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Abstract: Underground hydrogen storage is a potential way to balance seasonal fluctuations in
energy production from renewable energies. The risks of hydrogen storage in depleted gas fields
include the conversion of hydrogen to CH4(g) and H2S(g) due to microbial activity, gas–water–rock
interactions in the reservoir and cap rock, which are connected with porosity changes, and the
loss of aqueous hydrogen by diffusion through the cap rock brine. These risks lead to loss of
hydrogen and thus to a loss of energy. A hydrogeochemical modeling approach is developed to
analyze these risks and to understand the basic hydrogeochemical mechanisms of hydrogen storage
over storage times at the reservoir scale. The one-dimensional diffusive mass transport model is
based on equilibrium reactions for gas–water–rock interactions and kinetic reactions for sulfate
reduction and methanogenesis. The modeling code is PHREEQC (pH-REdox-EQuilibrium written
in the C programming language). The parameters that influence the hydrogen loss are identified.
Crucial parameters are the amount of available electron acceptors, the storage time, and the kinetic
rate constants. Hydrogen storage causes a slight decrease in porosity of the reservoir rock. Loss of
aqueous hydrogen by diffusion is minimal. A wide range of conditions for optimized hydrogen
storage in depleted gas fields is identified.

Keywords: hydrogen storage; porous media; bacterial sulfate reduction; methanogenesis; gas loss;
diffusion; reactive transport modeling; PHREEQC

1. Introduction and Aims

Underground hydrogen storage (UHS) is used to store large amounts of hydrogen generated
from renewable energy sources (such as wind and solar) to compensate for seasonal fluctuations in
the supply and demand of energy [1,2]. Large amounts of hydrogen can be stored in depleted oil and
gas fields, in salt caverns, and in aquifers [1,3]. Nevertheless, practical experience of underground
hydrogen storage is still rare. In the US and UK, hydrogen is currently stored in salt caverns [3–6], but
hydrogen storage in depleted oil and gas fields is still under research and discussion. Depleted oil and
gas fields have a huge storage capacity, are well known from former exploration and production, and
qualify therefore for hydrogen storage. However, the existing underground gas storages (UGS) are
designed for the storage of natural gas, which does not contain hydrogen (or only very low amounts).
Because the chemical and physical properties of hydrogen are different to those of methane (CH4)—the
main component of natural gas—the effects of hydrogen on the reservoir rock, cap rock, and storage
facilities must be analyzed before injecting hydrogen into these storages [2].

Compared to methane, hydrogen has a higher diffusivity in pure water. The diffusion coefficient
for hydrogen is 5.13 × 10−9 m2 s−1 and for CH4 it is 1.85 × 10−9 m2 s−1, both in pure water at
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25 ◦C. The data are given in the database phreeqc.dat, that is provided by the US Geological Survey.
Generally, the diffusion process of an aqueous species is described by its diffusion coefficient in pure
water (m2 s−1). However, in any porous system, where solids are available, the influence of porosity
on the diffusion must be considered by scaling the diffusion coefficient with tortuosity [7], resulting
in an effective diffusion coefficient (Equation (1)), where d′m is the effective diffusion coefficient, dm

is the diffusion coefficient in pure water, and τ is the tortuosity. The tortuosity is the ratio of the
effective diffusion mass fluxes in a porous medium to ideal diffusion mass fluxes in solutions without
a rock matrix.

d′m =
dm

τ2 (1)

Therefore, the effective diffusion coefficient for methane is 2.35−2.49 × 10−10 m2 s−1 in clayey
host rocks at 21 ◦C [8]. The effective diffusion coefficient for hydrogen is 3.0 × 10−11 m2 s−1 in clayey
host rocks saturated with water at 25 ◦C [9]. However, there is a lack of data regarding effective
diffusion coefficients of hydrogen at underground storage conditions with higher temperatures and
pressures [10].

Compared to methane, hydrogen has a lower viscosity. The viscosity of hydrogen at the two-phase
boundary at 17 MPa and 350 K is 1.01 × 10−5 kg m−1 s−1 [11] and methane fluid at 20 MPa and 350 K
is 1.81 × 10−5 kg m−1 s−1 [12]. Furthermore, hydrogen has a lower density than methane. At normal
conditions, the density of hydrogen is eight times smaller than that of methane and the difference
increases by 20–30% under storage conditions [2]. The solubility of H2(g) in pure water is smaller than
the solubility of CH4(g). At 25 ◦C and 1.0 atm, 7.9 × 10−4 mol kgw−1 H2(g) and 1.4 × 10−3 mol kgw−1

CH4(g) dissolve in pure water (data based on phreeqc.dat).
The properties of hydrogen—being different from those of methane—could lead to risks when

storing hydrogen in depleted gas fields, which were constructed for storing methane (underground
gas storage). Potential risks include (i) the conversion of hydrogen to CH4 and H2S due to microbial
activity, (ii) chemical reaction of hydrogen with the minerals of the reservoir rock/cap rock and thus
potential resulting porosity changes, and (iii) the loss of aqueous H2(aq) by diffusion through the
cap rock.

The first risk (i) arises from microbial activities in the underground. The two processes relevant
here are bacterial sulfate reduction (2) and methanogenesis (3), where hydrogen is microbially catalyzed
by bacteria and is converted to H2S(aq) or CH4(aq). The activity of the different bacteria depends on
the availability of the different electron acceptors such as sulfate or carbon dioxide [1]. Other possible
microbial processes are acetogenesis and iron(III)-reduction, summarized by Hagemann et al. [13].

Bacterial sulfate reduction (BSR): SO4
2−

(aq) + 5H2(aq) → H2S(aq) + 4H2O (2)

Methanogenesis: CO2(aq) + 4H2(aq) → CH4(aq) + 2H2O (3)

In aqueous anoxic environments, the sulfate-reducing bacteria (SRB) use sulfate as an electron
acceptor to oxidize hydrogen and generate sulfide-S which could be available as aqueous S2−

(aq),
HS−(aq), and H2S(aq) and as gaseous H2S(g) as well. The sulfate is derived from the aqueous dissolution
of mineral phases like anhydrite (CaSO4(s)). The energy gained from sulfate reduction is used
by the SRB for cell growth [14]. SRB prefer temperatures around 38 ◦C [15] and near-neutral
pH conditions [14], but are active even at extreme habitat conditions such as at great depths and
temperatures, ranging from 0 ◦C to 60–80 ◦C [16–18] and in some cases up to 110 ◦C [19]. SRB activity
was observed, for example, in hydrocarbon reservoirs [18] and in the underground storage of town
gas [20]. The risk arising from bacterial sulfate reduction lies in the produced H2S, which is corrosive
towards the storage facilities, toxic if inhaled, and can pose a risk to the environment.

Typical environments for methanogenic bacteria are, for example, anoxic sediments and flooded
soils [21]. However, the existence of methanogenic bacteria was also observed in town gas storages [22].
Methanogenic bacteria prefer temperatures of 30–40 ◦C for growth [10], but they also have been found
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at higher temperatures of 80 ◦C [23,24] and up to 97 ◦C [10,25]. With these bacteria, H2(aq) is the electron
donor and CO2(aq) is the electron acceptor, which is reduced to form CH4(aq). The methanogenic
bacteria obtain their energy for cell growth from this conversion [21,22]. The problem associated
with methanogenesis lies in the loss of hydrogen and the related energy loss [2]. This phenomenon
has already been observed in the underground storage of town gas. A well-known example is the
Czech town gas storage at Lobodice, where the 54 vol. % injected H2(g) diminished to 37 vol. % H2(g).
Concurrently, CH4(g) increased from 21.9 vol. % to 40.0 vol. % within a time span of 7 months [22].

Another risk of underground hydrogen storage (ii) is the reaction of H2(g/aq) with the minerals
of the reservoir rock and the cap rock, which can lead to mineral dissolution and precipitation and
resulting porosity changes as known from carbon capture and storage e.g., [26–29]. Changes in
the porosity of the cap rock can either improve or deteriorate its sealing capacity. Furthermore,
precipitation of minerals at the well equipment may cause scaling [2].

In depleted gas fields, the high diffusivity of hydrogen could be the reason for hydrogen loss (iii).
The hydrogen is dissolved in the formation water of the cap rock and diffuses through the cap rock [2].
Reitenbach et al. [2] stated that a significant loss of hydrogen can be expected. The high diffusivity,
low viscosity, and low density of hydrogen leads to a high mobility and therefore the potential loss
due to leakage should be considered [1].

A natural analog for an unintended and unpredictable leakage of hydrogen can be found in
hydrogen anomalies associated with faults. These so called natural hydrogen seeps have been described
by Larin et al. [30], Sato et al. [31], Wakita et al. [32], Ware et al. [33], and Zgonnik et al. [34]. In these
cases, faults act as “fluid conduits” [30]. An increased CH4 concentration is also observed within
these anomalies because of the increased microbial activity stimulated by the increased amount of
hydrogen [30]. If hydrogen reaches the surface, it could inhibit the growth of trees, underbrush,
and grass [30].

There are experimental studies concerning kinetics of pyrite and pyrrhotite reduction by hydrogen
at high temperatures [35], the reactivity of hydrogen in sandstones [36], and the petrographic and
petrophysical variation in reservoir sandstones due to hydrogen storage [37]. However, modeling
studies of hydrogen storage to predict “long-term” behaviors are still rare. Therefore, this study is
performed to model the loss of hydrogen (and related energy loss) as a combination of (i) the conversion
by bacteria, (ii) gas-water-rock interactions in the reservoir and cap rock, which are connected with
porosity changes, and (iii) loss by aqueous diffusion along a gradient of decreasing pressure and
temperature conditions.

These processes are retraced by a one-dimensional reactive mass transport model to simulate
gas–water–rock interactions resulting from hydrogen storage in depleted gas fields. The aim of this
study is to investigate the basic mechanisms of BSR and methanogenesis in an integrated way over
storage times at the reservoir scale and to describe qualitatively and quantitatively which reservoir
rock and cap rock minerals dissolve or precipitate because of hydrogen storage as well as the related
porosity changes. Furthermore, the parameters that influence the loss of hydrogen are determined.

Therefore, a model is presented, in which the hydrogeochemical mechanisms of underground
hydrogen storage are simulated in a reference scenario (Sections 3.1–3.3). In further scenarios, single
parameters will be changed in the model to show their effects on the modeling results and to identify
the parameters that are most sensitive for underground hydrogen storage (Section 3.4).

2. Methodology

2.1. Modeling Tools

The modeling program for the one-dimensional reactive mass transport (1DRMT) model
is PHREEQC version 3 (PHREEQC = pH-REdox-EQuilibrium written in the C programming
language), provided by the US Geological Survey [38]. PHREEQC has capabilities to simulate
(i) speciation and saturation-index calculations, (ii) batch-reaction and 1D transport calculations,
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and (iii) inverse modeling [38]. The used database is phreeqc.dat extended by dawsonite, nahcolite,
CH4(g), H2S(g), N2(g), which are taken from llnl.dat. The 1DRMT model considers equilibrium reactions
for gas–water–rock interactions, and kinetic reactions for sulfate reduction and methanogenesis.
The equilibrium calculations are based on the mass action law including all species used in this
study (Al, Ba, C, Ca, Cl, Fe, K, Mg, N, Na, S, Si) and their corresponding equilibrium constants.
The equilibrium phases, mass action equations, and equilibrium constants used in the model are
summarized in Table 1. For detailed information about PHREEQC, see Parkhurst and Appelo [38].

Table 1. Equilibrium phases, mass action equations, and equilibrium constants used in the model.
Data from phreeqc.dat, except for dawsonite, nahcolite, CH4(g), H2S(g), N2(g), which are from
llnl.dat [38].

Equilibrium Phase Equilibrium Reaction log K at 25 ◦C, 1 bar

K-feldspar KAlSi3O8 + 8H2O = K+ + Al(OH)4
− + 3H4SiO4 −20.573

Albite NaAlSi3O8 + 8H2O = Na+ + Al(OH)4
− + 3H4SiO4 −18.002

Kaolinite Al2Si2O5(OH)4 + 6H+ = H2O + 2H4SiO4 + 2Al3+ 7.435

Quartz SiO2 + 2H2O = H4SiO4 3.98

Calcite CaCO3 = CO3
2− + Ca2+ 8.48

Pyrite FeS2 + 2H+ + 2e− = Fe2+ + 2HS− −18.479

Illite K0.6Mg0.25Al2.3Si3.5O10(OH)2 + 11.2H2O = 0.6K+ +
0.25Mg2+ + 2.3Al(OH)4− + 3.5H4SiO4 + 1.2H+ −40.267

Dawsonite NaAlCO3(OH)2 + 3H+ = Al3+ + HCO3
− + Na+ + 2H2O 4.35

Mackinawite FeS + H+ = Fe2+ + HS− −4.648

Dolomite CaMg(CO3)2 = Ca2+ + Mg2+ + 2CO3
2− −17.09

Nahcolite NaHCO3 = HCO3
− + Na+ −0.11

Anhydrite CaSO4 = Ca2+ + SO4
2− −4.39

Halite NaCl = Cl− + Na+ 1.570

Gypsum CaSO4·2H2O = Ca2+ + SO4
2− + 2H2O −4.58

Sulfur a S + 2H+ + 2e− = H2S 4.882

Barite BaSO4 = Ba2+ + SO4
2− −9.97

Goethite FeOOH + 3H+ = Fe3+ + 2H2O −1.0

H2(g) H2 = H2 −3.1050

CO2(g) CO2 = CO2 −1.468

CH4(g) CH4 = CH4 −2.8502

H2S(g) H2S = H+ + HS− −7.9759

N2(g) N2 = N2 −3.1864
a Sulfur = elemental sulfur.

2.2. Model Setup

Gaseous hydrogen (H2(g)) is injected into the reservoir rock where residual gas from the previous
natural gas reservoir is still available and the reservoir brine is in equilibrium with these gases and
the reservoir rock. When H2(g) is injected, the available brine is saturated with H2. With ongoing
injection of H2(g), the initial reservoir brine is displaced and H2(g) builds up a plume. The only available
water in the reservoir rock is then the irreducible water. On contact with the cap rock, H2(g) dissolves
into the cap rock brine and diffuses through the cap rock brine. These processes are retraced with a
hydrogeochemical, 1D reactive mass transport modeling approach, which is of semi-generic nature.
The conditions assumed in the model are based on conditions of a depleted gas field with a temperature
of 40 ◦C and a reservoir pressure of 40 atm. The model is divided into a column of 1488 cells, with a cell
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height of 1.0 m each (in the z-direction). The cap rock is assumed to have a height of 182 m (cells 1–182),
the reservoir rock consists of 667 m (cells 183–850), and the underlying rock of 637 m (cells 851–1488;
Figure 1). For the sake of simplicity, a constant partial pressure in the H2(g) plume is assumed and the
partial pressure is set to be equal to the hydrostatic pressure. Even during production, an amount of
hydrogen remains in the reservoir.Appl. Sci. 2018, 8, x FOR PEER REVIEW    5 of 19 
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H2CO3 ↔ CO3
2- + 2H+
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H2O
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CH4(aq) ↔ CH4(g)

FeOOH(s) + 3H+
(aq) ↔ Fe3+ + 2H2O

Fe3+ + e- ↔ Fe2+

Fe2+ + 2HS- ↔ FeS2(s) + 2H+ + 2e-
CH4(aq) + 2H2O ↔ CO2(aq) + 8H+ + 8e-

H2(g) ↔ 2H+
(aq) + 2e-H2O

CaSO4(s) ↔ SO4
2- + Ca2+

CaCO3(s) ↔ Ca2+ + CO3
2-

CO3
2- + 2H+

(aq) ↔ H2CO3

H2CO3 ↔ CO2(aq) + 4H2O
CO2(g) ↔ CO2(aq)

Figure 1. Selected reactions and processes associated with bacterial sulfate reduction and
methanogenesis (purple). Single arrow = kinetic-controlled reactions; double arrow = equilibrium
reactions; blue triangles = time-dependent diffusive transport of aqueous components; bold = injected
gas for storage.

The mineralogical compositions of the cap rock, the reservoir rock, and the underlying rock
are based on data of the Röt Formation [39,40], Buntsandstein Formation [41], and Zechstein
Formation [42,43] and are summarized in Table 2. The reactive amount of each mineral phase is
calculated in moles per kg of pore water (mol kgw−1) with the consideration of the specific density
of each mineral phase (g cm−3). Dawsonite, mackinawite, elemental sulfur, albite (and pyrite) are
considered as potential secondary phases, which may form at saturation. The clay minerals are
considered as follows: illite is defined as a primary mineral phase, and the cation exchange capacity of
chlorite, illite, montmorillonite, and kaolinite are estimated based on the data given by Appelo and
Postma [44]. An initial small amount of CO2 (pCO2 = partial pressure of CO2 = 1.0 atm) is assumed to
be available in the cap rock, reservoir rock, and underlying rock from burial. The possible outgassing
of CH4(g), N2(g), CO2(g), H2S(g), and H2(g) is assumed in all cells.

The reservoir rock (cells 183–850) has an initial porosity of 10% (n = 0.1), 2.5% (n = 0.025) of the
pore space is filled with irreducible water, which is equal to 1 L H2O, and 7.5% (n = 0.075) of the
pore space is filled with gas. The total volume is 40 L (1 L/0.025) and therefore, 3 L are filled with
gas (40 L × 0.075). The porosity is filled with 3 L gas and 1 L H2O, so 36 L are occupied by solids in
each cell of the reservoir rock. The gas consists of 10% residual gas (that was not extracted during
natural gas production) and 90% stored hydrogen gas. The composition of the residual gas in the
reservoir rock is based on data from Bischoff and Gocht [45] with pCH4(g) = 3.56 atm, pN2(g) = 0.4 atm,
and pCO2(g) = 0.04 atm. The stored hydrogen gas is composed of 96% H2(g) (pH2(g) = 34.56 atm)
and 4% CO2(g) (pCO2(g) = 1.44 atm), these values are modified from data presented by Panfilov [5].
For modeling purposes, the stored hydrogen gas is additionally induced as a tracer gas with the same
chemical properties as H2(g). It is used instead of H2(g) because H2(g/aq) is induced and used as the
reactant in the calculation kinetics. The amount of tracer gas corresponds to 4.3 mol L−1 of gas in
each cell of the reservoir. The summed volume of all gases in the reservoir rock is 3 L per cell and
represents the stored gas volume at 40 atm under the assumed reservoir conditions. The sum of the
partial pressure of all available gases (including tracer gas) is equivalent to the total pressure (40 atm)
in the reservoir so that the generated gases (H2S(g), CH4(g)) are released as gas bubbles.
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Table 2. Mineralogical composition of the reservoir rock, cap rock, and underlying rock. Dawsonite,
nahcolite, mackinawite, sulfur, albite (and pyrite) are potential secondary phases.

Primary Minerals Weight Percent (wt. %) Amount (mol kgw−1)

Cap rock
Halite 5.0 76.74
Quartz 50.0 746.42

Illite 20.0 46.73
Dolomite 5.0 24.32
Anhydrite 15.0 131.77

Reservoir rock
K-feldspar 30.0 103.90
Kaolinite 1.0 3.73
Quartz 55.0 882.43
Calcite 0.5 4.82

Dolomite 0.5 0.03
Anhydrite 0.5 0.132 a

Illite 11.5 28.88
Barite 0.5 0.0009

Goethite 0.5 0.002

Underlying rock
Halite 50.0 758.46
Quartz 8.0 118.04
Calcite 6.0 53.14

Dolomite 10.0 0.03
Pyrite 1.0 7.39

Anhydrite 25.0 66.11
a Reactive amount of anhydrite.

The cap rock (cells 1–182) is defined by an initial porosity of 5.0% (n = 0.05), with 1 L irreducible
water and 19 L solid. The underlying rock (cells 851–1488) is defined by an initial porosity of 10%
(n = 0.1), divided into 2.5% (n = 0.025) irreducible water, which is equal to 1 L H2O, and 7.5% (n = 0.075)
gas. The porosity is filled with 3 L gas and 1 L H2O, so 36 L are occupied by solids in each cell of the
underlying rock. The assumed natural gas composition in the underlying rock is pCH4(g) = 81.1 atm,
pN2(g) = 4.3 atm, pH2S(g) = 10.7 atm, and pCO2(g) = 10.7 atm [45].

The initial brine compositions of the cap rock, reservoir rock, and underlying rock are
pre-calculated in a separate transport model to simulate the million-years-long interaction of the
different brines with each other. The cap rock brine is composed of a 0.5 M Na+/Cl−-dominated
solution equilibrated with the mineral phases of the cap rock under cap rock pressure and temperature
conditions. The temperature and pressure conditions change along the diffusive pathway of the
aqueous species through the cap rock, starting with 40 ◦C and 40 atm at the reservoir depth (data from
Pudlo et al. [46]). A gradient of decreasing temperature and pressure conditions according to the
geothermal gradient (33.3 ◦C km−1 depth) and a pressure gradient of 100 atm km−1 depth under
hydrostatic conditions is assumed. Therefore, each cell is defined by a specific temperature and
pressure condition (e.g., cell 182: 39.967 ◦C and 39.9 atm; cell 181: 39.934 ◦C and 39.8 atm; and so
on). The initial reservoir rock brine composition is a 0.5 M Na+/Cl−-dominated solution, which is in
equilibrium with the reservoir rock and the initial gas composition at 40 atm and 40 ◦C. The underlying
rock is dominated by a 6.7 M Na+/Cl−-dominated solution equilibrated with the underlying rock and
gas composition under underlying rock pressure and temperature conditions (106.7 atm and 60 ◦C).
To simulate the million-years-long interaction, molecular diffusion of all aqueous species through the
cap rock brine, reservoir rock brine, and underlying rock brine is simulated over one million years.
The brine compositions are summarized in Table 3.

The high Na+ and Cl− concentrations and high ionic strength in the brines require the use
of the Pitzer database. However, the Pitzer database does not include Al3+, which is important



Appl. Sci. 2018, 8, 2282 7 of 19

when modeling hydrogen storage in depleted gas fields. Therefore, the database phreeqc.dat is
used. The validation that PHREEQC using phreeqc.dat simulates correct results with high Na+ and
Cl− concentrations and high ionic strength is shown by Hemme and van Berk [47]. Furthermore,
Parkhurst and Appelo [48] stated that models are reliable at higher ionic strength if the system is
sodium chloride dominated.

Table 3. Composition of the initial irreducible water in the reservoir rock, the cap rock brine, and the
underlying rock brine.

Parameter Cap Rock Brine Irreducible Water in the
Reservoir Rock Underlying Rock Brine

pH 6.4 6.4 5.9
Temperature (◦C) 37.0 40.0 60.0

Elements Concentration (mol kgw−1) Concentration (mol kgw−1) Concentration (mol kgw−1)
Al 1.31 × 10−7 2.209 × 10−8 1.776 × 10−8

Ba 5.85 × 10−7 3.922 × 10−7 2.206 × 10−5

Ctot
a 3.11 × 10−2 1.762 × 10−2 7.405 × 10−3

Ca 3.63 × 10−2 1.186 × 10−2 1.562 × 10−2

Cl 1.27 1.123 5.396
Fe 5.69 × 10−2 6.572 × 10−2 4.263 × 10−11

K 5.28 × 10−1 6.151 × 10−1 4.604 × 10−1

Mg 8.73 × 10−4 2.579 × 10−3 1.142 × 10−2

N 5.61 × 10−2 6.485 × 10−2 5.081 × 10−2

Na 1.27 1.123 5.396
Stot

b 1.01 1.143 7.540 × 10−1

Si 8.73 × 10−5 9.878 × 10−5 1.509 × 10−4

a Summed concentration of aqueous CH4 and C(+IV) species; b Summed concentration of aqueous S(+VI) and
S(−II) species.

Molecular diffusion of all aqueous species is the only mass transport accounted for by the
model. Multicomponent diffusion is calculated where each “solute can be given its own diffusion
coefficient, allowing it to diffuse at its own rate, but with the constraint that overall charge balance is
maintained” [38,49,50]. Fluid flow is not considered in the model due to the lack of total hydraulic
head differences in depleted gas reservoirs. A homogeneous distribution of the relevant parameters in
the reservoir and cap rock such as mineralogical composition is assumed. Furthermore, no fractures or
natural faults are considered. Because of the lack of data, the storage time of hydrogen in depleted
oil and gas fields is based on the equipment lifetime of 30 years [51], but is varied in an additional
scenario (Section 3.4.1).

The oxidation of hydrogen by SO4
2− and/or CO2 in the model is kinetically controlled.

The reaction kinetics describe the time-dependent changes of reaction products and educts of
a chemical reaction. To calculate the irreversible reactions, catalyzed by microorganisms like
sulfate-reducing bacteria and methanogenic bacteria, the Monod equation (Equation (4)) is used.
Bacterial concentrations are kept constant in the model with the aim to model the “worst-case” scenario.

ψgrowth = ψ
growth
max

(
cs

α + cs

)
(4)

where ψ
growth
max is the maximum specific growth rate (mol L−1 s−1), cs is the concentration of the limiting

substrates (mol L−1), and α is the half-velocity constant. The maximum specific growth rate that is
assumed in the model is 2.30× 10−9 mol kgw−1 s−1 for methanogenesis (at 37 ◦C) [22] and 9.26 × 10−8

mol kgw−1 s−1 for BSR (at 30 ◦C) [52]. For bacterial sulfate reduction, the limiting substrate is sulfate
and for methanogenesis it is carbon dioxide.

Panfilov [5] defined a new model to describe the substrate-limited growth models (Equation (5)),
where te is the “individual time of eating” (s) and nmax is the maximum population size (m−3). Due to
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the lack of data regarding the characteristic time of eating and the maximum population size, the
Panfilov model is not considered.

ψgrowth =
1
te

n

1 + n2

n2
max

(
cs

α + cs

)
(5)

The lower boundary of the column (in the underlying rock) and the upper boundary of the
column (in the cap rock) are defined as diffusive flux. To check the numerical accuracy of the results,
discretization studies for one scenario are performed, in which the number of shifts and the number of
cells are refined. The model calculation for one scenario is rerun and results are compared [38].

3. Results and Discussion

3.1. Loss of H2(g/aq) by Bacterial Conversion to CH4(g) and H2S(g)

The modeling results of the reference scenario (defined in Section 2.2; input file S1) show that
the maximum amount of bacterial-converted H2(g/aq) to CH4(g) and H2S(g) depends on the amount of
available (and reactive) electron acceptors, carbon dioxide and sulfate, and on the amount of available
H2(g/aq). Figure 1 shows selected reactions and processes that are coupled to bacterial sulfate reduction
and methanogenesis.

When CO2 and SO4
2− are fully consumed, methanogenesis and BSR will not proceed. The stored

gas is composed of 96% hydrogen and 4% carbon dioxide (residual gas is still available). Therefore, CO2

is available as electron acceptor for the methanogenesis and CH4(g) is generated. After less than 3 years
of storage, the injected CO2(g) is completely consumed, but an ongoing supply of CO2 is provided by
the dissolution of carbonate-bearing minerals (such as calcite, for example). Consequently, the amount
of generated CH4(g) is limited by the assumed storage time of 30 years and the time-dependent kinetics
of methanogenesis.

The available sulfate for BSR in the reservoir rock results from anhydrite dissolution. If anhydrite
is still present in a depleted natural gas reservoir, it is not reactive (e.g., it is coated by other minerals).
Otherwise, the sulfate would have been catalyzed by bacterial sulfate reduction, with methane—the
main component of natural gas—as electron donor. The same applies to hydrogen storage in depleted
natural gas reservoirs. However, the creation of new fractures and natural faults or the dissolution
of carbonate cements (pore-filling cements) leads to contact of reactive anhydrite with the stored
hydrogen. To simulate this “worst-case” scenario, a small amount of reactive anhydrite is assumed
in this model. The dissolution of anhydrite provides SO4

2−
(aq) for H2S(g) generation and Ca2+

(aq)
for calcite precipitation. Additionally, the dissolution of anhydrite creates porosity, which in turn
can be superseded by the precipitation of other minerals (see Section 3.2). The reactive anhydrite
is in solution equilibrium with the brine. The consumption of sulfate(aq) by BSR is accompanied by
ongoing anhydrite dissolution and more sulfate becomes available for BSR until the reactive anhydrite
is completely dissolved.

As a product of BSR and methanogenesis, small amounts of water (0.007 kg) are formed
(Equations (2) and (3)). This increases the water content in the reservoir rock (1.0 kg initial water
+ 0.007 kg generated water = 1.007 kg total water mass per cell after 30 years). The water will probably
be suppressed by the gas along the reservoir/cap rock boundary. However, the small increase in
the mass of water could increase the anhydrite dissolution, resulting in a higher amount of sulfate
ions that are available for BSR. Additional sulfate is delivered by diffusion from the cap rock and the
underlying rock, where the dissolution of anhydrite acts as a sulfate source. The amount of generated
H2S(g) depends on the storage time, the amount of available and reactive anhydrite, the diffusion,
and the time-dependent kinetic rate constant. However, the last three mentioned factors depend on
pressure and/or temperature.

Two hotspot regions with higher amounts of generated H2S(g) (related to a higher loss of hydrogen)
are identified: the contact area of the reservoir rock and the cap rock and the contact area of the reservoir
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rock and the underlying rock. These are the regions where additional sulfate is delivered into the
reservoir rock by diffusion. However, the highest CH4(g) concentrations can be found at the contact
area of the reservoir rock and the underlying rock, where additional CO2 is delivered by diffusion of
the gas in the underlying rock into the reservoir rock.

The 1DRMT modeling results show an average loss of 3.3 mol H2(g/aq) after 30 years in each cell
of the reservoir rock (cells 183–850). Over the same period, on average, 0.2 mol L−1 of gas CH4(g)
and 0.005 mol L−1 of gas H2S(g) are generated and 0.06 mol L−1 of gas CO2(g) is consumed, which
corresponds to the total amount of CO2(g) that was available as injected and residual gas. The changes
in gas composition in the reservoir rock in cell 183, located at the contact with the cap rock, with
ongoing time are shown in Figure 2a. The mass of lost H2(g/aq) that is not converted to CH4(g) or H2S(g)
is bound in aqueous species (OH−, CH4, HCO3

−, Al(OH)4
−, CaOH+, CaHCO3

+, MgOH+, MgHCO3
+,

H2, NH4
+, NH3, H2S, HS−, H4SiO4, and H3SiO4

−) or in mineral phases (see Section 3.2).
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Figure 2. Changes in gas composition in the reservoir rock with ongoing time in (a) reference scenario
and influenced by (b) increased storage time of 300 years, (c) higher pressure and temperature
conditions, (d) higher kinetic rate constant for BSR of 2.40 × 10−7 mol kgw−1 s−1, (e) lower
kinetic rate constant for BSR of 9.26 × 10−9 mol kgw−1 s−1, (f) higher kinetic rate constant for
methanogenesis of 2.30 × 10−6 mol kgw−1 s−1, (g) lower kinetic rate constant for methanogenesis of
2.30 × 10−12 mol kgw−1 s−1, (h) varied stored gas composition (without CO2(g)).
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The competition between methanogenic microorganisms and sulfate-reducing bacteria is widely
discussed in the literature [53–56] and is not the object of this study. However, in PHREEQC, BSR
occurs prior to methanogenesis. This reaction order of H2(g/aq) with SO4

2−
(aq) (BSR) and CO2(aq)

(methanogenesis) is tested in a separate batch model. It includes H2O(aq), CO2(aq), and SO4
2−

(aq)
(in equal amounts) and a sufficient amount of hydrogen. H2(g/aq) reacts primarily with SO4

2−
(aq) to

form S2−
(aq) until the total amount of the initial SO4

2−
(aq) is consumed. This is followed by the reaction

of H2(g/aq) with CO2(aq) to CH4(aq). Thereby, the equilibrium constant (log K) is the crucial value. In a
separate model, the log K value for SO4

2− (33.65; (6)) is reduced to below the log K value of CO2

(16.861; (7); data from phreeqc.dat). In this case, the methanogenesis takes place before BSR.

SO4
2−

(aq) + 9H+
(aq) + 8e− = HS−(aq) + 4H2O (6)

CO3
2−

(aq) + 2H+
(aq) = CO2(aq) + H2O (7)

3.2. Hydrogeochemical Effects of Hydrogen Storage on Reservoir Rock and Cap Rock

Storage of hydrogen in depleted gas fields can lead to dissolution and precipitation of minerals,
which in turn could change the porosity of the reservoir rock and cap rock. An increase in the cap rock
porosity would decrease the sealing capacity and increase the risk of pathways for the stored hydrogen
to reach, for example, overlying aquifers. On the contrary, a decrease of the cap rock porosity would
increase its sealing capacity.

Truche et al. [57] argued that the influence of hydrogen on sulfur-bearing minerals like framboidal
pyrite is high but the effect on other minerals available in claystones like clay minerals, quartz and
calcite is minor at “low temperatures”. By contrast, Reitenbach et al. [2] stated that the addition of
hydrogen causes abiotic reactions of hydrogen with minerals of the reservoir and cap rocks which
leads to dissolution of sulfate and carbonate-bearing minerals, clay minerals of the chlorite group
and feldspars and to precipitation of iron-sulfide bearing minerals, illite, and pyrrhotite. However,
both studies agree that pyrite is a potential oxidant for hydrogen and is reduced to pyrrhotite
(FeS1 + x) [2,57]. The 1DRMT modeling results of the reference scenario of this study show that
at 40 ◦C and 40 atm the storage of hydrogen induces K-feldspar, kaolinite, and dolomite precipitation
in the reservoir rock. Quartz, calcite, and illite are dissolved. The reactive amounts of barite, goethite,
and anhydrite are completely consumed during the storage time of 30 years. After the complete
consumption of reactive anhydrite, the only sulfate source comes from the cap rock and the underlying
rock by diffusion and consequently this limits the loss of hydrogen by bacterial sulfate reduction.
High concentrations of S(−II)(aq) species in the reservoir brine can be observed from the modeling
results. The assumed reactive amount of goethite is completely consumed in less than 3 years.
The goethite dissolution buffers the effect of H2S(g) generation because the amount of Fe(+II), which
has been reduced from Fe(+III), reacts with the aqueous sulfide to form pyrite (a potential secondary
phase in the model) so that aqueous sulfide is no longer available for H2S(g) generation. The modeling
results show also that the higher pH conditions (pH increases from initial 6.4 to 8.2–8.7) and the high
sodium concentrations in the brine induce weak albitization in the hotspot areas (the contact area
of the reservoir rock and the cap rock and the contact area of the reservoir rock and the underlying
rock). Except for pyrite and albite, the other potential secondary phases, dawsonite, mackinawite,
nahcolite, and sulfur, are not formed under reservoir conditions. Elemental sulfur does not form,
even if mackinawite and pyrite are not considered as potential secondary phases. Small amounts of
calcite are precipitated because the dissolution of anhydrite contributes Ca2+

(aq) into the reservoir
brine. However, at the same time, calcite is dissolved and delivers CO2 for methanogenesis so that the
total amount of calcite decreases. The volume changes of the mineral phases are shown in Figure 3.
The changes in porosity are calculated from the PHREEQC modeling results. The porosity in the
reservoir rock decreases from initially 10% to 9.79–9.95%. This means that the available pore space
for hydrogen storage decreases over 30 years such that (i) the same amount of hydrogen is moved
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to greater distances from the bore hole or (ii) less hydrogen can be stored in future injection phases
(max. 0.2%).

The mineralogical changes in the cap rock, induced by diffusion of aqueous H2(aq) from the
reservoir rock, are minimal and cause no changes to the initial porosity. The reasons for that are
the short storage time of 30 years and the slow diffusion process. Furthermore, the hydrogen
reacts with the mineralogical assemblage of the reservoir rock and brine and it is converted by
BSR and methanogenesis.

The used modeling program, PHREEQC, has no capabilities to simulate gas transport between
the different cells (multiphase flow). To overcome this limitation, a separate transport model provides
an initial amount of H2(g) in the cap rock for the kinetic calculation to simulate the influence of H2(g) on
the cap rock properties in the case of a gas loss from the reservoir rock by, for example, new fractures
or natural faults. The initial amount corresponds to the maximum available amount of H2(g) that could
be available per cell in the cap rock and represents a worst-case scenario. Modeling results indicate an
increase in pH from 6.4 to 7.8 in the cap rock brine after 30 years of storage. The intense contact of
hydrogen with the cap rock results in a total loss in porosity, which increases the sealing capacity of
the cap rock. This decrease in porosity is caused mainly by albitization, whereas the dissolution of
halite, quartz, illite, and anhydrite counteracts a stronger porosity decrease. Precipitation of dolomite
is negligible. The potential secondary phase pyrite is precipitated whereas dawsonite, mackinawite,
and sulfur are not formed.
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Figure 3. Volume changes of mineral phases (L kgw−1) in the reservoir rock after 30 years of hydrogen
storage (reference scenario).

3.3. Loss of Aqueous H2(aq) by Diffusion through the Cap Rock

By assuming specific diffusion coefficients for the different aqueous species, the diffusion of
hydrogen and related products is modeled. A non-reactive tracer, with the same diffusion coefficient
as hydrogen of 5.13 × 10−9 m2 s−1, shows that significant amounts of hydrogen (greater than
4.0 × 10−7 mol kgw−1) were calculated only for distances less than 4 m through the cap rock (in the
z-direction) over 30 years, assuming an initial cap rock porosity of 5%, no faults, and non-reactive
hydrogen (Figure 4a). However, hydrogen reacts with the mineralogical assemblage of the reservoir
rock and brine and is converted by BSR and methanogenesis. The loss of aqueous hydrogen by
diffusion is minor. Dissolved hydrogen and corresponding aqueous species concentrations (OH−,
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CH4, HCO3
−, Al(OH)4

−, CaOH+, CaHCO3
+, MgOH+, MgHCO3

+, H2, NH4
+, NH3, H2S, HS−, H4SiO4,

and H3SiO4
−) in the cap rock brine show no significant changes. The most significant difference has

been calculated for the NH4
+ concentration, which rises to around 4 × 10−4 mol kgw−1 in the first

meter of the cap rock (cell 182). Therefore, the effect of hydrogen storage on the cap rock is only visible
in the first meter of the cap rock, which is in contact with the reservoir rock (cell 182), after 30 years.
Even though each aqueous species migrates with a different rate along its concentration gradient, as
described by Buzek et al. [58], the difference in migration is too small to see deviations in the model
over the modeled time of 30 years. The loss of the non-reactive hydrogen tracer by diffusion into the
cap rock is 25% and represents the maximal loss of aqueous hydrogen by diffusion over 30 years.
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In summary (Sections 3.1–3.3), the loss of hydrogen gas by bacterial conversion, gas–water–rock
interactions, and aqueous diffusion is 76% over 30 years.

3.4. Influencing Factors

To identify the controlling factors of hydrogen loss and the parameters that affect the modeling
results, simulation of generic model scenarios was performed.

3.4.1. Storage Time

Because of the lack of data, the storage time has been chosen based on the equipment lifetime
of 30 years [51]. To show the influence of longer storage times on the system environment, in this
scenario a longer storage time of 300 years is modeled. With increasing storage time, the dissolved
hydrogen has more time to diffuse into higher regions of the cap rock. After 300 years, the non-reactive
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tracer diffuses 10 m through the cap rock (Figure 4b), whereas the reactive hydrogen affects just the
first 5 m of the cap rock.

When considering longer storage times, it becomes clear that the mass of generated water
is increased to 1.03 kg (1 kg + 0.3 kg = 1.03 kg water in total) in the reservoir rock because the
water-producing processes, BSR and methanogenesis (Equations (2) and (3)), are time-dependent.
In the reservoir rock, the pH is increased to 8.7. The porosity loss from 10% to 9.19–9.99% is greater
than that after 30 years of storage. The reason for the greater decrease is the intensified dissolution of
quartz and illite. Calcite is completely consumed in the hotspot areas, the contact areas of the cap rock
to the reservoir rock and of the underlying rock to the reservoir rock. In all other cells, calcite is still
available, but it is only partly dissolved. On the other hand, the albitization process is intensified in
the hotspot areas and more kaolinite is formed. The reactive amounts of anhydrite and goethite are
completely consumed. The only sulfate source for BSR is delivered by diffusion from the underlying
rock and the cap rock into the reservoir rock. The mineralogical changes in the cap rock are minimal
and show that even after 300 years of hydrogen storage, the effects of diffusion of aqueous hydrogen
are small.

When the storage time is increased to 300 years (under the assumption that no new gas mixture
of H2(g) and CO2(g) is injected), the total amount of newly generated CH4(g) is increased to an average
of 0.25 mol L−1 of gas and the H2S(g) concentration is increased to an average of 0.006 mol L−1 of gas
(Figure 2b). After 300 years, the total amount of stored H2(g) is consumed.

In the case of storage cycles, including gas injection, storage, and production phases, the newly
injected hydrogen gas is again accompanied by a new amount of CO2(g), which is available as an
electron acceptor for methanogenic bacteria. This aspect is modeled in a separate transport model.
The total loss of hydrogen by conversion to CH4(g) is higher if the storage cycle has a higher frequency,
because CO2(g) is co-injected and is available for methanogenesis. With a total storage time of 30 years
and a dwelling time of 6 months, a maximum of 60 injections of “fresh gas” (composed of H2(g) and
CO2(g)) can be stored in the reservoir. This leads to a total generation of 6.72 mol L−1 of gas CH4(g)
after 30 years. However, the loss of hydrogen after 6 months, the shorter storage period, is of course
smaller (0.112 mol L−1 of gas in 6 months) than after 30 years of storage. Consequently, a shorter
storage period leads to a lower amount of generated CH4(g) (and a lower loss of hydrogen) because
methanogenesis is a time-dependent process. However, over the total time, the loss of hydrogen
sums to a higher amount. This holds true only for methanogenesis. For bacterial sulfate reduction,
the amount of generated H2S(g) depends not only on the amount of available sulfate but also on the
time-dependent kinetic rate constant.

To summarize, it is clear that longer storage times increase the risk of loss of hydrogen. On the
other hand, the reactive anhydrite and calcite will be consumed after a few years of storage and safer
storage conditions arise because BSR and methanogenesis will be limited by the amount of sulfate and
carbon dioxide delivered by diffusion (and diffusion is a slow process). In this case, the hotspot areas
gain in importance. However, assuming shorter storage periods of 6 months, the CH4(g) concentration
in the stored gas will be lower than after a storage time of 30 years, but the total loss of hydrogen sums
to higher amounts regarding shorter storage periods (60 injections in 30 years).

3.4.2. Pressure and Temperature Conditions in Gas Reservoirs

Each depleted gas field has specific pressure and temperature conditions. To analyze the influence
of pressure and temperature on the modeling results of hydrogen storage, the pressure and temperature
conditions are varied.

The higher pressure and temperature conditions chosen are 161 atm and 80 ◦C. At even higher
temperature conditions, the sulfate-reducing bacteria and methanogenic bacteria are mostly no longer
active. The maximum temperature for SRB and methanogenic bacteria is 80 ◦C [19,24]. At higher
pressure and temperature conditions, thermochemical sulfate reduction, as known from deeply buried
hydrocarbon reservoirs, must be considered.
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At 161 atm and 80 ◦C (at invariable kinetic rate constants for BSR and methanogenesis), the
amount of consumed H2(g/aq) is slightly lower (75%) than that in the reference scenario (76%; modeled
at 40 atm and 40 ◦C). The increased pressure results in a decreased gas volume and in higher gas
concentrations. The H2S(g) concentration is increased to an average of 0.009 mol L−1 of gas and the
CH4(g) concentration is increased to an average 0.54 mol L−1 of gas after 30 years (Figure 2c).

The porosity loss (from initial 10% to 9.52–9.86%) in the reservoir rock is, on average, higher than
in the reference scenario. This can be explained by the stronger albitization at this higher pressure and
temperature conditions and the pyrite formation increases as well. On the other hand, the dissolution
of quartz, calcite, and illite is higher. However, the amount of precipitated minerals is higher than the
amount of dissolved minerals and this causes the decrease in porosity. The pH in the reservoir rock
brine is 7.5–8.4, which is lower than in the reference scenario. In addition, the amount of the aqueous
sulfide sulfur (S(–II)) in the reservoir brine is decreased at these conditions. The mass of generated
water is, despite BSR and methanogenesis, decreased from 1 kg to 0.96 kg. A reason for this could be
the stronger albitization process, binding the water.

The changed pressure and temperature conditions affect the equilibrium constants of the mass
action laws of gases, minerals, and aqueous species. Here, a modeling limitation is achieved because
the phreeqc.dat database does not contain pressure dependencies for the equilibrium constants for all
mineral phases that are used in the model. The pressure dependency of the following mineral phases
in the model are included: calcite, dolomite, anhydrite, barite, quartz, and halite.

As in the reference scenario, the temperature and pressure conditions change along the diffusive
pathway of the aqueous species through the cap rock according to the geothermal gradient of
33.3 ◦C km−1 depth and 100 atm km−1 depth under hydrostatic conditions, starting with 80 ◦C
and 161 atm at the reservoir depth. Each cell is defined by a specific temperature and pressure
condition. The influence of these changing pressure and temperature conditions on the cap rock is
minor. The concentration of aqueous sulfate sulfur S(+VI) is higher and aqueous sulfide sulfur (S(–II))
is lower than in the reference scenario. Different from the reference scenario, albitization occurs at
these higher pressure and temperature conditions even in the cap rock, and dawsonite precipitation
and halite dissolution are slightly increased.

To summarize, at higher pressure and temperature conditions (while the kinetic rate constants
are not changed), the concentration of CH4(g) and H2S(g) is increased due to a lower gas volume.
Furthermore, the loss in porosity in the reservoir rock is increased. However, the kinetic rate constant
is pressure- and temperature-dependent; therefore, this influence is tested in a further scenario
(Section 3.4.3).

3.4.3. Kinetic Rate Constant

Special consideration is given to the influence of the kinetic rate constants of bacterial sulfate
reduction and methanogenesis on the loss of hydrogen during storage. Therefore, the rate constants
are varied. As a reminder, the initial kinetic rate constant in the reference scenario for BSR is
9.26 × 10−8 mol kgw−1 s−1 and 2.30 × 10−9 mol kgw−1 s−1 for methanogenesis.

By increasing the kinetic rate constant for BSR slightly to 2.40 × 10−7 mol kgw−1 s−1, based
on data from Herrera et al. [52], the total amount of stored hydrogen is lost in less than 20 years.
The amount of generated H2S(g) does not change because the reactive amount of anhydrite in the
reservoir rock is completely consumed and the only sulfate source comes from the cap rock and
underlying rock by diffusion and diffusion is a slow process. By increasing the storage time to
300 years (with a kinetic rate constant of 2.40 × 10−7 mol kgw−1 s−1 for BSR), the effect of diffusion is
recognizable and the H2S(g) generation increases in the hotspot areas. The amount of generated CH4(g)
increases from 0.2 mol L−1 of gas to an average of 0.25 mol L−1 of gas in each cell of the reservoir
rock after 30 years (Figure 2d). The reason for this could be that methanogenesis starts as soon as
all the sulfate for BSR is consumed. Because sulfate is consumed faster, due to the increased kinetic
rate constant, the timeframe in which the methanogenesis can take place is expanded. On decreasing
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the kinetic rate constant for BSR to 9.26 × 10−9 mol kgw−1 s−1, the amount of generated H2S(g) does
not change because the reactive amount of anhydrite in the reservoir rock is completely consumed.
Less H2(g/aq) is consumed (14% loss) and a smaller amount of CH4(g) (on average 0.013 mol L−1 of gas)
is generated (Figure 2e).

At a higher kinetic rate constant for methanogenesis of 2.30 × 10−6 mol kgw−1 s−1, the total
amount of stored hydrogen is lost in less than 6 years (Figure 2f). CH4(g) production increases to an
average of 0.25 mol L−1 of gas and the mass of water rises to 1.03 kg per cell in the reservoir rock
after 30 years of storage. The amount of CO2(g) from the injected gas mixture and the residual gas is
completely consumed in less than 3 years of storage and is not the limiting factor for methanogenesis.
If no CO2(g) is available anymore from the injected gas mixture and residual gas, the dissolution
of carbonate-bearing minerals begins and delivers CO2 for methanogenesis. With a smaller kinetic
rate constant for methanogenesis of 2.30 × 10−12 mol kgw−1 s−1, the loss of H2(g/aq) is slightly
lower (75.7%). Less CH4(g) is generated (but the differences are in the third decimal place, only from
0.192 mol L−1 of gas in the reference scenario to 0.191 mol L−1 of gas) and the H2S(g) generation is
constant (Figure 2g). The produced mass of water and the pH conditions show no changes compared
to the reference scenario.

It can be concluded that the kinetic rate constants are important factors controlling the loss of
hydrogen storage. Knowledge of the kinetic rate constants for BSR and methanogenesis at elevated
temperature and pressure are required. Nevertheless, the maximal amount of generated H2S(g) is,
if all reactive sulfate-bearing minerals (e.g., anhydrite) are consumed, limited by diffusion. On the
other hand, the maximal amount of generated CH4(g) depends on the kinetic rate constant and the
storage time.

3.4.4. Stored Gas Composition

In the “POWER-to-GAS-to-POWER” concept for the storage and usage of hydrogen, the hydrogen
is stored purely in underground storage systems [13]. As a consequence of pure H2(g) injection
and storage (no CO2(g) is co-injected), the amount of generated CH4(g) decreases to an average of
0.32 mol L−1 of gas after 30 years. H2S(g) generation is constant with an average of 0.005 mol L−1 of
gas after 30 years (Figure 2h). The loss of stored H2(g/aq) is slightly increased to 77% after 30 years
of storage.

An alternative CO2 source for methanogenesis is the residual gas that was not removed during
natural gas production. Only if the residual gas is consumed or not reactive, does carbonate-bearing
mineral dissolution increase and delivers CO2 for methanogenesis, which is even more pronounced
at a longer storage time of 300 years. Finally, the amount of available and reactive carbonate-bearing
minerals (here calcite and dolomite) limits the process of methanogenesis if no CO2(g) is stored with
H2(g/aq). On the other hand, a separate test model shows that a higher amount of co-injected CO2(g)
(14.8 atm; 10 times higher than in the reference scenario) increases the amount of generated CH4(g)
to an average of 1.0 mol L−1 of gas. If the amount of available CO2(g) would be infinitely large, the
time-dependent kinetic rate constant and the storage time limit the loss of hydrogen by conversion
to CH4(g).

Without CO2(g) co-injection, the porosity in the reservoir rock decreases from 10% to 9.82–9.98%.
This loss in porosity is slightly smaller than in the reference scenario in which 4% CO2(g) is co-injected.
The changes in mineral dissolution and precipitation are minor in comparison to the reference scenario.
The amounts of precipitated kaolinite, K-feldspar, and dolomite are slightly smaller than in the
reference scenario and less calcite and illite are dissolved. No changes in the pH are observable.
The smaller amount of precipitated K-feldspar and kaolinite leads to a smaller amount of bound
water in these minerals. Consequently, the mass of water increases to 1.025 kg in the reservoir rock
and is higher than the increase in the reference scenario (1.007 kg). The changes in the mineralogical
composition of the cap rock are minor.
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4. Conclusions

The simulation results show that the underground storage of hydrogen in depleted gas fields
entails the risk of hydrogen loss (and related energy loss) by bacterial conversion to CH4(g) and H2S(g)
and gas–water–rock interactions, which in turn lead to changes in the porosity of the reservoir rock.
The modeling results of the one-dimensional reactive mass transport model identify the factors that
control the loss of hydrogen:

• The loss of hydrogen by bacterial conversion to CH4(g) via methanogenesis is limited mainly by
the amount of co-injected CO2(g), the reaction kinetics, and the connected maximal storage time of
30 years. Less co-injected CO2(g) will reduce H2(g) loss but cannot inhibit the conversion to CH4(g)
if further CO2 sources are available in the form of residual gas and carbonate-bearing minerals.
The generation of CH4(g) by methanogenesis where CO2 is only delivered by the dissolution
of carbonate-bearing minerals is slower because the dissolution process limits the conversion
to CH4(g).

• The loss of hydrogen by bacterial conversion to H2S(g) via bacterial sulfate reduction is limited
mainly by the amount of available sulfate in the reservoir. After complete consumption of reactive
anhydrite, the only sulfate source comes from the cap rock and the underlying rock by diffusion
and consequently limits the loss of hydrogen by bacterial sulfate reduction because the process of
diffusion is slow.

• The mass of generated water, as a product of BSR and methanogenesis, increases the pressure in
the system and diffusion can be intensified.

• The mineralogical changes in the reservoir rock result in a small decrease in porosity. As a
consequence, the available pore space for hydrogen storage decreases over 30 years such that
(i) the same amount of hydrogen is moved to greater distances from the bore hole or (ii) less
hydrogen can be stored in future injection phases.

• The loss of aqueous hydrogen by diffusion and related effects on the cap rock mineralogy is
negligibly small, with a storage time of 30 years, because hydrogen storage causes gas–water–rock
interactions in the reservoir rock and brine and is converted by BSR and methanogenesis to a
greater extent. Furthermore, the process of diffusion is slow.

• A longer storage period increases the loss of the stored hydrogen. Shorter storage periods lead to
less hydrogen loss for each period, but over the total time the summed loss of hydrogen is higher
because new CO2(g) is available for methanogenesis after each gas injection.

• At higher pressure and temperature conditions, the concentrations of CH4(g) and H2S(g) increase
due to a lower gas volume. Furthermore, the loss in porosity in the reservoir rock increases
as well.

• Knowledge of kinetic rate constants for bacterial sulfate reduction and methanogenesis at elevated
levels of pressure and temperature are required as accurately as possible.

It is recommended to choose depleted gas fields for hydrogen storage where the residual gas
has low CO2(g) concentrations. The mineralogical composition of the reservoir rocks should contain
low amounts of sulfate- and carbonate-bearing minerals but high amounts of reactive iron-bearing
minerals. Reservoirs with low pressure and temperature conditions are recommended as well as
storage gas compositions with low amounts of CO2(g). From the modeling results, it seems reasonable
to implement a multicomponent transport model and to conduct a joint variation of several parameters
as a next step.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/8/11/2282/
s1, Input file S1 for the transport model to calculate the reference scenario (for PHREEQC Version 3.1.4-8929; ready
to copy, paste, and run).
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