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Abstract The intermittent production of the renewable
energy imposes the necessity to temporarily store it. Large
amounts of exceeding electricity can be stored in geolog-
ical strata in the form of hydrogen. The conversion of
hydrogen to electricity and vice versa can be performed
in electrolyzers and fuel elements by chemical methods.
The nowadays technical solution accepted by the Euro-
pean industry consists of injecting small concentrations of
hydrogen in the existing storages of natural gas. The pro-
gressive development of this technology will finally lead
to the creation of underground storages of pure hydrogen.
Due to the low viscosity and low density of hydrogen, it
is expected that the problem of an unstable displacement,
including viscous fingering and gravity overriding, will
be more pronounced. Additionally, the injection of hydro-
gen in geological strata could encounter chemical reactivity
induced by various species of microorganisms that con-
sume hydrogen for their metabolism. One of the products of
such reactions is methane, produced from Sabatier reaction
between H2 and CO2. Other hydrogenotrophic reactions
could be caused by acetogenic archaea, sulfate-reducing
bacteria and iron-reducing bacteria. In the present paper, a
mathematical model is presented which is capable to reflect
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the coupled hydrodynamic and bio-chemical processes in
UHS. The model has been numerically implemented by
using the open source code DuMuX developed by the Uni-
versity of Stuttgart. The obtained bio-chemical version of
DuMuX was used to model the evolution of a hypothetical
underground storage of hydrogen. We have revealed that the
behavior of an underground hydrogen storage is different
than that of a natural gas storage. Both, the hydrodynamic
and the bio-chemical effects, contribute to the different
characteristics.
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1 Introduction

Underground hydrogen storage (UHS) is a promising
answer for the balance of electrical energy related to the
fluctuating supply from renewable energy sources. The
renewable energy supply which is generated primarily by
wind and solar power plants is strongly dependent on
weather conditions. Additionally, the demand of electric-
ity varies on a daily and seasonal time scale. The balance
implies the temporal storage of electricity wherefore sev-
eral storage options are currently under discussion [21].
Underground hydrogen storages where the energy is stored
as chemical energy have a high energy density and conse-
quently they provide the possibility to store electrical energy
in the long term or seasonal period [9]. The technology com-
prises electrolyzers which use excessive electrical energy to
split water into oxygen and hydrogen [21]. Different con-
cepts for the subsequent storage and usage of hydrogen are
available [9, 17, 27]:
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– “POWER-to-GAS”: The produced hydrogen will be
fed into the existing natural gas grid. Investigations
have shown that concentrations in the single-digit per-
centage area are supposable [13]. This means that
also the existing underground gas storages will be
charged with natural gas containing low percentages of
hydrogen.

– “POWER-to-GAS-to-POWER”: The hydrogen is
stored purely in subsurface formations such as depleted
gas or oil reservoirs, aquifers, and solution mined cav-
erns [32]. At times of energy demand, the hydrogen
is withdrawn and can be used as energy fuel for sta-
tionary fuel cells or engine-generators connected to the
electrical grid or for fuel cell vehicles.

In previous publications, it was stated that UHS is practi-
cally identical to the storage of natural gas [5, 6]. How-
ever, in the present paper, we show that there are large
differences which arise due to the particular hydrody-
namic and bio-chemical characteristics. A coupled hydro-
dynamic and bio-chemical model was developed, numeri-
cally implemented and used for the investigation of a case
study.

2 Hydrodynamic behavior in UHS

The operation of cyclic hydrogen storage is similar to the
intermediate storage of natural gas which is required for
the daily and seasonal balance. However, the hydrody-
namic characteristics of hydrogen are different. Especially
in porous rock formations, its behavior is insufficiently
studied. Hydrogen has a very low density and viscosity
which involves a high tendency for an unstable displace-
ment including gravity overriding and viscous fingering
during the injection period. The mobility ratio for the dis-
placement of water by hydrogen is in the order of 100 and
consequently highly unfavorable. This problem was con-
sidered by [30]. He concluded that in anticlinal aquifer
storages, viscous fingers could spread laterally beyond the
spill point and unrecoverable losses of hydrogen could
occur. A control parameter for this behavior is the injec-
tion rate. During slow hydrogen injection, the gravitational
forces dominate and stabilize the displacement while a fast
injection leads to the domination of viscous forces and con-
sequently an unstable displacement or viscous fingering.
Hence, a limitation on the injection rate could reduce the
hydrogen losses. Additionally, hydrogen has a high dif-
fusivity whose impact was analyzed in the paper of [6].
They stated that recognizable amounts of hydrogen can
get lost due to dissolution into the connate water and
diffusion through the cap rock and into the surrounding
aquifer.

3 Bio-chemical reactions in UHS

Hydrogen has a high reactivity and is able to undergo a
large number of chemical compounds. Possible reactants
in underground storages are sulfides, sulfates, carbonates,
and oxides which are present in the reservoir rocks [16]
or hydrocarbons, carbon dioxide, and dissolved compo-
nents which are present in the fluid phases. However, the
usual temperature and pH conditions in the reservoir are
not adequate for these reactions and therefore a cataly-
sis by microorganisms is required [35]. Hydrogen is a
universal electron donor for the metabolism of different
anaerobic microbial species (including archaea and bacte-
ria) which are present in subsurface formations. Evidence
for this behavior is given by observations in some of the for-
mer town gas storages. The storage near Lobodice, Czech
Republic showed a drastic increase in the CH4 concentra-
tion and a decrease in the CO, CO2, and H2 concentrations
during a storage cycle of 7 months [33]. [33] analyzed the
existence of methanogenic archaea in the formation water
and concluded that methane was produced in situ by bio-
chemical reactions. The activity of sulfate-reducing bacteria
was also observed in town gas and natural gas storages. Indi-
cations are often the production of H2S and the resulting
corrosion problems [22]. Other sources [8] and [23] give
hints that also acetogenic archaea and iron-reducing bacte-
ria could be stimulated and contribute in the metabolism of
hydrogen.

According to the available literature, it is expected that
four hydrogenotrophic microbial processes could be impor-
tant for UHS:

– Methanogenesis:

CO2 + 4H2 −→ CH4 + 2H2O (1)

where H2 and CO2 are present in the liquid and gas
phase.

– Acetogenesis:

2CO2 + 4H2 −→ CH3COOH + 2H2O (2)

– Sulfate-reduction:

SO2−
4 + 5H2 −→ H2S + 4H2O (3)

where SO2−
4 is dissolved in water.

– Iron(III)-reduction:

3FeIII
2 O3 + H2 −→ 2FeII

3 O4 + H2O (4)

where iron-oxides are present in the reservoir rocks.

Other variations of the reaction equations are possible; how-
ever, the stated equations represent the microbial processes
in an adequate way. The coexistence of several species
can thereby result in a concurrence between the different
hydrogenotrophic processes which was investigated by [8]
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and [23]. They have shown that a simultaneous survival and
also an out-competition is possible. The microorganisms
have revealed to have different minimum threshold con-
centrations for the consumption of hydrogen. Iron-reducing
bacteria have the lowest threshold concentration and con-
sequently the best potential to out-compete other species.
However, when hydrogen is available in excessive amount,
several species can reproduce simultaneously depending on
the presence of the corresponding electron acceptor.

4 Two-phase bio-reactive transport model

The modeling of UHS includes several physical, chemical,
and biological processes. In the literature, two bio-reactive
transport models are available which were developed for
the application to UHS: [14] developed a model at pore
scale while [29] and [34] developed a model at macroscopic
scale. Additionally, there is a large number of models for
bio-reactive transport in groundwater which are constrained
to single-phase flow. An overview of modeling approaches
can be found in the papers of [18] and [28]. In the recent
paper, a new model is developed at macroscopic scale which
couples the flow and transport of two mobile phases to the
bio-chemical processes of multiple microbial species.

4.1 Physico-chemical processes

The reservoir is described as porous medium which is sat-
urated by up to two phases, gas and water. At macroscopic
scale, the porous medium and all present fluids can be
treated as continuous equivalent media. Hence, the over-
all conservation of mass for each chemical component can
be written in the following form whereby advective and
dispersive/diffusive transport is considered ([7]):

φ
∂

(
ρgc

k
gSg + ρwck

wSw

)

∂t

+ ∇ ·
(
ρw ck

wvw + J k
w + ρgc

k
gvg + J k

g

)
= qk

(5)

where φ is the porosity, ρ is the molar density in (mol/m3),
c is the mole fraction, S is the saturation, v is the advec-
tive flux in (m/s), J is the dispersive/diffusive flux in
(mol/m2/s), and q is a source or sink term. The subscripts g

and w denote the gas and water phase respectively and the
superscript k refers to the chemical component. Equivalent
the conservation of mass can be written for immobile solid
components by only considering the rate of reaction:

(1 − φ)
∂(ρsc

k
s )

∂t
= qk (6)

where the subscript s denotes the solid phase.

The volumetric velocity is formulated by Darcy’s law:

vi = −Kkri

μi

· (∇Pi − ρ̂ig
)
, i = g, w (7)

where K is the absolute permeability in (m2), kr is the rela-
tive permeability, μ is the dynamic viscosity in (Pa · s), P is
the phase pressure in (Pa), ρ̂ is the phase density in (kg/m3),
and g is the gravity acceleration in (m/s2).

For the dispersion/diffusion term, it needs to be dis-
tinguished between the phases. In the water phase, it is
formulated by Fick’s law considering molecular diffusion
and mechanical dispersion:

J k
w = −ρw

(
Dk

diff,w + Dk
disp,w

)
∇ck

w (8)

where Dk
diff,w is the effective molecular diffusion coeffi-

cient of component k in water in (m2/s) and Dk
disp,w is the

mechanical dispersion coefficient of component k in water
in (m2/s). In contrast, the molecular diffusion in the gas
phase is formulated by Stefan-Maxwell equation which was
simplified by Blanc’s law [31]:

J k
g = −

⎛
⎝

n∑
j=1�=i

c
j
g

ρgD
ij

diff,g

⎞
⎠

−1

∇ck
g − ρgD

k
disp,g∇ck

g (9)

where D
ij

diff,g is the effective binary diffusion coefficient

between component i and component j in (m2/s).
The mechanical dispersion coefficient is defined depen-

dent on the alignment to the flow direction (10):

Dk
disp,i = viv

T
i

‖vi‖ (αL − αT ) + ‖vi‖αT (10)

where αL is the longitudinal dispersivity in (m) and αT is
the transverse dispersivity in (m).

The hydraulic properties (capillary pressure and relative
permeability) of the porous medium are calculated by using
the Brooks-Corey correlation [4]:

Pc(Sw) = Pg − Pw = PeS
− 1

λ
we (11)

krw(Sw) = S
2+3λ

λ
we (12)

krg(Sw) = (1 − Swe)
2
(

1 − S
2+λ
λ

we

)
(13)

where Pe is the entry capillary pressure in (Pa) and Swe is
the effective water saturation:

Swe = Sw − Swr

1 − Swr − Sgr

(14)

where Swr is the residual water saturation and Sgr is the
residual gas saturation.

The mass exchange between the phases is modeled by
thermodynamic equilibrium conditions. This assumption is
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usually used in petroleum reservoir and geochemical sim-
ulations because the mass exchange between the phases
takes place much faster than the chemical reactions and the
flux. However, for bio-chemical reactions, the rates could
be much faster what implies a limiting factor for this model.
The range of validity for this assumption is discussed in
detail in the paper of [19]. The thermodynamic equilib-
rium condition in this model is defined by the equality of
fugacities:

f k
g = f k

w or ck
gϕ

k
gPg = ck

wϕk
wPw (15)

where f is the fugacity in (Pa) and ϕ is the fugacity coeffi-
cient. The gas phase is treated as ideal gas what means the
the fugacity coefficients are equal to 1, whereas in the water
phase the fugacity coefficients are calculated by Henry’s
law. By using an adequate correlation for the Henry con-
stants, this method predicts the thermodynamic equilibrium
for a gas-water system with a very low error [31]. The
hydrodynamic properties of the phases (density, dynamic
viscosity) are correlated related to pressure, temperature,
and composition.

The system of equations is closed by the sum of satura-
tions and the sum of concentrations:

Sg + Sw = 1
∑

k

ck
g = 1

∑
k

ck
w = 1 (16)

4.2 Bio-chemical processes

Microbial populations in porous media can live in different
structures. In a porous medium, saturated by gas and water,
three different structures are feasible [1, 18]:

– Aqueous/Plankton: The microorganisms are freely liv-
ing in the water phase. In this structure, the microorgan-
isms are transported with the flow of water.

– Solid-liquid biofilm: The microorganisms are living in
a biofilm attached to the pore walls in the water wet
porous medium.

– Gas-liquid (neuston) biofilm: The microorganisms are
living in a biofilm in the direct proximity to the gas-
water interface (at pore-scale). In this structure, the
microorganisms are transported with the movement of
the gas-water interface.

In each of these structures, a growth and decay of microor-
ganisms takes place dependent on the availability of sub-
strates and electron acceptors. Microorganisms can attach
and detach which means that an exchange between the
different structures occurs. Additionally, a movement of
microorganisms takes place by random motion (similar to
diffusion) and chemotaxis which means that the microor-
ganisms are moving towards the higher substrate concentra-
tion.

At macroscopic scale, some simplifications are required
for a proper representation. The present model uses an
unstructured approach for the microbial populations which
means that only one general structure is used for all microor-
ganisms present. Additionally, the advective and chemo-
tactic transport of microorganisms is neglected. Hence, the
microbial population dynamics can be formulated by:

∂n

∂t
= Swψgrowth(cS

w, cA
w) · n − ψdecay · n

+ ∇ · (Dm∇n)

(17)

where n is the number of microorganisms in (1/m3), ψgrowth

is the microbial growth function in (1/s) which is a function
of the substrate concentration cS

w and the electron accep-
tor concentration cA

w in the water phase, ψdecay is the decay
function in (1/s) and Dm is the microbial diffusion coeffi-
cient in (m2/s). Furthermore, it is assumed that the number
of microorganisms has no influence on the hydrodynamic
parameters (porosity, absolute and relative permeabilities)
of the porous medium. Certainly, this assumption has a lack
and therefore it is planned to cover these influences in the
ongoing research.

Different models for the growth and decay function are
available in the literature which are discussed in Section 4.3.

The degradation of substrates is directly linked to the
microbial growth. Hence, it is reasonable to use a propor-
tional relation between the rate of growth and the rate of the
bio-chemical reaction:

qk = φSwγ k ψgrowth

Y
n (18)

where γ is the stoichiometric coefficient related to the
reaction equations (1) to (4) in (mol) and Y is the yield coef-
ficient which relates the reproduction of microorganisms to
the consumption of substrates.

4.3 Review of models for microbial growth and decay

It is important to describe the growth and decay of the
microorganisms in an adequate way because this is related
to the local rates of the bio-chemical reactions. Analogies
can be taken from batch culture experiments, where the
microorganisms are exposed to an initially added amount of
substrate. [25] described the life cycle of a microbial batch
culture with up to six phases: (1) the lag, (2) the acceler-
ation, (3) the exponential growth, (4) the deceleration, (5)
the stationary, and (6) the decay phase. In Fig. 1, a typi-
cal growth function of a batch culture is plotted. It shows
the number of microorganisms in a logarithmic scale ver-
sus time. However, growth functions can look more simple
when one or more of the phases are absent.

Several mathematical models exist in the literature to
describe the behavior of the microbial growth function.
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Fig. 1 Life cycle of a microbial batch culture (redrawn after [25])

Classical models consist of a single function which is
adjustable by some empirical parameters. More consis-
tent models with the UHS conditions are also taking into
account the availability of substrates. Such models are
called substrate-limited growth models. Examples are the
Monod model, the Moser model, and the recent developed
model for UHS [29]:

– Monod model [25]:

ψgrowth = ψ
growth
max

(
cS

α + cS

)
(19)

where ψ
growth
max is the maximum specific growth rate in

[1/s], cS is the concentration of the limiting substrate,
and α is the half-velocity constant.

– Moser model [26]:

ψgrowth = ψ
growth
max

(
(cS)η

α + (cS)η

)
(20)

where η is an additional exponent compared to the
Monod model.

– Panfilov model [29]:

ψgrowth = 1

te

n

1 + n2

n2
max

(
cS

α + cS

)
(21)

where te is the characteristic time of eating in (s) and
nmax is the maximum population size in (1/m3).

The decay rate can also be modeled in different ways. The
simplest method is to use a constant decay rate. Further, it
is possible to introduce a decay rate which depends linearly
on the number of microorganisms:

– Constant decay rate:

ψdecay = d (22)

– Increasing decay rate:

ψdecay = d · n (23)

where d is the decay coefficient.

A batch culture experiment can be simulated by the
following pair of ordinary differential equations:

∂n

∂t
= ψgrowth · n − ψdecay · n (24)

∂cS

∂t
= −ψgrowth

Y
· n (25)

In Fig. 2, the qualitative behavior of the introduced
models is compared.

It should be mentioned that neither of these models is
able to predict the lag and stationary phases. For all of them,
the growth starts immediately and the deceleration phase
continues directly in the decay phase. Only the model of
[29] shows the acceleration phase. The Monod and Moser
model start directly with the exponential growth phase.
From laboratory experiments, it is reported that the lag
phase can be in the range of completely absent up to some
weeks [12]. In situ, the conditions are different and the lag
phase could be even longer. Consequently, its consideration
could be quite important.

However, these models do not take into account the com-
petitive inhibition which could occur when several micro-
bial species compete for the same substrate. An extended

Fig. 2 Comparison of different
models for microbial population
dynamics

time

lo
g 

n/
n0

Monod, constant decay

Moser, constant decay

Panfilov, constant decay

Monod, increasing decay

Moser, increasing decay

Panfilov, increasing decay

Experimental data
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formulation for the competitive inhibition was proposed by
[2]. To reduce the complexity, this is not considered in the
present model.

4.4 Coupling of processes

The coupling of flow, transport, microbial population
dynamics, and bio-chemical reactions are required for the
derivation of the final model. For the consideration of four
microbial processes, represented by the reaction equations
(1) to (4), the model includes six mobile and one solid com-
ponent. The governing system of equations can be found
in Table 1 where the subscript m relates the four micro-
bial species: (M) Methanogenic archaea, (A) acetogenic
archaea, (S) sulfate-reducing bacteria, and (I) iron-reducing
bacteria, the subscripts s, w, and g denote the solid, water,
and gas phase and the superscript k relates the seven com-
ponents of the system: H2, CO2, CH4, H2O, CH3COOH,
SO2−

4 , FeIII
2 O3. The first four can be present in both mobile

phases, SO2−
4 and CH3COOH are only present in the water

phase and FeIII
2 O3 only in the solid phase. The reaction prod-

ucts H2S and FeII
3 O4 are neglected because its amount is

assumed to be insignificant for the balance and equilibrium
calculations. The stoichiometric coefficients γ k

m are relating
the reaction equations in (mol):

γM =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

−4
−1
1
2
0
0
0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

, γA =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

−4
−2
0
2
1
0
0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

,

γS =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

−5
0
0
4
0

−1
0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

, γI =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

−1
0
0
1
0
0

−3

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

(29)

For the microbial growth functions ψ
growth
m , it is important

to consider the availability of the substrate and the corre-
sponding electron acceptor. For this purpose, an extension
of the Monod model was initially proposed by [24] which
is often called “double Monod model”. Related to this, we
defined the microbial growth functions as follows:

– for methanogenic archaea:

ψ
growth
M = ψ

growth
M,max

(
c
H2
w

αM,1 + c
H2
w

)(
c
CO2
w

αM,2 + c
CO2
w

)
(30)

– for acetogenic archaea:

ψ
growth
A = ψ

growth
A,max

(
c
H2
w

αA,1 + c
H2
w

)(
c
CO2
w

αA,2 + c
CO2
w

)
(31)

– for sulfate-reducing bacteria:

ψ
growth
S = ψ

growth
S,max

(
c
H2
w

αS,1 + c
H2
w

)⎛
⎝ c

SO2−
4

w

αS,2 + c
SO2−

4
w

⎞
⎠ (32)

– for iron-reducing bacteria:

ψ
growth
I = ψ

growth
I,max

(
c
H2
w

αI,1 + c
H2
w

)

·
⎛
⎝ c

FeIII
2 O3

s

αI,2 + c
FeIII

2 O3
s

⎞
⎠ .

(33)

Each species has its particular empirical parameters which
control the rate of growth and consequently the rate of bio-
chemical reaction. An equivalent extension is possible for
the other growth models introduced in Section 4.3.

Table 1 Coupled system of equations

– Microbial population dynamics:
∂nm

∂t
= Swψ

growth
m · nm − ψ

decay
m · nm + ∇ · (Dm∇nm), m = M, A, S, I (26)

– Reactive transport for mobile components:

φ
∂
(
ρgck

gSg+ρwck
wSw

)

∂t
+ ∇ ·

(
−ρg ck

g
Kkrg

μg
· (∇Pg − ρ̂gg

) − ρwck
w

Kkrw

μw
· (∇Pw − ρ̂wg

))

+∇ ·
(

−
(∑n

j=1�=i

c
j
g

ρgD
ij

diff,g

)−1

∇ck
g − ρgDk

disp,g∇ck
g − ρw

(
Dk

diff,w + Dk
disp,w

)
∇ck

w

)
= φSw

∑
m γ k

m
ψ

growth
m

Ym
nm, (27)

k = H2, CO2, CH4, H2O, CH3COOH, SO2−
4 , m = M, A, S, I

– Heterogeneous reaction:

(1 − φ)
∂(ρsc

k
s )

∂t
= φSwγ k

I

ψ
growth
I

YI
nI , k = FeIII

2 O3 (28)
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4.5 Transformation to dimensionless form

The following dimensionless parameters were introduced to
obtain a dimensionless form:

ρ̄ = ρ

ρ�
, ¯̂ρ = ρ̂

ρ̂�
, μ̄ = μ

μ�
, P̄ = P

P �
,

D̄ = D

D�
, τ = t

t�
, ḡ = g

g�
, x̄ = x

L
,

n̄ = n

n�
, K̄ = K

K�
, ψ̄growth = t� · ψgrowth,

ψ̄decay = t� · ψdecay, ¯̂q = q̂

q̂�

(34)

where the � denotes the characteristic value of the param-
eter. The characteristic time was selected as the time of
advective flow:

t� = L2μ�

K�P �
(35)

The resulting dimensionless system of equations is shown
in Table 2 where β, δ and ε are dimensionless coefficients:

β = μ�D�

K�P �
, δk

m = n�γ k
m

ρ�Ym

, ε = ρ̂�g�L

P �
(39)

β can be also written as:

β = t�

t��
(40)

where t�� is the characteristic time of diffusion which is
defined as:

t�� = L2

D�
(41)

This means that β is the ratio of the time of advection to
the time of diffusion which is similar to the reciprocal of

the Péclet number. The product
(
δk
m · ψ̄

growth
m

)
relates the

time of advection to the time of the bio-chemical reaction
and could be defined as the reciprocal of the Damköhler
number. ε is the dimensionless gravitational number which
is relating the gravitational flow to the advective flow.

5 Numerical implementation

The numerical simulation of the mathematical model, pre-
sented in the previous sections, was implemented by the
use of the open source DuMuX [15] as the base plat-
form. DuMuX is a DUNE [3] module for the simulation of
multi-phase multi-component flow and transport in porous
media. The DuMuX classes are responsible for computation
of fluxes, fluid properties, introducing boundary condi-
tions, closure equations like sum of unity of saturation
and concentrations, thermodynamic equilibrium, capillary
pressure, intrinsic and relative permeabilities. The transport
equations were solved by the use of a model already imple-
mented in DuMuX for multi-phase multi-component flow
and transport which is called “MpNc.” This model imple-
ments M-phase N-component flow of M compressible and
partially miscible fluid phases composed of N components.
The fugacities are the primary variables in this model. The
phase appearance/disappearance criteria are implemented
through additional complementarity equations on the sum
of the molar concentrations in each phase and saturation of
each phase. We implemented a new module for microbial
population dynamics and bio-chemical reactions and new
equations for the components that do not participate in over-
all thermodynamic equilibrium, such as SO2−

4 and FeIII
2 O3.

A 2D unstructured grid was used in the format of ALU-
Grid data [11]. For spatial discretization, the Box-method
(vertex-centered finite volume method [20]) was used. This
method can be classified as a node-centered finite volume
method based on the Galerkin finite element method. Box-
method unites the advantages of the finite-volume (FV)
and finite-element (FE) methods: The advantage of the
FE method is that unstructured grids can be used, while
the FV method is mass conservative [36]. During the first
numerical tests, it was observed that the grid need to be
slightly more dense for the coupled bio-chemical model
than for a purely hydrodynamic model. High gradients in the
number of microorganisms tend to result in instability prob-
lems. However, this problem was solved by the selection of
an adequate grid density and no further adjustments were

Table 2 Dimensionless coupled system of equations

Microbial population dynamics:
∂n̄m

∂τ
= Swψ̄

growth
m · n̄m − ψ̄

decay
m · n̄m + β∇ · (D̄m∇n̄m), m = M, A, S, I (36)

Reactive transport for mobile components:

φ
∂
(
ρ̄gck

gSg+ρ̄wck
wSw

)

∂τ
+ ∇ ·

(
−ρ̄g ck

g
K̄krg

μ̄g

(
∇P̄g − ε ¯̂ρgḡ

)
− ρ̄wck

w
K̄krw

μ̄w

(
∇P̄w − ε ¯̂ρwḡ

))

+β∇ ·
(

−
(∑n

j=1�=i

c
j
g

ρ̄gD̄
ij

diff,g

)−1

∇ck
g − ρ̄gD̄k

disp,g∇ck
g − ρ̄w

(
D̄k

diff,w + D̄k
disp,w

)
∇ck

w

)
= φSw

∑
m δk

mψ̄
growth
m n̄m, (37)

k = H2, CO2, CH4, H2O, CH3COOH, SO2−
4 , m = M, A, S, I

Heterogeneous reaction:

(1 − φ)
∂(ρ̄s c

k
s )

∂τ
= φSwδk

I ψ̄
growth
I n̄I , k = FeIII

2 O3 (38)
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required in the discretization method and solver. For the
time discretization, a fully implicit Euler scheme is applied
which is unconditionally stable and can be applied to com-
plex problems such as the multi-phase flow in porous media.
The time-stepping scheme is adaptive which means that the
length of the new time step is calculated based on required
number of iterations of the previous one. Hence, the time
step length automatically adjusts to the time scale of the
fastest process. This procedure is very helpful in the context
of UHS where it is unknown if advective flow or the bio-
chemical reactions have the smallest time scale. The system
was solved fully-coupled to keep it as accurate as possible.
The high computational cost and memory are not a limit-
ing factor for the 2D conceptual simulations in Section 6.
The system of equations has been linearized using the first
expansion of Taylor series neglecting higher-order terms.
The resulting linear set of equations was solved with the
Newton-Raphson method which is an iterative root-finding
algorithm.

6 Simulation of hydrogen injection into a depleted
gas reservoir

The presented mathematical model was used to study the
injection of hydrogen into an depleted gas reservoir. The
two-dimensional reservoir geometry represents a vertical
slice through an anticline structure (cf. Fig. 3). The initial-
ization was done in hydrodynamic equilibrium wherefore
the gas-water contact (GWC) was defined at a certain depth
with a dimensionless pressure of 1. The phase pressures and
saturations were calculated by using the pressure gradients
and capillary pressure relation. Hydrogen was injected at a
constant rate into the top center of the reservoir. The lower
and the upper boundaries of the reservoir are assumed to be
in no flux condition whereas the left and right boundaries
are assumed to be kept as initial condition. The reservoir
is homogeneous and isotropic. The characteristic parame-
ters are summarized in Table 3. Related to these parameters,
the characteristic time and dimensionless coefficients are
defined as:

t� = 2.5 · 107s, β = 1 · 10−4,

δk
m = 1 · 10−3 · γ k

m, ε = 4.905 · 10−2
(42)

Different simulation cases were run to investigate the hydro-
dynamic and bio-chemical effects.

6.1 Hydrodynamic effects

A purely hydrodynamic study was carried out to investi-
gate the influence of the injection rate. It was assumed

GWC

no flow

no flow

Constant rate

Fig. 3 Sketch of the reservoir geometry with initial and boundary
conditions

that microorganisms are absent which means that no bio-
chemical transformations took place. The initial gas com-
position in this case was 100 % H2 and the injection of
hydrogen was studied at ten different injection rates, reach-
ing from very low to very high. In addition, a comparison
to a natural gas storage was done. Therefore, the injection
of methane was studied at the same rate whereby also the
initial gas composition was 100 % CH4. In Fig. 4a, the ini-
tial gas saturation is plotted. Due to the symmetry of the
reservoir, it suffices to show the left half. The interpretation
of the saturation profiles after a certain period of injection
indicates that three different displacement regimes could
arise.

Figure 4b shows the gas saturation for a very slow hydro-
gen injection rate ( ¯̂q = 1·10−4). The characteristic injection
rate q̂� is defined as 1000 mol

s . In this case, the gravitational
forces are dominating. The GWC lowers evenly and the gas
saturation in the displaced region is very high. The injec-
tion of methane at the same rate has shown exactly the same
saturation profile.

In Fig. 4c, the saturation is shown for a medium injection
rate ( ¯̂q = 2 · 10−3). For this injection rate, the behavior
was influenced by a combined action of gravitational and
viscous forces. The GWC lowers only slightly in the center
of the reservoir while the gas is spreading laterally below
the cap rock.

Table 3 List of characteristic parameters

Parameter Symbol Value Unit

Molar density ρ� 5000 mol/m3

Density ρ̂� 10 kg/m3

Dynamic viscosity μ� 1 · 10−5 Pa·s
Pressure P � 6 · 106 Pa

Diffusion coefficient D� 1 · 10−6 m2/s

Length L 500 m

Gravity acceleration g� 9.81 m/s2

Porosity φ 0.2 −
Permeability K� 100 mD

Pore size distribution index λ 2 −
Entry capillary pressure Pe 1 · 105 Pa
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Fig. 4 Purely hydrodynamic simulation of hydrogen injection into the top center of a conceptional two-dimensional anticline structure

For high injection rates ( ¯̂q = 0.1), the viscous forces
are dominating. In Fig. 4d, the gas saturation is shown
after a short time of hydrogen injection. At the beginning,
the GWC lowers more or less evenly. However, the gas
saturation behind the displacement front is relatively low
(grey region). After a certain time, the lowering in the cen-
ter almost stops and lateral gas fingers start to propagate
towards the flanks of the structure (cf. Fig. 4e).

The comparison to the injection of methane (cf. Fig. 4f)
shows that hydrogen spreads laterally faster. The cause is
the more unfavorable mobility ratio due to low dynamic
viscosity of hydrogen.

6.2 Bio-chemical effects

A different study was performed for the investigation of bio-
chemical effects in UHS. In this study, the microbial growth
was described by the “double Monod model” and the decay
by an increasing decay rate. The depleted reservoir contains
a residual amount of a mixed gas (80 % CH4 and 20 %
CO2). The initialization and boundary conditions are iden-
tical to the previous description. The injection rate was ¯̂q =
1 · 10−3. The dimensionless parameters for the microbial
population dynamics used in this study are summarized in
Table 4; however, in the current state, these parameters are
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Table 4 List of dimensionless parameters for microbial population
dynamics

Dimensionless parameter Symbol Value

Maximum specific growth rate ψ̄
growth
M,max 50

Decay coefficient d̄ 1

H2 half-velocity constant αM,1 1 · 10−4

CO2 half-velocity constant αM,2 1 · 10−3

Microbial diffusion coefficient D̄m 0.1

estimated with a very high uncertainty. An exact determi-
nation from laboratory experiments is planned in future

research projects. Two simulation cases were executed and
compared: (1) without any bio-chemical reaction, and (2)
with methanogenesis. In Fig. 5a, the initial methane concen-
tration is shown.

Figure 5b–e are showing the results after an injection
period of τ = 1.3. The plots of concentrations respectively
for CH4 and H2 are compared for both cases. In both cases,
the hydrogen propagates around the injection well whereby
it tends to spread below the cap rock. However, some dif-
ferences are recognizable. The concentration front is much
more diffusive in the case without methanogenesis. Addi-
tionally, by comparing Fig. 5c and e, it can be identified

CH4

0.507

Fig. 5 Coupled bio-chemical and hydrodynamic simulation of hydrogen injection into the top center of a conceptional two-dimensional anticline
structure
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Fig. 6 Comparison of different models for the microbial growth

that the spreading in the case with methanogenesis is less.
The explanation for this behavior is the microbial activity
at the hydrogen concentration front. At this diffusive front,
the methanogenic archaea are exposed to both substrates
(H2 and CO2). Hence, an intense growth of microorganisms
takes place (cf. Fig. 5f) and the injected H2 is partially trans-
formed into CH4 and H2O. Consequently, the spreading of
the injected gas is slowed down.

6.3 Comparison of different models for microbial
growth

In Section 4.3, it was already shown that the selection of
the microbial growth model has an important role in the
simulation of batch culture experiments. In this part of the
simulation study, the different growth models are used and
compared in the coupled hydrodynamic and bio-chemical
simulation. The case study corresponds to Section 6.2 and
only the growth model was changed. In Fig. 6a, b, the
dimensionless number of microorganisms is shown after
the injection period for the Moser and the Panfilov model.
Compared to Fig. 5f, there are significant differences in the
predicted growth of microorganisms.

7 Conclusions

– Hydrogen is a universal electron donor for the
metabolism of different microbial species which are
present in subsurface structures. Hence, the injection of
hydrogen stimulates their activity and problems could
arise. Four different hydrogenotrophic species could be
important for UHS: Methanogenic archaea, acetogenic
archaea, sulfate-reducing bacteria, and iron-reducing
bacteria. The coexistence of several species can thereby
result in a competition for hydrogen.

– The local rate of the bio-chemical reactions depends
on the number of the particular microorganism. Hence,

an important problem for the modeling of UHS is the
description of microbial growth and decay functions.

– A mathematical model was presented which describes
the hydrodynamic behavior of UHS coupled with bio-
chemical reactions and microbial population dynamics.
It considers the metabolism of four hydrogenotrophic
microbial species and includes the flow and transport
of six components in two mobile phases and one rock
component.

– A comparison of three substrate-limited growth models
and two decay models is presented. None of the models
shows the lag and stationary phases which have been
observed in batch culture experiments. Only the model
of [29] shows the acceleration phase.

– The purely hydrodynamic simulation study has shown
the importance of the injection rate. At high injec-
tion rate the displacement of water becomes unsta-
ble and lateral fingers spread below the cap rock. It
was shown that lateral fingers in UHS spread faster
than in storages of natural gas. At low injection
rates, the displacement is stable and the GWC lowers
uniformly.

– The simulation study with coupled bio-chemical pro-
cesses has shown some significant differences for the
two cases with and without methanogenesis. A growth
of microorganisms arises at the front where the injected
hydrogen gas displaces the initial gas. The increased
number of microorganisms results in a partial transfor-
mation of the injected H2 into CH4 and H2O. Addition-
ally, the selection of the microbial growth function has
an important influence.
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9. Crotogino, F., Donadei, S., Bünger, U., Landinger, H.: Large-
scale hydrogen underground storage for securing future energy
supplies. In: 18th World Hydrogen Energy Conference, pp. 16–21
(2010)

10. Scheidegger, A.E.: The Physics of Flow Through Porous Media,
Soil Science, vol. 86, p. 355. LWW (1958)
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Mosthaf, K., Müthing, S., Nuske, P., Tatomir, A., Wolff, M., et
al.: DuMux : DUNE for multi-phase, component, scale, physics,
... flow and transport in porous media. Adv. Water Resour. 34(9),
1102–1112 (2011)

16. Foh, S.E.: Underground Hydrogen Storage: Final Report.
Brookhaven National Laboratory, Department of Energy and
Environment (1979)

17. Ganser, C., Eng, B.: New energy storage concept for renewable
energies in the form of potential energy storage, p. 70. Techniken
zur Energiewende (2013)

18. Ginn, T.R., Wood, B.D., Nelson, K.E., Scheibe, T.D., Murphy,
E.M., Clement, T.P.: Processes in microbial transport in the natural
subsurface. Adv. Water Resour. 25(8), 1017–1042 (2002)

19. Golfier, F., Wood, B.D., Orgogozo, L., Quintard, M., Buès,
M.: Biofilms in porous media: development of macroscopic

transport equations via volume averaging with closure for local
mass equilibrium conditions. Adv. Water Resour. 32(3), 463–485
(2009)

20. Helmig, R. et al.: Multiphase flow and transport processes in
the subsurface: a contribution to the modeling of hydrosystems.
Springer (1997)

21. Kepplinger, J., Crotogino, F., Donadei, S., Wohlers, M.: Present
trends in compressed air energy and hydrogen storage in ger-
many. In: Solution Mining Research Institute SMRI Fall 2011
Conference, York, United Kingdom (2011)

22. Kleinitz, W., Boehling, E.: Underground gas storage in porous
media–operating experience with bacteria on gas quality
(spe94248) (2005)

23. Lovley, D.R., Phillips, E.J.P.: Competitive mechanisms for inhi-
bition of sulfate reduction and methane production in the zone
of ferric iron reduction in sediments. Appl. Environ. Microbiol.
53(11), 2636–2641 (1987)

24. Megee III, R.D., Drake, J.F., Fredrickson, A., Tsuchiya, H.G.:
Studies in intermicrobial symbiosis. Saccharomyces cerevisiae
and lactobacillus casei. Can. J. Microbiol. 18(11), 1733–1742
(1972)

25. Monod, J.: The growth of bacterial cultures. Annu. Rev. Micro-
biol. 3(1), 371–394 (1949)

26. Moser, A.: Bioprocess technology: kinetics and reactors. Springer
(1988)

27. Müller-Syring, G., Henel, M., Krause, H., Rasmusson, H., Mlaker,
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