al., 2021) evaluated that methanogens, sulfate reducers,
and acetogens could exert a significant detrimental impact on H₂ storage (Figure 3), whereas
Fe(III) and elemental sulfur reducers would cause an intermediate risk (Table 1). This lower
impact is linked to the reduced availability of Fe(III) in potential hydrogen storage sites and the
low solubility of sulfur (Thaysen et al., 2021).

Figure 3. Main hydrogenotrophic processes occurring in subsurface H₂ storage sites.

Interestingly, the three main potential hydrogenotrophic microbial metabolisms (methanogenesis, sulfate reduction, and acetogenesis) possess the highest threshold concentration for H₂
and a low ΔG0' for their reaction (Table 1) compared to reactions using electron acceptors
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such as O₂, NO₃-, halogenated compounds, fumarate or MnO₂/MnO₄2 (reactions with only a
low risk for subsurface H₂ storage) (Thaysen et al., 2021).
Table 1. Microbial hydrogen oxidation metabolisms with high and intermediate risk to subsurface H₂ storage. H₂-oxidizing processes are given with their respective H₂ concentration threshold, Gibbs free energy
yield (ΔG0'), and the H₂ concentrations, typical for environments of the respective metabolic reaction. NA
= Not available. Adaption from Thaysen et al. (2021).

Through their activities, hydrogenotrophic microorganisms could cause: (i) loss of the stored
H₂, and (ii) formation of H₂ contaminating products such as hydrogen sulfide (H₂S) and methane (CH₄) (Dopffel et al., 2021). The production of H₂S induces microbial-influenced corrosion (MIC) through the formation of FeS-rich deposits, which enhances the consumption of H₂
generated at the metal's surface. Another microbial reaction causing MIC is the direct uptake
of electrons from the metal's surface (Enning and Garrelfs, 2014). Through MIC, microorganisms can impact the durability and integrity of the equipment utilized for either storage, transportation, or use of hydrogen. Another detrimental effect of microbial activity and growth is the
loss of H₂ injectivity of the well bore by the accumulation of bio-based solids as extracellular
polymeric substances or FeS (Dopffel et al., 2021).
The extreme conditions of these environments can potentially limit the microbial impact on H₂
storage. The most constraining factor seems to be temperature, either alone or in combination
with salinity (Thaysen et al., 2021). They suggested considering sites with a temperature above
122°C as sterile. Plotting critical temperature and sodium chloride (NaCl) concentrations, they
could also demonstrate that growth for methanogens, sulfate, and sulfur reducers, and acetogens is not possible at a combination of 55°C and 1.7 M, or higher. Therefore, it is crucial to
study the microbial, (geo)chemical, and physical processes, which are likely to happen in the
presence of H₂, as well as the microbial community composition of potential storage sites to
select the ones with minimal risk of microbial impact. A detailed review on the limits of microbial
growth in report is presented in HyUSPRe-D3.1 (Ahn et al., 2022).
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2.3 Flow behavior
The injection of hydrogen in the subsurface yields changes in the flow behavior compared to
natural gas. Alteration of the two-phase displacement processes during the storage operation
is expected, as lower viscosity and changes in the interfacial tension (IFT) due to hydrogen
may change the efficiency. The mixing of different gaseous components is influenced by molecular diffusion and mechanical dispersion, which is stated to be stronger with hydrogen (Feldmann et al., 2016).

2.3.1 Molecular diffusion and mechanical dispersion
For the characterization of the flow behavior of hydrogen through porous rocks, two physical
processes are mainly relevant, especially when it comes to the description of the mixing behavior of the injected hydrogen with residual natural gas, which is still present in the depleted
reservoir. The two processes are molecular diffusion and mechanical dispersion.
Molecular diffusion is a process that is driven by concentration differences and thus, also takes
place without pressure differences. Diffusion is slowed down in porous rocks due to their large
amount of solid grains and also other fluid phases, for examples brine. This leads to a nonlinear pathway of the diffusion. Diffusion can be described by the Fick's laws. Fick's first law
states that the diffusion flux is directly proportional to the concentration gradient. The second
law deals with the change of the concentration gradient with time (Ho and Webb, 2006).
By measuring the diffusion of hydrogen through the rock samples and the resulting hydrogen
concentrations effective diffusion coefficients can be calculated, which are required for describing the mixing behavior in a porous rock and furthermore, the performance of an underground
storage site in a porous reservoir.
The mechanical dispersion is a mixing process of fluids due to their movement and current in
porous media. Dispersion is driven by variations in the velocity which can occur on different
scales. These variations are mainly caused by the pore-size distribution, tortuosity and heterogeneity of the porous medium. On microscopic scale larger pores and pore throats lead to
higher velocities than smaller pores. In addition, the non-uniform velocity profile along the pore
cross-section induces velocity variations (Ho and Webb, 2006). Assuming flow velocities of
several meters per day, which are common in gas storages, the mixing by mechanical dispersion is expected to be much more pronounced than only by molecular diffusion (Feldmann et
al., 2016).

2.3.2 Effects of hydrogen on relative permeabilities
The storage and extraction of H2 require displacing existing brine-hydrocarbons and will be
affected by individual reservoir conditions at each site. In particular, the heterogeneity of the
porous medium and the transport properties of the H2 impact the injection and withdrawal cycles and need to be accurately simulated to maximize storage and production efficiency. Accordingly, the behavior of injected hydrogen should be studied in terms of its mobility and multiphase flow properties (Rezaei et al., 2022; Iglauer et al., 2022; Sedev et al., 2022). The viscosity and density of hydrogen are lower than those of natural gas and carbon dioxide. The
hydrogen molecule has a lower viscosity, higher mobility, and larger density difference with
water than natural gas and carbon dioxide, which increases the risk of non-uniform H2 displacement. However, H2 has higher interfacial tension (IFT) with water than natural gas and
CO2, which not only moderates the effects of the aforementioned parameters but also reduces
the risk of hydrogen leakage through the caprock by increasing the capillary entry pressure of
www.hyuspre.eu
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hydrogen entry into pores of the overburden caprock (Hassanpouryouzband et al., 2021). Investigations of hydrogen flow in porous media are scarce in recent literature and do not sufficiently describe constitutive multiphase flow properties such as the relative permeability of H 2
expected in geological hydrogen storage (Hashemi et al., 2021).
Relative permeability curves are important as they describe hydrogen flow and recovery
through storage reservoirs relative to in situ pore fluids and are one of the main inputs for large
scale reservoir simulators. Relative permeability investigation of hydrogen-water systems are
restricted to 2 steady-state experiments by Yekta et al. (2018), which were conducted on two
different sandstones each at a single pressure/temperature condition.
Rezaei et al. (2022) undertook unsteady state H2-brine relative permeability experiments on
two different types of sandstones and a carbonate rock at high-pressure and high-temperature
conditions representative of geological storage site conditions, Figure 4.

Figure 4. (a–g) Drainage H2 and different brine relative permeability curves for 2 sandstone and 1 carbonate samples at different pressures. (h) Drainage N2 and brine relative permeability curves for sample
S2(i) Drainage CH4 and brine relative permeability curves for sample S2.
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The effect of pressure and salinity was also investigated on the relative permeability curves of
hydrogen. Additionally, the relative permeability of hydrogen in a sandstone sample was compared with that of CH4 and N2 under the same conditions, Figure 5.

Figure 5. Drainage gas relative permeability curves versus gas saturation to compare (a) effect of pressure on drainage hydrogen relative permeability (b) effect of salinity on hydrogen drain-age relative permeability (c) effect of rock type and rock pore structure on hydrogen drainage relative permeability and
(d) hydrogen drainage relative permeability with that of N2 and CH4.

The results indicate that rock type (i.e., pore structure and porosity) had the greatest influence
on H2 relative permeability, where increasing porosity resulted in an increase in the H2 relative
permeability. Increasing pressure at higher hydrogen saturations, as expected, increased H2
viscosity and as such reduced its relative permeability. Salinity had little effect on relative permeability, where increasing salinity caused a reduction in relative permeability, which may be
due to the increase in the interfacial tension. Comparing the shapes of the hydrogen and CH4
relative permeability curves highlights the potential advantage of the shape of the hydrogen
relative permeability curve for hydrogen storage and recovery conditions. Finally, comparison
of H2 and N2 curves suggest that N2 may be used as a potential proxy for hydrogen when
undertaking flow experiments in laboratories, with the benefit of reduced safety risks.
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2.4 Geomechanics
The interaction between hydrogen and the reservoir rock mostly affects petrophysical properties by changes in pH and redox reactions. These effects may lead to dissolution of carbonate
and sulfate minerals, alteration of cements between grains, sorption of hydrogen and swelling
of clays. In consequence, mechanical properties can be affected.
In addition, cyclic injection and withdrawal of hydrogen may also cause changes in rock properties that affect the integrity and stability of the reservoir, caprock and faults by stress changes
and re-distribution of stresses.
Stress changes may be similar to stress changes associated with seasonal storage of natural
gas if small (typically <10%) amounts of hydrogen are mixed with methane in the natural gas
stream. However, for larger concentrations of hydrogen the difference in physical properties
(e.g., density and viscosity) of hydrogen may alter reservoir gas flow, and hence the spatial
and temporal distribution of pressure, temperature and stress changes. Changes in mechanical properties of reservoir and caprock may also lead to local changes in poro- or thermoelastic
response to gas injection, or may locally induce compaction or fracturing. As an example, fracturing may occur in quartz grains or cement due to subcritical crack growth with likely significant
effects of local fluid chemistry on the initiation and propagation of fractures (Atkinson, 1982).
These effects may also contribute to differences in stress distribution in reservoir and caprock.
Of particular importance is the interaction between hydrogen reactions and cyclic stress
changes in reservoir and caprock. Analogous to elastomers, feedback between mechanical
deformation and hydrogen reactions may enhance effects of hydrogen injection and withdrawal
on mechanical properties of reservoirs and caprocks (Corina et al., 2022). Another consideration is that different ranges of working pressures may be required for hydrogen-rich gas storage
compared to natural gas storage.
For more details, see deliverable report from WP5 (Corina et al., 2022).

2.5 Alteration of wellbore materials
Wellbore materials are influenced by hydrogen partial pressures, the cycling wellbore pressure
and temperature and mechanical deformation. Hydrogen can cause alteration of steel, cement
and elastomer wellbore materials. Hydrogen can cause the deterioration of wellbore steel by
hydrogen blistering, hydrogen-induced cracking and hydrogen embrittlement. In addition, the
interaction between hydrogen and cement can lead to the dissolution of carbonate and sulfate
minerals, chemical reaction with minerals in cement, reducing the sealing ability of the bond
between the cement and casing/rock and potentially altering the permeability and enhance
migration along rock-cement-casing interfaces or fractures in cement. Interaction between the
hydrogen and elastomers can affect their mechanical and sealing properties. Note that degradation of well materials (e.g., steel corrosion, alteration of cement and elastomers) is particularly significant if H2S is formed.
For more details on the state of the art of wellbore materials and their interaction with hydrogen, please see deliverable report from WP5 (Corina et al., 2022).
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3 Laboratory scale simulation and upscaling
Within the project of HyUSPRe, various experiments are performed to obtain applicable data.
This section presents the experiments and the integrated modeling approach of the lab scale
simulations. The data obtained in this section is later used in the field-scale simulations to
predict UHS scenarios.

3.1 Geochemical reactions
A suite of geochemical batch reactions will be undertaken at UEDIN and TNO as part of this
project. The UEDIN experiments (described first) are done with samples of reservoir rock, while
the TNO experiments (described after) are done with pure pyrite at a range of pressures, temperatures and pH, and with different particle sizes, to fundamentally investigate and quantify
the kinetics of the reaction of pyrite to pyrrhotite and associated H2S production over the entire
range of reservoir conditions expected for hydrogen storage.

3.1.1 Experiments with reservoir rock samples
At UEDIN, the batch reaction experiments use the apparatus shown in Figure 6. Bespoke static
batch reactor experiments were designed and constructed to study the geochemical response
of sandstones on exposure to hydrogen under in situ reservoir conditions.

Figure 6. Experimental apparatus used at UEDIN for the geochemical batch reaction experiments. Schematic diagram of high-pressure, static batch reactor, and bottle test experimental setup. Stepwise experimental procedure: vacuum extraction, gas pressurization and injection, mineral reaction processes, pressure and temperature monitoring, and ICP-OES analysis.

To closely recreate subsurface reservoir conditions and to ensure representative and consistent experimental methods and the repeatability of results, we controlled the experimental
parameters of rock type, particle size, rock–water ratio, solution salinity, oxygen availability,
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temperature, and pressure, full details on the experimental methodology and control can be
found at (Hassanpouryouzband et al., 2022).
A range of samples will undergo testing including pure minerals and downhole samples from
the HyUSPRe partners. Samples are disaggregated to grain sizes ranging between 0.335 and
4 mm to account for the role of (available) mineral surface area as a rate-controlling step in
geochemical reactions. In lithified sediments, disaggregation reveals fresh mineral surfaces,
promoting the occurrence of geochemical reactions which are representative of natural reservoir systems and are observable over laboratory time scales. Some of the samples were sterilized (heated at 120 °C for 1 h) to remove microorganisms that could have promoted unwanted
biologically induced hydrogen reactions. H2-induced geochemical reactions are identified by
comparing element concentrations in solution after H2 experiments relative to control experiments. We consider that it is very unlikely that water–rock reactions can occur without a corresponding change in porewater chemistry the dissolution of existing minerals will increase the
concentrations of the associated elements, while the precipitation of a new phase will alter the
equilibrium composition of the porewater. The control experiments were conducted at the
same temperature, pressure, and fluid salinity but with nitrogen instead of hydrogen (focused
on the impact of hydrogen), and bottle experiments were conducted at the same temperature
and fluid chemistry but with no added hydrogen or nitrogen and at atmospheric pressure (focused on the impact of pressure).
Research-grade hydrogen (H2) and nitrogen (N2) gases (purity 99.9995 vol %) and sodium
chloride (NaCl) of certified purity (99.5%) were supplied by BOC Ltd. and Fisher Scientific,
respectively. Deionized water generated by an integral water purification system (ELGA DV
25) was used exclusively throughout the experiments. A fan oven (SciQuip Oven-110S)
housed a series of 8 identical stainless steel high-pressure/temperature reactor vessels (volume 706 mL) containing glass sample bottles and atmospherically sealed sterile centrifuge
tube containers (from Scientific Laboratory Supplies) made of medical grade polypropylene
(bottle test). After the vessels were evacuated using a CPS VP2S pro-set single-stage vacuum
pump, H2 and N2 gas were injected through a high-pressure valve at the top of the vessel. A
Haskel air driven gas booster model 86980 (AG-75) was used to increase the gas pressure
within the vessels. Vessel pressure and temperature conditions were measured continuously
using a GD4200-US Digital Pressure Transducer from Elemental Science Inc. Data was recorded on a PC with LabVIEW software from National Instruments at 1 min intervals; the measurement errors for pressure and temperature were quantified as < ±0.15% span best fit straight
line and ±1.5%FS total band, respectively.
Sample mineralogy was determined by X-ray diffraction (Bruker D8 - Powder Diffractometer:
scanning parameters 0–90°, 2θ, accuracy in peak positions ≤0.01 2θ, Bragg–Brentano configuration). Mineral phases were identified using the internal Bruker database with EVA analysis
package, and weight percentages (wt %, Detection error +/- 0.5%) were quantified by Rietveld
analysis. The sample fluid composition was determined both preceding and after batch reactor
experiments by inductively coupled plasma–optical emission spectroscopy (ICP-OES) using a
Varian Vista Pro with APEX-E from Elemental Science Inc. (LoD of 0.105 × 103 to 0.26 ppm
or ∼ 0.2–100 ppb. A Hiden HPR-20 triple filter mass spectrometer with an ultimate detection
limit of 5 ppb was used to measure the concentration of the reacted gas after completing the
experiments.
An experimental matrix was designed to ensure each variable within the geochemistry experiments (hydrogen, temperature, pressure, salinity, and rock type) could be independently evaluated. The batch reaction experiments were conducted at temperatures ranging from 332.15
up to 353.15 K, covering a range of probable storage reservoir conditions. Precise temperature
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regulation and monitoring (±0.1 K) with samples held within an oven throughout the experimental period limited the influence of temperature fluctuations on any geochemical reactions.
The experimental duration ranged from two to eight weeks, encapsulating the role of reaction
kinetics in hydrogen-sandstone reactions and providing input data for the geochemical modeling. In our batch reaction experiments, no geochemical reactions have been observed in the
presence of hydrogen at different conditions for the tested samples of reservoir rock (having
different lithological (mineral) composition up to this point (Hassanpouryouzband et al., 2022).

3.1.2 Experiments with pure pyrite
Besides the investigations of geochemical reactions in reservoir rocks composing various minerals conducted by UEDIN, TNO is conducting experiments with pure pyrite to assess specifically the risk of H2S formation from the H2-driven pyrite to pyrrhotite reaction. Here, the experiments are performed under different reaction conditions such as varying temperature (T),
pressure (P), particle size (specific surface area), and pH. The specific reaction conditions are
as follows: H2 (purity of 99.99 %), temperature (T = 50 to 150°C), pressure (P = 50 - 200 bar),
and pH (5 - 10). Importantly, the influence of morphology and grain size of the pyrite on H2S
production, as proxies for the reactive surface area of pyrite that is actually exposed, will be
investigated by conducting the reaction at different-sized pyrite grains. Altogether this experimental design allows for higher reactivity and better assessment of the reaction rate under
laboratory conditions and time scales.
In a typical experimental procedure, pyrite (supplied by Q-mineral, purity < 98.0 %, particles of
10 - 200 mg) is added to a brine (8 % NaCl) solution mixed with a pH buffer of ~ 10 (NaHCO3/Na2CO3) in a Teflon liner under nitrogen conditions. Prior to the addition of pyrite particles, the brine was bubbled with N2 for 30 minutes. A magnetic stirrer was added to the Teflon
liner and placed inside an autoclave reactor (Premex, SS, Figure 8). The Teflon liner is closed
with a lid equipped with an opening for gas sampling. Prior to H2 injection the reactor is pressurized 5 times to 15 bar N2 5.0 (99.999%) to make sure no oxygen is available inside the
reactor. After inerting the reactor vessel with N2, 5.0 H2 (99,999%) is introduced inside the
reactor and pressurized the reactor using Maximator (to the desired P) and turned on the heating to rise the temperature and stirred at 150 rpm. After reaching the desired T, P, and designated reaction time (~ 1 week) the samples are collected for GC-MS analysis by coupling the
expansion tube to the reactor. Nitrogen is flushed through the expansion tube while coupling
with the reactor and made it vacuum. By opening the valve, the reaction gas will fill the expansion tube. After gas sampling from the reactor, the expansion tube is coupled to the GCMS
and the pressure is controlled by a mass flow controller before injecting into the GC-MS. A
schematic of the experimental set-up is shown in Figure 7. Eventually, the solid pyrite sample
is collected by centrifugation and examined for XRD analysis. All the steps are performed under a strict nitrogen atmosphere. It is worthwhile to mention that the pyrite particles are washed
with IM HCl, followed by washing with deionized water five times, and are dried overnight in a
vacuum at 40 °C before the reaction. All the experiments are followed by a controlled experiment using N2 instead H2.
Upon observing a reaction, the reaction kinetics will be modeled with various models to choose
the most accurate model for the reaction kinetics. In order to accomplish this objective,
PHREEQC (Parkhurst, 2013) software and/or Reaktoro (Leal, 2015) may be used. PHREEQC
software is widely used for simulating geochemical reactions in the presence of solids, gases
and liquids phases. Reaktoro is a C++ and Python library for modeling reactive processes.
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Figure 7. Schematic representation of the experimental set-up and GC-MS sampling.

Figure 8. Shows six Premex SS reactors (of two different sizes) equipped with pressure/sample
inlet/outlet.
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3.2 Microbial reactions
Laboratory-scale cultivations tracking microbial activities will be conducted with liquid samples
originated from, at least, three representative sites. Obtained results shall be used to improve,
extend, and validate the open-source simulator for flow and transport processes DuMuX (Koch
et al., 2020). These case studies will be conducted under temperature and pressure conditions,
which are technically achievable in proximity to the conditions of the sampling site. The representative liquid samples will be introduced into a high pressure and temperature (HPT) reactor
(Figure 9 and Figure 10), optionally supplemented with grounded core particles (for pH buffering and obtaining an appropriated system) and/or with trace nutrients, and will be pressurized
with feed gas (either H₂ or different H₂/CO₂ mixtures). For correct mass balance evaluation,
no H₂ will be added during the experiment to maintain the pressure; however, the constant
value of pressure might be maintained via the addition of N₂. Alternatively, monitoring of H₂
depletion due to microbial activity might be conducted during the cultivation, followed by refilling with a fresh portion of feed gas up to the desired pressure level. Such an approach might
require additional flushing of the reaction vessel with a feed gas to remove accumulated reaction products from the previous load. The need to implement an infrastructure for additional
liquid load is still evaluated, and the simplified P&ID (Figure 10) has a reserved slot for such
equipment as an optional feature. Real-time monitoring of incubation parameters, such as pH,
temperature, and pressure within the reactor, will be performed.

Figure 9. High-pressure and temperature reactor set-up present at WUR.
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Figure 10. Simplified P&ID scheme of the high-pressure and temperature reactors.

For each type of the main microbial metabolisms (namely: methanogenesis, sulfate reduction,
and acetogenesis), kinetic parameters will be collected. These include cell number (𝑛), maxi𝑔𝑟𝑜𝑤𝑡ℎ
mum growth rate (ψ𝑚𝑎𝑥 ), half-velocity constants for the two respective substrates (α1 and
α2 ) (H₂ and CO₂ for methanogens and acetogens, and H₂ and SO₄2- for sulfate reducers) and
biomass yield (𝑌) (given in cells/mol H₂ consumed).
Cell counts (𝑛) of each metabolic group (methanogens, sulfate reducers and acetogens) will
be determined by qPCR targeting group specific genes. Furthermore, the concentration in the
headspace of H₂, substrate (of all three target metabolisms), and carbon dioxide (CO₂), which
is the common substrate of methanogens and acetogens, will be measured with Gas Chromatography equipped with Thermal Conductivity Detector (GC-TCD). Concentrations from the
gaseous phase will be converted to their respective concentrations in the liquid phase according to Henry's law, taking into consideration the actual temperature and pressure. Methane
(CH₄), the product of methanogenesis, will be quantified by GC-TCD, and acetate, the product
for acetogenesis, by HPLC (High Performance Liquid Chromatography). The activity of sulfate
reducers will be estimated based on the fluctuations of sulfate (SO₄2-) concentrations within
the reactor, measured by ion exchange chromatography (IC). Based on the stoichiometry of
the different reactions, the consumption rates of H₂ and CO₂ used by each specific metabolic
group will be calculated individually based on their specific product's concentration.
Modeling approach
The laboratory experiments are matched in numerical simulations to characterize microbial
growth and its effect on UHS. A crucial parameter to match is the reactors' pressure trend and
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gas composition at the end of the experiment. The obtained parameters will be afterward used
in the field-scale simulation.
A system of ordinary differential equations is used to match the batch experiments. The double
Monod model describes the microbial growth:
𝑆1
𝑆2
∂B
𝑛𝑤
𝑛𝑤
𝑔𝑟𝑜𝑤𝑡ℎ
= ψ𝑚𝑎𝑥 ( 𝑆1
) ( 𝑆2
)⋅𝐵
∂t
𝑛𝑤 + α𝑆1 ⋅ 𝑉𝑤 𝑛𝑤 + α𝑆2 ⋅ 𝑉𝑤
𝑔𝑟𝑜𝑤𝑡ℎ

where 𝐵 is the number of bacteria/total biomass, 𝜓𝑚𝑎𝑥
is the maximum growth rate in 1/𝑠,
𝑆
𝑛𝑤
is the amount of substance of the substrate in the aqueous phase in 𝑚𝑜𝑙, α𝑆 is the half
velocity constant of the substrate in 𝑚𝑜𝑙/𝑚3, and 𝑉𝑤 is the water volume in 𝑚3 .
Next, the amount of substance in the aqueous and gaseous phase can be described by the
following relationship:
𝑔𝑟𝑜𝑤𝑡ℎ
𝑘
𝑆1
𝑆2
𝑘
𝑛𝑔𝑆𝑘 ⋅ 𝑅𝑇
∂𝑛𝑤
ψ𝑚𝑎𝑥 ⋅ γk
𝑛𝑤
𝑛𝑤
𝑛𝑤
=−
⋅
𝐵
+
K
⋅
𝑉
−
( 𝑆1
)
(
)
(
)
𝑤
𝑆2
∂t
Y
𝑉𝑔 ⋅ 𝐻𝑘
ρ𝑤 𝑉𝑤
𝑛𝑤 + α𝑆1 ⋅ 𝑉𝑤 𝑛𝑤
+ α𝑆2 ⋅ 𝑉𝑤
𝑘
𝜕𝑛𝑔𝑘
𝑛𝑔𝑘 ⋅ 𝑅𝑇
𝑛𝑤
= −𝐾 ⋅ 𝑉𝑤 (
−
)
𝜕𝑡
𝑉𝑔 ⋅ 𝐻𝑘 𝜌𝑤 𝑉𝑤

where γ𝑘 is the stoichiometric factor of component 𝑘 in comparison to hydrogen, 𝑌 is the yield
coefficient in 1/𝑚𝑜𝑙, 𝐾 is the mass transfer coefficient in 𝑚𝑜𝑙/(𝑠 ⋅ 𝑚3 ), 𝑅 is the ideal gas constant in 𝐽/(𝑚𝑜𝑙 ⋅ 𝐾), 𝐻 𝑘 is the Henry constant in 𝑃𝑎, 𝑇 is the temperature in 𝐾, and ρ𝑤 is the
molar density of the liquid phase in 𝑚𝑜𝑙/𝑚3 .
For methanogenic archaea, the substrates 𝑆 are hydrogen and carbon dioxide. The fluid system for this consist in the simplest case of the components H2, CO2 and CH4. However, the
system can be extended by additional components. A preliminary example is depicted in Figure 11.

Figure 11. Preliminary results of matching batch experiments.

www.hyuspre.eu

Doc.nr:
HyUSPRe-D6.1
Version:
Final 2022.11.03
Classification: Public
Page:
25 of 49

3.3 Two-phase flow behavior
3.3.1 Molecular diffusion and mechanical dispersion
The aim of the experiments is the determination of effective binary diffusion coefficients (hydrogen and methane) and mechanical dispersivities under reservoir conditions as data input
for reservoir simulation. Both experiments are performed in a broad range of temperature and
pressure to investigate the effects of the two parameters on diffusive and dispersive mixing.
Method
For the measurement of molecular diffusion, a binary diffusion setup is constructed. The main
component of the experimental setup is a core holder, which is designed for rock samples with
a length of up to 6 cm and a diameter of 3 cm, as shown in Figure 12.

Figure 12. Sketch of the core holder.

On both sides of the rock sample a chamber with a volume of 9.5 ml each is located, which is
directly attached to the end face of the rock sample. Each chamber has an inlet and an outlet.
During the diffusion measurement, both chambers are continuously flooded with the two sample gases, on the left side with methane and on the right side with hydrogen. The injection of
the gases is controlled by two separate high-pressure syringe pumps which are regulating two
gas filled floating piston chambers. The pressure in both chambers is regulated to equal values
by using two back pressure regulators, which are connected to the chamber outlets. Behind
the left back pressure regulator, the composition of the outflowing gas is repeatedly analyzed
by a micro gas chromatograph. The diffusion measurement method was modified after Wicke
and Kallenbach (1941) and a sketch of the complete setup is shown in Figure 13.
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Figure 13. Sketch of the experimental setup for diffusion measurement.

To install the sample into the core holder, the sample is wrapped in a package consisting of
two diffusion chambers, targets, and a Viton sleeve. Then the core holder is connected to the
experimental setup. Subsequently, a leakage test of the system is done by using nitrogen. The
pressure of the system is stepwise increased to the desired measurement pressure. Simultaneously, the radial pressure is increased to a pressure that is higher by a factor of 1.5. As a
preparation for the experiment, the two floating piston chambers are filled with the sample
gases, methane, and hydrogen. During the diffusion measurement, the two sample gases are
injected at a constant rate. The composition of the outflowing gas is analyzed every few
minutes by using the micro gas chromatograph. The concentration of the gases in the gas
mixture is then plotted and interpreted under stabilized conditions.
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The experimental set-up for the dispersion measurements consists of a slim tube coil with a
length of 25 m which is filled with glass beads representing the porous medium (porosity: 35%
and permeability approx. 50D). Initially, the slim tube is filled with methane, which will be displaced by hydrogen under different flow velocities as well as changing temperatures and pressures. A sketch of the experimental setup is shown in Figure 14. In this setup, also a floating
piston chamber is used for the injection of the gas. As a preparation step for the experiment,
the setup and mainly the slim tube coil is filled with methane. Then during the measurement,
hydrogen is constantly injected into the system. It flows through the slim tube and displaces
the methane. Behind the slim tube coil is a backpressure regulator, which helps to keep the
pressure constant. The composition of the outflowing gas mixture from the slim tube is analyzed by a gas chromatograph.

Figure 14. Sketch of the experimental setup for dispersion measurement.
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Molecular diffusion
For planning the experimental conditions and interpreting experimental results, a numerical
simulation model was implemented in COMSOL Multiphysics. The model solves the following
partial differential equation, which is based on Fick's second law, in a one-dimensional domain
(cf. Figure 15):
𝑝 𝜕𝑐
𝑝 𝜕2𝑐
𝜙
=
𝐷
𝑅𝑇 𝜕𝑡 𝑅𝑇 𝜕𝑥 2
where 𝑝 is the measurement pressure in Pa, 𝑅 is the universal gas constant in J/(mol*K), 𝑇 is
the measurement temperature in K, 𝜙 is the porosity of the sample, 𝑐 is the molar concentration of hydrogen, 𝐷 is the effective diffusion coefficient in m²/s.

Chamber 2

Chamber 1

Figure 15: One-dimensional domain for the simulation of diffusion measurements.

The following differential equations describe the boundary conditions. On the left side, no hydrogen is injected, but hydrogen which is transported into the chamber by diffusion flows out:
𝑝𝑉 𝜕𝑐𝑙
𝑝
= −𝑞𝑐𝑙 +
𝐷𝐴∇𝑐1
𝑅𝑇 𝜕𝑡
𝑅𝑇
where 𝑉 is the volume of the chamber in m³, 𝑞 is the injection rate in mol/s, 𝐴 is the end face
of the rock sample, ∇𝑐1 is the space derivative of the hydrogen concentration at position 1, 𝑐𝑙
is the hydrogen concentration in the left chamber. On the right side, a similar differential equation is solved:
𝑝𝑉𝐾 𝜕𝑐𝑟
𝑝
= 𝑞 − 𝑞𝑐𝑟 −
𝐷𝐴∇𝑐2
𝑅𝑇 𝜕𝑡
𝑅𝑇
where ∇𝑐2 is the spatial derivative of the hydrogen concentration at position 2 and 𝑐𝑟 the hydrogen concentration in the right chamber.
The results of an example simulation are shown in Figure 16. This simulation was done for a
rock sample with a length of 6 cm, diameter of 3 cm, porosity of 0.25 and an effective diffusion
coefficient of 5 ⋅ 10−7 m²/s. Pressure and temperature were set to 100 bar and 40°C.
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Figure 16: Simulation of molecular diffusion.

Mechanical dispersion
Another numerical model will be used for the interpretation of mechanical dispersion measurements. For this model COMSOL Multiphysics is used again. The following transport equation
for hydrogen can be derived by assuming that the flow velocity in the slim tube is constant in
space and time:
𝜕𝑐
𝜕𝑐
𝜕2𝑐
̂
+𝑈
=𝐷
𝜕𝑡
𝜕𝑥
𝜕𝑥 2
where 𝑐 is again the molar concentration of hydrogen. 𝑈 is the true flow velocity which can be
calculated as follows:
𝑈=

𝑄
𝜙𝐴

where 𝑄 is the volumetric injection rate in m³/s, 𝜙 is the porosity of the slime tube packing
̂ is the sum
(approximately 0.35 +/-1%), 𝐴 is the inner cross-sectional area of the slime tube. 𝐷
of molecular diffusion and mechanical dispersion:
̂ = 𝛼𝐿 𝑈𝜙 + 𝐷
𝐷
where 𝐷 is the effective molecular diffusion coefficient.
The transport equation is again solved in a one-dimensional domain similar to that shown in
Figure 15 but the length for this model is 25m. The inlet is on the left side and the outlet is on
the right side. Initially, the hydrogen molar concentration is set to 0. The injection of hydrogen
is represented by using a Dirichlet boundary condition on the left side which sets the hydrogen
molar concentration to 1.
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Figure 17: Simulation of mechanical dispersion.

For the comparison with the experimental data the hydrogen molar fraction at the right side
which represents the composition of the outflowing gas will be plotted versus time. This plot
can be used to history match the repeated gas analysis results from the gas chromatograph.
An example of such a plot is shown in Figure 17. This simulation was done for an injection rate
of 10−9 m³/s, a longitudinal dispersivity of 1m and an effective diffusion coefficient of 5 ⋅ 10−7
m²/s.

3.3.2 Relative permeability measurements
Experimental and theoretical evidence have established that relative permeabilities are influenced by many rock and fluid parameters. Accordingly, an extended series of drainage relative
permeability, residual gas saturation, and drainage capillary pressure tests in sandstone and
carbonate core samples at various salinity and pressure conditions were undertaken to investigate the flow behavior of hydrogen gas relative to the formation of brine in porous media. In
addition, core flooding experiments were performed using nitrogen (N2) and methane (CH4) as
the gaseous phase to compare the flow behavior of different gases at high pressure conditions.
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Figure 18. Schematic of the setup used for gas-brine relative permeability measurements; to restrain gravity
segregation into the core sample during the gas injection process, the core holder is placed in a vertical
mode. The sizes of different objects have been re-scaled to make them visible.

Unsteady state drainage relative permeability curves with H2-Brine, have been obtained in this
way for two different types of sandstones and a carbonate rock, the experimental set-up is
shown in Figure 18. The mineralogy and pore structures of the rock samples were characterized using XRD analysis, MICP experiments, and centrifuge capillary pressure tests. Research-grade Hydrogen (H2), methane (CH4), and nitrogen (N2) gases with a purity of 99.9995
vol%, and sodium chloride (NaCl) of certified purity of 99.5% were used for the experiments.
An integral water purification system (ELGA DV 25) was employed to produce deionized water
used for the experiments. The temperature was controlled via a fan oven housing a Hassler
type core holder. A pressure gauge, Rosemont 3051 pressure transmitter from Emerson, Netherlands, was used to continuously record the differential pressure across the sample (i.e., between inlet and outlet face of core sample) value during flooding experiments.
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After vacuum drying at 70°C, the core samples were loaded into the core holder and saturated
with brine of the relevant salinity. Subsequently, the brine was injected at three different flow
rates to determine Kw using Darcy's equation. The obtained brine permeability was used as
the base fluid (absolute) permeability for the relative permeability calculations.
The desired gas (i.e., H2, N2, or CH4) was injected into the brine-saturated core sample with a
pre-defined constant pressure determined by the core's Kw value. The inlet and outlet gas flow
rates, the differential pressure between the core faces (i.e., inlet and outlet), and the produced
effluent brine volume were recorded with time during the injection process and recording continued until no more brine was seen in the effluent (i.e., when water cut/ratio of water to total
fluids is approximately zero).
The recorded data was used to calculate the relative permeabilities of gas (Krg) and brine (Krw)
as a function of gas saturation using the Johnson, Bossler, and Naumann method (Johnson et
al., 1959). They developed an analytical technique for calculating relative permeabilities based
on unsteady state fluid displacement data obtained from constant pressure experiments. The
equations for calculation the relative permeability for gas are described in Rezaei et al. (2022)
History matching was used to predict relative permeability from experimental data. The modified Corey model for relative permeability was used to determine the parameters of the models
using the software, CYDAR®️ (CYDAREX, 2018). The experimental data and the modeling
results can be found in Rezaei et al. (2022).
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3.4 Wellbore material alteration and durability
Laboratory experiments will be carried out to study the effect of hydrogen injection-production
cycles in the wellbore cement (Figures 18 and 19). The aim of the cement tests (WP5, task 5.2
and 5.3) is to determine changes in the mechanical properties of well materials. Existing experimental data on the effect of H2 on casing steel, well cement and elastomers has been
reviewed, analyzed and compiled in deliverable D5.1. Focus of the experimental program is
on the effects of H2 on well cement (T5.2) and on scaled down scaled-down well systems
(T5.3). Cement tests will be performed on cylindrical samples of class G cement that have
been produced following API Spec 10 (American Petroleum Institute, 1997, 2022) and cured
for 72 hours at 80°C. After curing the samples will be exposed to H2 and N2 for varying periods
of time in autoclaves. After exposure, variation in mechanical properties such as Young's modulus, Poisson's ratio and failure strength will be determined during subsequent cycles with
varying axial and/or confining stresses. The results will show both effects of H2 (versus N2)
exposure and effects of cyclic loading (fatigue) on cement mechanical properties. The experimental program is expected to finish Q3 2023. Tests on the scaled-down well system will focus
on the effects of H2 exposure and cyclic loading on the mechanical and flow properties of
interfaces between steel, cement and rock. Curing and exposure conditions will be comparable
to the conditions for cement exposure and tests. The changes in mechanical properties of
cement and interfaces can be used in wellbore integrity modeling to assess implications for
well integrity during well operations for H2 storage in porous reservoirs.

Figure 19: Experimental setup for the evaluation of wellbore material alteration and durability.
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Figure 20: Set-up for measuring cement mechanical properties.
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4 Reservoir scale simulations
With a focus on a safe and optimized operation of underground hydrogen storage, reservoir
simulations are a crucial tool for modeling the thermodynamics and transport processes in the
subsurface. Based on geological models representing the storage formation, the simulation
model tuned with laboratory and history data can predict the consecutive storage cycles and
lead to an optimized operation. Nowadays, various reservoir simulators are available, which
can be classified into open-source simulators (e.g., DuMux, Open-Porous-Media (OPM)) with
a more scientific background and commercial simulators (e.g., Schlumberger E300, CMG
GEM/Stars). In the following, the open source simulator DuMux, which already showed good
results modeling reactive-transport processes in porous media in the past, is used to mimic
the processes occurring during hydrogen storage in the subsurface.

4.1 Open-source simulator DuMux
DuMux is in development by the University of Stuttgart (Institute of Modelling Hydraulic and
Environmental Systems) since 2007, based on Distributed and Unified Numerics Environment
(DUNE) and comes as an additional module to mimic the fluid flow in the subsurface, including
chemical reactions. DuMux is the abbreviation for "DUNE for Multi-{Phase, Component, Scale,
Physics, ...} flow and transport in porous media" (Flemisch et al., 2011; Koch et al., 2020). In
general, DuMux does not offer any Graphical User Interface (GUI) and is coded in C++, but a
better adjustment of chemical reactions and other effects can be realized. With promising results, Hagemann (2018) implemented the first biochemical reactions caused by microbial activities during UHS.

4.1.1 The mathematical model for bio-geo-reactive two-phase flow
In general, the mathematical model for bio-geo-reactive flow is an extension of the mathematical model developed by Hagemann (2018), initially developed for the simulation of microbial
processes during UHS. The enhanced model considers two-phase multicomponent reactive
transport on the continuum scale (also: Darcy scale) with an additional compositional solid
phase. Here, the mole balance for the fluid components can be expressed as follows:
𝑘
𝜕𝜙(𝜌𝑔 𝑐𝑔𝑘 𝑆𝑔 + 𝜌𝑤 𝑐𝑤
𝑆𝑤 )
𝑘
𝑘
+ ∇ ⋅ (𝜌𝑤 𝑐𝑤
𝑢𝑤 + 𝐽𝑤
+ 𝜌𝑔 𝑐𝑔𝑘 𝑢𝑔 + 𝐽𝑔𝑘 ) = 𝑞 𝑘
𝜕𝑡

where 𝜙 is the porosity, 𝜌 is the molar density in 𝑚𝑜𝑙/𝑚3, 𝑐 𝑘 is the molar concentration of component 𝑘, 𝑆 is the saturation of the phase, 𝑢 is the advective flux in 𝑚/𝑠, and 𝐽 is the diffusive/dispersive flux in 𝑚𝑜𝑙/(𝑚2 ⋅ 𝑠). Further, the subscript indicates the phases gas (𝑔) and
water (𝑤), and the superscript 𝑘 defines the component.
Furthermore, the mass balance for the solid phase can be expresses as follows:
ρ𝑠

∂ϕ𝑠
= 𝑞𝑘
∂𝑡

Where ρ𝑠 is the molar mass of solid component 𝑘 in 𝑚𝑜𝑙/𝑚3, ϕ𝑠 is the volume fraction of the
solid component 𝑆.
On the continuum scale, the advection flow can be described by Darcy's Law for each phase,
including the term for gravitational influence:
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𝑢𝑖 = −

𝐾𝑘𝑟𝑖
(∇𝑃𝑖 − ρ̂𝑖 𝑔),
μ𝑖

𝑖 = 𝑔, 𝑤

where 𝐾 is the absolute permeability in 𝑚2 , 𝑘𝑟𝑖 is the relative permeability of the phase 𝑖, 𝜇𝑖 is
the dynamic viscosity of the phase in 𝑃𝑎 ⋅ 𝑠, 𝛻𝑃𝑖 is the pressure gradient along the flow path
in 𝑃𝑎/𝑚, 𝜌̂𝑖 is the molar density in 𝑚𝑜𝑙/𝑚3 , and 𝑔 is the gravitational acceleration in 𝑚/𝑠 2 .
Further, the transport due to molecular diffusion and mechanical dispersion is expressed as
follows:
𝑘
𝑘
𝐽𝑖𝑘 = −ρ𝑖 (𝐷diff,𝑖
+ 𝐷disp,𝑖
)∇𝑐𝑖𝑘 ,

𝑖 = 𝑔, 𝑤

𝑘
𝑘
2
where 𝐷diff
,𝑖 is the effective molecular diffusion coefficient in 𝑚 /𝑠, 𝐷disp,𝑖 is the mechanical dispersion coefficient 𝑚2 /𝑠, and 𝛻𝑐𝑖𝑘 is the concentration gradient along the flow path in 1/𝑚.
To obtain a system of balance equations, the sum of all saturations and the sum of all component concentrations in each phase have to be one:

∑ 𝑐𝑖𝑘 = 1

∑ 𝑆𝑖 = 1
𝑖

𝑖 = 𝑔, 𝑤

𝑘

The storage operation consists of injection and production through a well, but also bio-georeactions are considered in the source term. Therefore, the following effects are implemented
as follows:
𝑘
𝑘
𝑘
𝑞 𝑘 = 𝑞bio
+ 𝑞geo
+ 𝑞well

To consider the presence and activity of microorganisms, the interdependent growth and conversion must be modeled. Consistent with the modeling approach of the laboratory experiments, the population kinetics are influenced by the growth and decay of microbes:
∂(𝑛 ⋅ 𝑆𝑤 ⋅ 𝜙)
= ψgrowth ⋅ 𝑛 ⋅ 𝑆𝑤 ⋅ 𝜙 − ψdecay ⋅ 𝑛 ⋅ 𝑆𝑤 ⋅ 𝜙
∂𝑡
where 𝑛 is the microbial density in 1/𝑚3, ψgrowth is the growth rate in 1/𝑠, and ψdecay is the
decay rate in 1/𝑠.
Further, the growth depends on the quantity of available substrate, as the double Monod model
describes.
growth

ψgrowth = ψmax

(

𝑐𝑤𝑆1
𝑐𝑤𝑆2
)
(
𝑆1
𝑆2 )
α𝑆1 + 𝑐𝑤
α𝑆2 + 𝑐𝑤

growth

where ψmax is the maximum growth rate in 1/𝑠, 𝑐𝑤𝑆 is the mole concentration of substrate S
in the aqueous phase, and 𝛼S is the half velocity constant.
To mimic the reduction of population size in case of insufficient substrate supply, the decay is
introduced as follows:
ψdecay = 𝑏 ⋅ 𝑛
3

where 𝑏 is the decay factor in 𝑚 /𝑠.
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Depending on the growth, the reactive components are consumed and produced by the following equation:
ψgrowth
𝑘
𝑞bio
= ϕγ𝑘bio
𝑛 ⋅ 𝑆𝑤
𝑌
where γ𝑘bio is the stochiometric factor and 𝑌 is the yield factor in 1/𝑠. Generally said, conversion rates increase with increasing growth and smaller yield factor.
Regarding the consideration of geochemical reactions, two approaches are commonly used:
1) equilibrium model, which is suitable for fast reactions as the reaction is expected to be at
equilibrium. 2) within the kinetic model, reactions are slower (strong dependency on time) and
can therefore be described by a reaction rate (Hassannayebi et al., 2019). In terms of the
numerical implementation, using the kinetic model can reduce the number of components as
only the reactants and products must be considered. However, the modeling approach depends on the type of chemical reaction.
Geochemical effects are considered within the source term in analogy to microbial reactions.
However, instead of having a pseudo component that governs the reaction, the reactants in
the solid and liquid phases initiate the conversion. A generic and straightforward method is a
concentration-based model, where the concentrations of the present reactants govern the rate.
The following assumes that the reaction is comparatively slow and irreversible, allowing a kinetic implementation similar to Abd and Abushaikha (2021).
𝑟𝑤

𝑟𝑠

𝑘
𝑛
𝑞geo
= γ𝑘geo ⋅ κ ⋅ ∏ ϕ ⋅ 𝑆𝑤 ⋅ 𝑐𝑤
⋅ ∏(1 − ϕ) ⋅ 𝑐𝑠𝑛
𝑛

𝑛

where γ𝑘geo is the stoichiometric factor, κ is the reaction rate in 𝑚𝑜𝑙/(𝑚3 ⋅ 𝑠), 𝑟𝑤 is the number
of reactants in the aqueous phase, and 𝑟𝑠 is the number of reactants in the solid phase.
Implementing a dissolution/precipitation kinetic may be suitable for specific geochemical reactions, whereby the solid components are soluble in the liquid phase.
In terms of mass balance, the geochemical reactions affect the porosity, which impacts the
permeability. To satisfy the mass equilibrium, the following mathematical relation is used:
𝑟𝑠

ϕ = ϕ0 − ∑ ϕ𝑛
𝑛

where ϕ0 is the reference porosity (initial pore fraction without reactive solid components) and
ϕ𝑛 is the pore fraction filled with the solid reactive component ϕ𝑛 .
Next, the impact of the changed porosity on the permeability is modeled by the Kozeny-Carman-relationship.
𝐾(ϕ) = 𝐾0 ⋅ (

1 − ϕ0 2 ϕ 3
) ⋅( )
1−ϕ
ϕ0

where 𝐾0 is the reference permeability of the inert solids in 𝑚2 .
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The work of HyUSPRe is planned to consider the effects of methanogenic and sulfate-reducing
microorganisms, but also the presence of other organisms such as acetogens can be considered. The extension of geochemical reactions is focused on the pyrite to pyrrhotite reduction,
which is implemented based on the kinetic model. However, depending on the results of the
laboratory investigations from WP2, the reaction type can be adjusted later. However, the processes modeled in the field scale simulation depend on the specific conditions of the formation.
As mentioned in Section 2.2 (Microbiology), the bio-chemical reactions will partially consume
hydrogen and will lead to changes in the fluid composition. Methanogenic archaea consume
hydrogen and carbon dioxide and produce methane and water. At this moment, the metabolism takes place according to the Sabatier reaction:
4𝐻2 + 𝐶𝑂2 ⟶ 𝐶𝐻4 + 2𝐻2 𝑂
Sulfate-reducing bacteria are living organisms consuming hydrogen and sulfur (𝑆𝑂4−2) and are
simultaneously discharging water but also hydrogen sulfide. The stoichiometric equation is as
follows:
5𝐻2 + 𝑆𝑂42− ⟶ 𝐻2 𝑆 + 4𝐻2 𝑂
Hydrogen sulfide can cause corrosion and, thereby, often leads to problems during operation.
Therefore, reservoirs containing large populations of sulfate-reducing bacteria may not be suitable for realizing UHS.
The geochemical reaction of hydrogen with pyrite is modeled according to the following stochiometric equilibrium:
𝐹𝑒𝑆2 + 𝐻2 ⟶ 𝐹𝑒𝑆 + 𝐻2 𝑆
Although this reaction will lead to a tiny and beneficial increase in the pore volume and simultaneously permeability, harmful hydrogen sulfide is produced.
Following the mathematical model, the implementation of the source/sink for the geochemical
reaction is as follows:
𝐻

𝐹𝑒𝑆2

𝑘
𝑞geo
= κ ⋅ γ𝑘geo ϕ 𝑐𝑤2 ⋅ 𝑆𝑤 ⋅ (1 − ϕ) ⋅ 𝑐𝑠

4.1.2 Numerical implementation
The numerical implementation of the bio-geo-reactive transport process in the subsurface is
done in the open source simulator DuMux. The open source structure allows the extension and
adaption of specific needs.
The numerical simulation considers a two-phase system compositional model. A fluid model
describes the fluid properties depending on the components involved in the process. Besides
default PVT correlations, this model can be adapted to specific needs. Further information
about the general modeling can be found in Koch et al. (2020).
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4.1.3 Geological models, hydraulic properties, and simulations grids
Geological models are a spatial representation of the formation, including relevant properties
such as petrophysics. The modeling is based on field surveys and their interpretation (e.g.,
seismic and well tests) but also operation history, if available. An example of a generic geological model is depicted in Figure 21.

Figure 21. Generic static model - here: average horizontal permeability from Hogeweg et al. (2022).

Based on the geological model, a static simulation grid containing the petrophysical properties
is built. The continuum-scale transport processes can be simulated using this static grid as
spatial discretization. These models are used to predict the operation and can be used for
optimization purposes within numerical simulations.
To a limited extent, the numerical model allows the usage of corner-point-grid, which are commonly used in the oil & gas industry. Here, the petrophysical properties can be imported together with the grid structure.

4.1.4 Well modeling and operations schedules
The well modeling within the simulation work is based on the operation type and defined schedule. As mentioned earlier, the wells are implemented locally via the source term, where the
corresponding amount of substance is extracted or added. Generally, two types of operation
are possible: 1) rate-controlled injection/withdrawal where no well model is required as it is in
the material balance explicitly. 2) pressure-controlled injection/withdrawal, which the Peaceman well model realizes.

4.1.5 Planned simulation studies
Within the HyUSPRe project, three field-scale simulations of potential underground hydrogen
storage formations are conducted. Industry partners of the consortium provide the field data.
The selection of the storage sites is made following the results of WP1, whereby various conditions are assessed. Among other things, differing locations (e.g., north-, central-, and south
EU), temperature conditions, and depth should be covered largely. Further, storages with experimental samples are favorable as formation-specific parameters are available in these
cases.

4.2 Benchmark studies with commercial simulators
TNO has investigated potential reservoir simulator for benchmarking the DuMux code development among the current available simulators broadly used/accessible in the oil and gas and
sustainable energy industry for field developments with:
• 3D multiphase flow
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•
•
•
•
•

With realistic wells (group controls, gas lift optimization, flow control devices, etc.)
Realistic geological features (faults, complex structures, PVT regions, etc.)
Cartesian, corner-point and radial (more suitable for near-wellbore studies) grids
High performance with parallel (MPI) functionality
User-friendly: Input and Output files, GUI, visualization, etc.

We investigated two broadly-used commercial simulators with advanced fluid properties behavior (PVT properties, miscibility, etc.): Eclipse (Schlumberger Limited) and CMG (Computer
Modelling Group LTD). Commercial simulators are usually well maintained with costumer support, but they are black-boxes with very expensive licenses per module. Therefore, we also
investigate an open-source reservoir simulator: OPM-flow (OPM-OP AS, 2022). OPM-flow was
chosen due meeting all the requirements mentioned above. OPM-flow and Eclipse have exactly same input and output format and its simulation results have compared and presented
very good match (Rasmussen et al., 2020).
Eclipse is a software from Schlumberger widely used in the industry for oil field developments
(~30 years in use). It has two main modules, black-oil (E100) and compositional-thermal models (E300/500). Eclipse can model CO2 storage in saline aquifers and depleted petroleum fields
(Lysyy et al., 2021) has used E100 to model hydrogen storage by using the solvent phase to
mimic the hydrogen phase and the mixing behavior between hydrogen and cushion gas. Their
approach showed a better performance in matching history data for hydrogen storage in depleted gas field than compositional model. Black-oil model are also much faster and stable
than compositional models. This approach could also be used with the open-source black-oil
simulator flow (OPM, 2022).
CMG has three modules, IMEX (black-oil), STARS (Advanced thermal simulator + compositional (k-values) + geochemistry) and GEM (compositional (Equation-of-State, EOS) + simplified thermal formulation). CMG has an advanced wellbore modeling that can compute heat
losses, phase densities and fractions, etc. In addition, it can be coupled with geomechanics.
Although GEM is largely used to model CO2 storage and has been used already in few studies
for hydrogen storage simulations (e.g. Koning (2021)), we believe STARS maybe the most
appropriate commercial simulator to model H2 storage in depleted gas fields and aquifers. Although the compositional model in STARS is simplified compared to E300 and GEM, it seems
appropriate for binary mixtures such as H2-methane. In addition, STARS allows to model not
only chemical reactions, but also microbial reactions within the aqueous and gas-solid phases.
TNO will prepare a box-model case in STARS (and GEM) including chemical and microbial
reactions plus thermal effects to help to validate the DuMux code and help the knowledge to
be transferred into a reservoir engineering tool for operators for modeling real field developments. TNO also intends to benchmark the field case studies with STARS (or GEM) and OPM.
With the STARS/GEM and OPM models we also intend to run investigations to understand
better physics involved in H2 storage: e.g., gravity, mixture-behavior, heterogeneities, thermal
effects, diffusion, geomechanics, chemical reactions, clogging due precipitation, etc.
Parallel to DuMux (TUC) and CMG (TNO) investigations, FBK is using the versatile commercial
simulator Comsol Multiphysics® to assess its potential to predict hydrogen-related processes.
Various modules allow for the implementation of chemical and physical processes in a suitable
manner. While the previously mentioned simulators use the finite-difference or finite-volume
method, Comsol applies the finite-element method, widespread within the field of mechanics
studies but also in Computational Fluid-Dynamics (CFD), Computational Electromagnetics
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(CEM). Here, the study to investigate the potential of Comsol to model UHS processes comprises the following steps:
1. A suitable and practical way will be developed to define and import the geometry of the
geological reservoir by two- and three-dimensional spatial interpolation. This geometry
will be the simulation domain filled with petrophysical properties.
2. The “Multiphase Flow in Porous Media” module will be assessed to simulate the fluiddynamics behavior of mixtures of gases and water in the reservoir. Particular focus is
placed on the effects of porosity, anisotropic permeability (petrophysical properties),
and other thermodynamic properties of the media. Furthermore, the “Heat Transfer
Module” simulates the coupled production and diffusion of heat in porous media and
fluids along with the fluid-dynamics analysis. For the flow and heat phenomena, suitable boundary conditions can be imposed through the modules, corresponding to realistic situations in a geological reservoir.
3. The “Chemical Reaction Engineering Module” can be used to simulate and investigate
the effects of chemical reactions inside the reservoir. This kinetic is coupled with the
fluid-dynamics equations through additional source terms in the PDEs describing the
flow.
4. The module of “ODEs (Ordinary Differential Equations) and DAEs (Differential-Algebraic Equations) module” is assessed to predict the underground microbial activity of
biological origin through a mathematical model of the microbial population growth/decrease cycle, which affects the hydrogen concentration.
5. In the last step, the “Geomechanics module” is investigated to model the reservoir rocks
deformation (this task is optional and reserved for an eventual more comprehensive
analysis).
Regarding spatial discretization, the first trials of converting the FDM/FVM grid into a FEM
usable grid showed promising results as depicted in Figure 22. For this step, the grid from
Hogeweg et al. (2022) (see Figure 21) was used for comparison reasons.

Figure 22: Result of conversion from FDM/FVM to FEM grid.
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5 Simulation of geomechanical effects and material durability in the near-wellbore region
Well Integrity Modeling
Hydrogen storage wells experience a unique set of pressure and temperature conditions during their operational life. The mechanical impact of the injection/production cycles can damage
the casing and cement, leading to well leakage and costly workovers. In this project, we plan
to develop and use a staged finite element well integrity tool to assess the near wellbore
stresses and damage over the life of a hydrogen storage well. The tool will use python and
ABAQUS to construct a 2D cross section of the wellbore at a certain depth. For this particular
study, the model geometry will include a casing placed in the center of the wellbore at the
depth of the cap rock below the tubing packer, annular cement, and the formation, as depicted
in Figure 23. Above the packer, the casing pressure is relatively constant due to the presence
of annular fluids (unless there is a leak in the packer system), and temperature impacts are
also dampened by the annular fluids. A staged analysis will be designed to assess the stress
development history from the drilling stage until the end of the well's life. A brief description of
each analysis stage is provided in the following. For more details regarding this methodology
please refer to Moghadam and Orlic (2021).

Figure 23. The geometry of the near-wellbore geomechanical model.

Initialization stage: In-situ effective stress, hydrostatic pore pressure, and temperature are
assigned to the rock elements depending on the depth of analysis.
Drilling stage: During this stage, the wellbore is drilled in the center of the model and the
stress distribution around the wellbore is calculated after applying the mud pressure to the
wellbore boundary. A transient heat transfer analysis is conducted to obtain the temperature
distribution around the wellbore during the drilling stage. Temperature influences the stress
values through thermal expansion of the materials.
Casing placement: After the drilling stage, a casing is inserted in the center of the wellbore.
Mud pressure is applied at the inner face of the casing and slurry pressure is applied on the
outside surface of the casing and the surface of the borehole (the annulus between the casing
and the formation). The initial axial stress of the casing is set to the buoyed weight of the casing
in the drilling mud, below the depth of interest.
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Cement placement: During this stage, cement is placed in the annular space between the
casing and the formation. Cohesive contacts are initialized between the cement, casing, and
the formation. Mud pressure is applied inside the casing. This stage represents the instant that
cement transitions to a solid state (i.e., the instant that the cement structure becomes load
bearing).
Hydration period: During this stage, the hydration process of cement is modeled. This methodology is presented and validated by Moghadam and Corina (2022). The analysis is divided
into pre-percolation and post-percolation stages. In the pre-percolation stage, the cement's
pore pressure and stress are equal to the hydrostatic slurry pressure. After the percolation
threshold is reached, a mechanical model is automatically generated using ABAQUS to continue the calculations for the poro-elastic cement. This method can accurately predict the stress
evolution of cement during hydration. This is paramount in estimating the potential cement
damage in the subsequent operational steps.
Operational stage: This stage simulates the operations of a hydrogen storage well. Hydrogen
is injected and produced over short or long duration cycles. The casing pressure and temperature (below tubing packer) along with reservoir pressure change are imported from reservoir
simulations. The stress change in cement and casing is monitored and potential well integrity
issues are identified. The risk of casing and cement damage can be determined according to
the stress state during the operational cycles. The cement damage could be in the form of
debonding, shear damage, or cyclical (fatigue) damage.
The cement's constitutive behavior in presence of hydrogen will be measured in WP5 and used
as an input in the geomechanical model. The downhole casing pressure and temperature and
near-well pore pressure will be taken from the reservoir simulations in WP6. The modeling
methodology will be applied to the case studies developed in this project, considering the particular formations properties, well design, and the operational conditions. The model outputs
the cement-casing-interface stresses over the life of the well. The integrity of cement and casing can be assessed based on the stress evolution considering appropriate failure criteria.
Figure 24 presents an example of the short-term stress development calculated for a geothermal well. Hydration reactions begin after cement is mixed and placed in the annulus. Cement's
pore pressure drops during hydration which leads to a drop-in cement-casing-formation interface stresses. For the particular well studied the interface stress on the formation side drops
to -3 MPa (tensile stress) which leads to debonding (i.e., a microannulus forms). The size of
the microannulus grows to 250 microns over time which could pose as a leakage pathway.
Figure 25 presents the stresses in cement over the operational life of the same well in the q-p
stress space. This output demonstrates the range of cyclical stresses imposed on cement
when the geothermal operations stop and resume. The stress outputs presented in Figure 24
and Figure 25 can be used to assess the type of damage in cement such as debonding, shear,
and cyclical damage. Similar outputs could be produced for the casing.
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Figure 24. The evolution of cement's pore pressure, casing-cement interface stress, formation-cement
interface stress, and the size of the microannulus shortly after cement placement for a geothermal well.
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Figure 25. The evolution of cement's shear and mean stress during a cyclical injection period for a geothermal well.

The present methodology only considers the mechanical impact of the hydrogen storage operation. Chemical and microbial effects could potentially be considered, depending on model
and data availability. The effect of hydrogen blistering, microbial activity, and geochemistry on
cement and steel's mechanical properties would be required to couple these phenomena with
mechanical integrity of the well.
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6 Summary and outlook
The subsurface offers a reasonable potential to store hydrogen from renewable sources in
proper quantities. However, unique processes occurring during hydrogen storage in porous
media compared with natural gas have been observed. Differences in hydrodynamics have
been reported, such as relative permeabilities, molecular diffusion, and mechanical dispersion.
Furthermore, biochemical reactions of microorganisms resisting harsh conditions may lead to
changes in fluid composition. Geochemical interactions of hydrogen with the minerals have
been stated to be a risk during the operation. These geochemical reactions and potential dissolution effects may impact fluid composition, geomechanics, and wellbore stability. But the
effects of hydrogen are not limited to the storage formation; rather, the materials of the well
are exposed to hydrogen. Here, blistering, cracking, and embrittlement of wellbore material
have been reported.
These effects have to be investigated and modeled for the safe operation of underground hydrogen storage. The present report shows that an integrated modeling approach that combines
laboratory experiments with numerical simulations has great potential to lead to a better understanding of relevant processes. These models allow the prediction on larger scales. On the
one hand, the potential risk of loss of well integrity is assessed in numerical simulations of the
near-wellbore region; on the other hand, the bio-geo-reactive transport processes are simulated on a continuum scale to predict potential storage scenarios. Based on these field-scale
studies, open source and commercial simulators are compared to model these hydrogen-specific processes. However, the observed processes and resulting data should be verified within
field tests due to the limited field data.
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