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Abstract: There are mutual benefits in storing H2 in sedimentary reservoirs jointly with another gas
serving as a cushion gas, such as the CO2 of a carbon capture and storage (CCS) operation or the
natural gas of seasonal storage or left in a depleted hydrocarbon reservoir. When H2 occupies the crest
of the reservoir, the presence of either gas is beneficial to the other. H2 reinforces the sealing efficiency
of the caprock due to its very favorable interfacial properties with respect to brine and rock-forming
minerals. H2 storage safety and capacity are also increased with cushion gases such as CO2, which
alleviate the buoyancy pressure at the top of the gas column. The potential drawback of this storage
scheme is gas/gas mixing, which can, however, be strongly reduced if, by an appropriate choice of well
completion and placement, H2 is positioned in the upper zones of the reservoir, and its injection rate is
kept below a critical value corresponding to the incipient fingering instability of the H2/cushion gas
mixing zone. This value, which depends on reservoir permeability, the dip angle of the mixing front, and
how density varies with viscosity in the mixing front, turns out to be well above practical injection rates.
Therefore, dispersive mixing is the only cause of front spreading, which is acceptable for
not-too-heterogeneous reservoirs. The mutual benefits identified in this study are the strongest when
the cushion is made up of dense CO2, which suggests that the crest of offshore CO2 storage reservoirs
is a good candidate for H2 storage. © 2024 The Authors. Greenhouse Gases: Science and Technology
published by Society of Chemical Industry and John Wiley & Sons Ltd.
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Introduction

With the increasing concern for reducing
greenhouse gas emissions and balancing the
seasonal production of renewable electricity,

carbon capture and storage (CCS) and hydrogen
energy are being considered as promising solutions.
However, to fully utilize the potential of hydrogen, its
large-scale storage becomes a necessity.1 The
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underground hydrogen storage (UHS) scheme
examined in this work combines hydrogen storage with
storage of another gas in the same sedimentary
reservoir, for example, an aquifer or a depleted
hydrocarbon reservoir. This other gas, which acts as a
cushion gas (CG) for the stored H2, could, for example,
be the CO2 captured from industrial gaseous effluents
and permanently stored in a sedimentary reservoir as
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part of a CCS operation, or those effluents themselves,
or the natural gas of a seasonal gas storage or left in a
depleted hydrocarbon reservoir, etc. The CG, usually
the same gas and in a comparable amount as the
working gas (WG; in this work, H2), ensures acceptable
H2 withdrawal rates with minimal pressure drop in the
reservoir and prevents brine production when this
reservoir is (or is in contact with) an aquifer.2,3 The use
of CGs different from the WG has already been
examined, particularly in the context of natural gas
storage4–7 and compressed air storage.8

Most of the gas storages or other gas-bearing
reservoirs cited above are well characterized and
possess most of the required infrastructure: their use to
also store H2 can be, therefore, an attractive option,
provided mixing between the two gases is limited to
avoid expensive treatment of the back-produced gas. In
the case of a CO2 cushion, the other reason for limiting
its mixing with H2 is to prevent (or limit) the growth of
methanogenic and/or acetogenic microorganisms and
the in situ production of methane and acetate, which
occur in the mixing zone.9–12

A large amount of work is currently being devoted to
the modeling, mostly by reservoir simulation, of H2
storage in aquifers or depleted gas reservoirs with CGs
such as CO2, CH4, or N2 or their mixtures.13–18 The
purpose is to help define the best storage scenarios,
that is, scenarios that minimize mixing between H2
and the CG (and thus the contamination of the
back-produced H2-rich gas) while maximizing
recovery efficiency, that is, the quantity of H2 back
produced relative to that injected in consecutive H2
injection/production sequences. At the same time, the
pressure variations in the reservoir must lie within
acceptable limits. Reservoir pressure should not exceed
the limit for mechanical or capillary failure of the seal
rock and too low a pressure means that the amount of
H2 stored in the reservoir is low as well. These
processes, which control the performance and safety of
the H2 storage process, are sensitive to many
parameters: the reservoir geological settings and
petrophysical properties (particularly the permeability
heterogeneities),18 the number, position, and
completion of injection and production wells, and the
CG type and composition.15,17 Most of this work relies
on compositional reservoir simulation, in which the
relevant fluid properties (density, phase composition,
viscosity, interfacial tension [IFT], etc.) must be
described accurately.16,17 Particular reservoirs or
reservoir settings are considered in most studies, and it

may be difficult to disentangle the contributions of the
various factors and draw definitive conclusions as to
the physical mechanisms at play and their effects on the
parameters of interest. These parameters strongly
depend on the flow regimes, themselves controlled by
reservoir heterogeneities and the various forces
involved, namely the viscous, gravity, and capillary
forces.14 The dispersive properties of the porous
reservoir also have an important impact on the extent
of mixing between the two gases.

This study examines the storage scheme depicted in
Fig. 1, where H2 is stored on top of a denser CG (e.g.,
CO2), itself overlying an aquifer. The reservoir has top
and lateral sealing boundaries, provided, for instance,
by an anticline structure with a dome or crest at its
top,19,20 with one single vertical well allowing
injection/withdrawal of the H2 in the upper region of
the reservoir. The gas/gas mixing front thus resembles
the surface of a more or less deformed bubble that
expands and shrinks around the well upon H2 injection
and withdrawal, respectively. This scheme is different
from a horizontal (or slightly tilted) reservoir layer
saturated with the CG beyond some distance from the
vertical well, which injects and withdraws the WG.7,8

The issues addressed in this study are (i) mixing
between the two gases and (ii) storage safety and
capacity. On the one hand, H2 is less dense, by one
order of magnitude or more than most CGs, which
stabilizes the gas/gas mixing front; but the viscosity
contrast between the two fluids is such that viscous
fingering and therefore enhanced mixing are expected
above a certain injection rate. This rate or velocity limit
depends on various factors such as the angle of
inclination of the velocity with respect to the vertical
and the viscosity and density contrasts of the two
fluids,21,22 but it is not known whether this limit lies
within practical values. This limit is determined and
discussed for various H2/CG couples and storage
conditions in the next section. Below this limit, the
only cause of mixing is dispersion between the two
stored gases, also addressed in that section.

On the other hand, storage safety is ensured as long as
the buoyancy pressure in the gas in contact with the
seal rock does not exceed the capillary entry pressure
of that gas into the seal rock.23 The latter pressure is the
minimum buoyancy pressure in the (nonwetting) gas
phase (compared to brine pressure) required for the gas
phase to intrude into the brine-saturated seal rock. It is
reminded that water (or brine) is present as an
irreducible phase that wets the pore walls throughout

2
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Synergies of storing hydrogen at the crest of CO2 or other gas storages

Figure 1. Schematics of an H2 injection and storage on top of a cushion gas (CG) in an
aquifer. Left: reservoir/well configuration, with the CG overlying an aquifer, and the H2

“bubble” being injected and pushing the CG, with velocity U at the gas/gas mixing front,
whose dip or inclination with respect to the horizontal is characterized by the angle α. The
vertical scale is different from the horizontal scale: the dome structure looks exaggerated.
Right: water and gas hydrostatic pressure variations along the vertical; the buoyancy
pressure, which depends on the densities and column heights of the two gases, is
maximum at the crest of the reservoir.

the gas column and connects the seal rock (caprock) to
the underlying aquifer. The pressure profiles in both
phases obey the law of hydrostatics (Fig. 1) – which
also holds for low-to-moderate flow rates, an
approximation known as the vertical equilibrium
approximation. The capillary entry pressure depends
on the pore structure of the caprock and on the
interfacial properties of the seal rock/brine/gas system,
which have been thoroughly investigated for the seal
rock components and the gases of interest, including
H2, CO2, CH4, N2 and some of their mixtures. These
investigations, briefly reviewed in the third section ,
clearly demonstrate the very favorable interfacial
properties of seal rock/brine/H2 systems, and,
therefore, adding H2 at the top of a gas column renders
the seal rock less prone to capillary failure while
allowing some amount of H2 to be safely stored in
addition to the gas already present. In addition, the
presence of a dense CG such as CO2 at the bottom of
the gas column alleviates the buoyancy pressure at its
top as compared to a gas column made up of H2 only,
thus allowing a larger height (or quantity) of working
H2 to be stored safely. The calculation procedure and
illustrative examples of those storage heights and
quantities are given in the third section.

The last section summarizes the results and
implications of those findings and discusses
perspectives for H2 storage in CO2- or other
gas-bearing reservoirs.

Spreading of the gas–gas mixing
zone
When H2 is withdrawn from the reservoir, both gravity
forces (i.e., the strong density contrast between H2 and
the CG) and viscous forces (i.e., the favorable viscosity
contrast) stabilize the mixing front, irrespective of fluid
velocity: the mixing front is unconditionally stable. The
mixing zone spreads only under the effect of
dispersion, which is presented and discussed in the
next subsection. However, when H2 is injected into the
reservoir, the two forces have opposite effects: gravity
stabilizes the front but not the viscous forces as the
displacing fluid, H2, is more mobile (less viscous) than
the displaced CG. The mixing front is thus
conditionally stable, that is, it is stabilized by gravity at
a low enough velocity, but prone to viscous fingering
above a certain injection velocity. This velocity, which
corresponds to the incipient fingering instability of the
front, is evaluated in the subsection ‘Rate conditions

© 2024 The Authors. Greenhouse Gases: Science and Technology published by Society of Chemical Industry and John Wiley & Sons Ltd.
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for viscous fingering avoidance (front stability)’. Below
this velocity, the mixing front is stable and subject to
dispersive mixing only, just as in withdrawal sequences.
This information can be used to optimize the
injection/withdrawal strategy and minimize the
negative effects of gas–gas mixing.

Front spreading by dispersive mixing
Dispersive mixing is, strictly speaking, defined for two
fluids that differ only by the presence or absence of
tracer molecules; this is referred to as tracer dispersion.
It is also used for two miscible phases that differ in
density and viscosity as long as the composition profile
in the mixing zone can be described by a
convection–dispersion differential equation. This
seems to be the case in practice whenever the front is
stable. Early studies,24–26 mostly carried out with
miscible liquid/liquid systems, indicate that
longitudinal dispersion coefficients KL are similar or
even reduced (relative to tracer dispersion coefficients)
when the two fluids have different densities
and viscosities.

These coefficients depend on the interstitial velocity
V of the fluids as follows:

KL

D
= 1

τ
+

(
αLV

D

)m

, (1)

where D is the intermolecular diffusion coefficient
between the two fluids, τ is the tortuosity of the porous
medium, and αL is the longitudinal dispersivity, a
length scale of velocity variations closely related to
permeability heterogeneities. The exponent m,
experimentally found to be very slightly larger than 1,
is often considered equal to 1. There are two
contributions to dispersive mixing. One, D/τ , is
dominant at low-velocity V and is related to molecular
diffusion, τ > 1 reflecting the fact that fluid motion is
hindered by the porous substrate: τ ≈ 1.4 in granular
media but several units in consolidated porous media
such as Berea sandstones.27 The other term is the
hydrodynamic (or mechanical) contribution, which
reflects variations in the velocity field, themselves
related to permeability heterogeneities. It is dominant
for Peclet numbers αLV/D exceeding a few units.

D, which is not larger than 1 cm2/s under
near-ambient conditions,28,29 strongly decreases with
increasing pressure P, D ≈ C/P, where C is a constant
usually below unity (D in cm2/s, P in bar).29 As to
dispersivities αL, low values are measured in the

laboratory: the recent careful core flood experiments
conducted by Yang and co-workers27 with H2 and N2
indicate values as low as αL = 0.3 mm in a
(homogeneous) Berea sandstone. Field-scale
dispersivities are much higher, reflecting permeability
heterogeneities – values in the meter range are not
uncommon.30 In practical situations of gas injection or
withdrawal, the Peclet number is well above 1:
dispersive mixing is dominated by the mechanical
dispersion term in Eqn 1.

Dispersivities can and should be directly measured in
the field, for example, by carrying out push–pull tracer
tests around the well. Assuming that H2 is withdrawn
or injected with downhole velocities V and −V ,
respectively, and that the front is horizontal and moves
in the vertical direction, the extension Z(t ) of the
H2/CG mixing zone is expected to increase with the
time t spent during those injection and withdrawal
sequences as follows: If there are no shut-in periods,
the spreading length Z(t ) is roughly proportional to
the square root of the cumulative quantity of H2
circulated (i.e., the sum of the injected and withdrawn
H2, both counted positively) over the time t , which is
proportional to |V |t . For continuous injection and
withdrawal operations without shut-in periods, and
with typical practical values |V | ≈ 1 cm/day and αL ≈
a few tens of centimeters, the extent Z(t ) of the H2/CG
mixing front following 1 year of injection/withdrawal
sequences thus lies in the meter range.

Rate conditions for viscous fingering
avoidance (front stability)
We first recall and discuss the classical result for
immiscible displacements in porous media,21,22 which
can be applied for H2 displacing brine in an aquifer.31

We then focus on the miscible displacements of
interest. It is important here to emphasize that the
fingering instability is not captured by conventional
reservoir simulations unless some noise is introduced
in the permeability field and very fine grid blocks are
used.32 In other words, a stable front – that is, the
absence of fingers – is systematically observed in
conventional reservoir simulations of displacements in
homogeneous porous media, irrespective of the
flow rate.

In a downward displacement of a fluid by an
immiscible less dense and less viscous fluid, fingering
occurs at the front between the two fluids when the

4
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Synergies of storing hydrogen at the crest of CO2 or other gas storages

Darcy (or superficial) velocity normal to the front
exceeds the following critical value21

Uim = g�ρ

�(1/λ)
cos(α), (2)

where g is the acceleration due to gravity, α the dip
angle of the mixing front (see Fig. 1), �ρ the density
difference between the displaced and displacing phases,
�(1/λ) the difference between the inverse mobilities
on both sides of the front. The Darcy (or superficial)
velocity U is equal to the interstitial (or front) velocity
V multiplied by the porosity of the porous medium.

When gravity effects become negligible (�ρcos(α)
decreases to 0), the sign of the denominator in Eqn 2
or, equivalently, the position with respect to 1 of the
mobility ratio Mr = λdisplacing/λdisplaced, controls
whether there is viscous fingering (when this ratio is
larger than 1) or a stable, piston-like front (the ratio is
smaller than 1), irrespective of velocity. This is the
classical Saffmann–Taylor result. α > 90◦ corresponds
to a front with a fluid, here H2, pushing upwardly a
denser and more viscous CG: the front is
unconditionally unstable, that is, both gravity and
viscous forces favor an unstable front, irrespective of
front velocity. This situation, not depicted in Fig. 1, can
be overlooked if the injection occurs near the crest of
the reservoir.

For H2 being injected at the top of an aquifer and thus
downwardly displacing brine in a porous rock, the
density and viscosity contrasts are such that �ρ ≈ ρw,
the brine density, and �(1/λ) = 1/λw − 1/λH2 ≈
μw/kw, where μw is brine viscosity and kw = kkrw the
brine permeability on the brine-rich side of the front (k
is the absolute permeability of the medium and krw the
brine relative permeability on the brine-rich side of the
front). The above equation thus reduces to31

Uim = gkkrwρw

μw

cos(α). (3)

The stability criterion U < Uim can be seen as a
condition on the ratio of viscous forces μwU/kkrw to
gravity or buoyancy forces g�ρcos(α). This ratio must
be larger than unity for the displacement front to be
stable, where unity corresponds to the stability limit
Uim. As an example, critical velocities of H2
downwardly displacing water ranging from Uim = a
few to tens of centimeters per day are inferred from the
permeabilities measured by Yekta et al.33 in a k = 50
mdarcy sandstone under various (shallow and deep)

storage conditions. Smaller values are indeed expected
for nonhorizontal fronts (0 < α < 90◦).

The above classical result21,22 is obtained by a linear
stability analysis, in which the pressure field is
calculated across a small protrusion at the front
between the displacing (upper) and displaced (lower)
phases. In the stable situation (no fingering), the
pressure gradient is smaller in the upper phase than in
the lower phase, whereas in the unstable situation (with
fingering) the pressure gradient is larger. The critical
velocity Uim is determined by equating both gradients.
If the velocity is below that critical value, the front is
stable, and if it is above the front is unstable and
fingering occurs. This analysis also provides the width
or peak-to-peak distance of the incipient fingers, which
increases with brine/water IFT and the proximity of U
to the critical value Uim.31

If the two phases are miscible but the gas/gas mixing
front is sharp, Eqn 2 can be used, which reduces to

Uim = kg
�ρ

�μ
cos(α), (4)

where �ρ = ρCG − ρH2 is the density difference and
�μ = μCG − μH2 the viscosity difference between the
two gases.

Indeed the front is not sharp: the fluid composition
gradually changes over the mixing zone, from pure H2
at the top to pure CG at the bottom. Applying the
above reasoning to any porous layer of thickness dz, a
more stringent stability condition is obtained, that is,
U < Um with

Um = kgcos(α)
(

dρ

dμ

)
min

= kg cos(α)/
(

dμ

dρ

)
max

, (5)

where (dρ/dμ)min is the minimum value of dρ/dμ as
the fluid composition varies over the gas–gas mixing
zone. This minimum is reached for a particular
composition, that is, at a particular position in the
mixing front, which is where the instability is triggered
and fingers start to develop.

This condition was first derived in 1964 by
Dumoré,34 who applied it to miscible liquid/liquid
(oil/solvent) displacements. Using simple models for
the viscosity and density of oil/solvent mixtures,
Dumoré observed that this minimum is reached when
the fraction of the most viscous (and denser) liquid,
that is, oil, is maximum, meaning that the onset of
instability occurs in the bottom part of the miscible
front; in addition, he observed rather low values of Um
because contrasted liquid/liquid mixtures typically

© 2024 The Authors. Greenhouse Gases: Science and Technology published by Society of Chemical Industry and John Wiley & Sons Ltd.
Greenhouse. Gas. Sci. Technol. 0:1–20 (2024); DOI: 10.1002/ghg.2278 5
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exhibit large viscosity variations while density changes
only slightly. Later stages and the nonlinear evolution
of the instability have been investigated by means of
various theoretical and numerical approaches,35 in
which the density and viscosity profiles are shown to
play an important role. The recent X-ray CT imaging
observations of downward miscible displacements in a
porous medium conducted under various velocities by
Suekane and co-workers36 are consistent with
Dumoré’s equation (5). In a configuration where the
liquid at the top displaces the other denser, more
viscous liquid at the bottom, these authors could
observe a stable front at low velocity (U < Um) and an
unstable front with complex nonlinear interactions
between fingers (tip-splitting, coalescence, shielding,
and so on) at high velocity (U > Um). Hereafter, we
limit our analysis to the initiation of viscous fingering.

Considering that dρ/dμ is equal to dρ/dy divided by
dμ/dy, where y is the H2 molar content of the
H2/cushion gas mixture of interest, appropriate models
are needed for the density and viscosity of H2/CG
mixtures as a function of y, temperature T , and
pressure P. We consider a range of T and P from 298 to
373 K and 5 to 25 MPa representative of various
storage conditions, from shallow cold (offshore)
reservoirs to deep and hot (onshore) reservoirs.

We start by deriving those two quantities and the
resulting limit velocity Um within the low-density
approximation, which provides fairly accurate
predictions for all H2/CG mixtures of interest but
H2/CO2 mixtures, as discussed in the Appendix and
later in this section.

The low-density limit for the density of H2/CG
mixtures is nothing but the ideal gas (IG) law:

ρ = P(yMH2 + (1 − y)MCG)
RT

, (6)

where MH2 = 2 × 10−3 kg/mol is the molar weight of
H2 and MCG is the molar weight of the cushion gas,
R = 8.3145J/mol · K is the gas constant, P is the
pressure (in Pascal), and T is the temperature (in
kelvin). This approximation is equivalent to assuming a
compressibility factor equal to 1, which is true to
within less than 10% for H2, CH4, and N2 and their
mixtures within the T and P ranges of interest.

The low-density limit for the viscosity μ of gas
mixtures as a function of the viscosities of their
constituents, here μH2 and μCG, can be found in
standard textbooks29

μ = yμH2

y + (1 − y)φH2,CG
+ (1 − y)μCG

1 − y + yφCG,H2

. (7)

where the exchange term

�CG,H2 =

[
1 + Mr

1/2
(

MH2
MCG

) 1
4
]2

[
8
(

1 + MCG
MH2

)] 1
2

. (8)

These equations are those of the original Wilke’s
model.37 An alternative exchange term has been
proposed by Herning and Zipperer (HZ),38

�CG,H2 =
(

MH2

MCG

)1/2
(9)

where �H2,CG is obtained by interchanging CG and H2
in the above two expressions and replacing the mobility
ratio Mr by 1/Mr in Eqn 8. Mr=μCG/μH2 spans the
following intervals: 1.35–2.1 (for CG = CH4, 1.7–1.9
(for CG = gaseous CO2), and 2.1–2.5 (for CG = N2) in
the T and P ranges 298–373 K and 5–25 MPa. Mr > 1
means that there is a high potential for viscous
fingering in configurations where gravity can be
neglected (α ≈ 90◦).

An analytical expression is obtained for dρ/dμ from
Eqns 6–8, which is a monotonically decreasing
function of y. The minimum value of dρ/dμ is
obtained for y → 1, meaning that the upper, H2-rich
region of the mixing zone is where fingering is
triggered when the velocity reaches or exceeds the
following critical value:

Um = kgPcos(α)
RT

MCG − MH2

μCG/φCG,H2 − μH2φH2,CG
, (10)

where Um is a fraction of the value in the absence of
mixing (Eqn 4):

Um/Uim = Mr − 1
Mr/φCG,H2 − φH2,CG

. (11)

This ratio depends only on the densities, molar
weights, and viscosities of the two gases, here H2 and
the CG. Equations 10 and 11 are applicable only with
CGs whose densities can be approximated by the IG
law (Eqn 6) and whose viscosities are obtained by
Wilke’s equation (7), otherwise Eqn 5 must be used in
combination with appropriate models for the mixture’s
viscosity and density – see the Appendix. The above
approach and expressions can easily be extended to any
couple of WG and CG that fit the IG law and Wilke’s
equation for their densities and viscosities, by

6
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Synergies of storing hydrogen at the crest of CO2 or other gas storages

Table 1. Values of Um/Uim calculated within the
low-density (IG+Wilke) approximation for H2
downwardly displacing CH4 or N2.

Temperature (K) 298 298 373 373

Pressure (MPa) 5 25 5 25

H2 + CH4 0.173 0.340 0.175 0.268

H2 + N2 0.196 0.242 0.196 0.224

Table 2. Maximum velocity Um (m/day) for a
stable downward displacement of CH4 or N2 by
H2 calculated within the low-density (IG+Wilke)
approximation. Reservoir permeability: k = 1
Darcy. These values should be multiplied by the
number of Darcy of the reservoir and, for tilted
fronts, by cos(α).

Temperature (K) 298 298 373 373

Pressure (MPa) 5 25 5 25

H2 + CH4 1.45 3.75 1.94 2.97

H2 + N2 0.88 3.07 1.98 2.26

substituting the density, molar weight, and viscosity of
the WG at storage conditions for those of H2 in the
above two equations. If the gases are not pure
components but a mixture of components, then the
densities, molar weights, and viscosities of the
corresponding mixtures must be used in these
equations, again taking care to use Eqns 10 and 11 only
when appropriate.

Tables 1 and 2 provide values of Um/Uim and Um for
H2 downwardly displacing CH4 or N2 as obtained
within the low-density (IG+Wilke) approximation.

For downward displacements of CH4 or N2 by H2
(corresponding to H2 injection), the velocity limits Um
lie in the range of a few meters per day. These values are
considerably higher than practical velocities of a few
centimeters/day, including when the angle α is high
and approaches 90◦ or the reservoir has permeability in
the tens of mDarcy. As a consequence, no fingering is
to be expected, except where the mixing front tends to
be locally vertical, that is, α ≈ 90◦ and, indeed, where
α > 90◦: then the front is unconditionally unstable.

As a practical example, injecting about 100,000 Nm3

(or 0.82 tons) of H2 per day (which is equivalent to
about 2000 m3 per day at reservoir pressure P ≈ 5
MPa) in an aquifer spanning an area of 1 km2 with 10
wells corresponds to a Darcy velocity U ≈ 2 cm/day,
which is about two orders of magnitude below the
velocity limit Um of incipient fingering (see Table 2).

The above reasoning holds for mixing fronts
positioned at some distance from the well. When
injecting H2 for the first time in a gas-bearing reservoir,
the mixing front is initially located in the near wellbore
region, where fluid velocities are high and, therefore,
an unstable mixing front is expected. Viscous fingering
could thus be an issue when injecting H2 for the first
time in a gas-bearing reservoir. This difficulty could be
mitigated in part by controlling the injection rate in the
early stages of the first injection sequence to obey the
criterion for fluid velocities determined above and/or
starting the injection process with CG-rich (or
H2-poor) mixtures and gradually increasing the H2
content in the injected fluid as the front moves away
from the well and, when it is far enough, switch to
100% H2 (y = 1). Grading the viscosity of a liquid
displacing a more viscous liquid has been shown to
mitigate viscous fingering,39 while transverse
dispersion attenuates finger growth provided the
corresponding Peclet number, that is, fluid velocity, is
small enough.40,41 In subsequent injection sequences,
the mixing front should be located far enough from the
well – at a distance that, again, can be estimated by
using the results of this section – which is equivalent to
considering that the bottom part of the H2 column
serves as a CG for the working H2.4

More accurate models than the above IG and Wilke
models are available to calculate dρ/dμ and its
minimum value under the H2/CG mixtures and the T
and P conditions of interest. Densities are better
predicted by the GERG-2008 equation42, and more
appropriate viscosity models are presented and
discussed in the Appendix. Using those models, we find
velocity limits for H2/CH4 and H2/N2 mixtures that are
very close to those obtained with the IG+Wilke
models and listed in Tables 1 and 2 (see the Appendix).

However, the IG+Wilke models fail to predict the
densities and viscosities of H2/CO2 mixtures under
most of the T and P conditions of interest, especially
for CO2-rich mixtures (y small). Experimentally,
adding only 2 mol% H2 to pure CO2 is shown to lower
the density by as much as 25%,43 a feature that is much
better accounted for by the GERG-2008 equation.42

Likewise, Eqns 7 and 8 do not account for the
viscosities of CO2-rich H2+CO2 mixtures, as it is easily
checked in comparison with recent experimental data44

(see the Appendix). The models presented in the
Appendix, such as the SuperTRAPP model (or the
extended corresponding state [ECS] model), the
Dean–Stiel–Brokaw (DSB) model (Simulis

© 2024 The Authors. Greenhouse Gases: Science and Technology published by Society of Chemical Industry and John Wiley & Sons Ltd.
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SB Rhouma et al.

Figure 2. Values of kgdρ/dμ as a function of the H2 molar content y of the CO2 + H2

mixture for various temperature and pressure conditions. Densities are those of the
GERG-2008 model,42 and viscosities are determined using the SuperTRAPP model (see
the Appendix). The inset shows the region of high H2 molar content (y → 1), where
kgdρ/dμ reaches its global minimum, for all T and P conditions but T = 298 K and P = 25
MPa.

Thermodynamics) or Wilke’s model with a HZ
exchange coefficient (Eqn 9), provide viscosity values
in much better agreement with experimental values.

Figure 2 displays the values of kgdρ/dμ as a function
of the H2 molar fraction y in H2/CO2 mixtures at four
different sets of temperatures and pressures, as
obtained using the GERG-2008 model for densities and
the SuperTRAPP model for viscosities. kgdρ/dμ

decreases monotonically with increasing y over the
interval [0,1] only for the lowest pressure (5 MPa) and
highest temperature (373 K). For the other T and P
conditions, dρ/dμ exhibits a maximum in the interval
[0,1] and two local minima, for y = 0 and y = 1. For
the lowest temperature (T = 298 K) and highest
pressure (P = 25 MPa) investigated, the global
minimum of kgdρ/dμ is reached for y = 0, meaning
that, when fluid velocity reaches or slightly exceeds the
limit Um, the fingering process is initiated at the bottom
(i.e., CO2-rich) tail of the mixing front, similarly to
what happens at miscible liquid/liquid fronts.34 In all
other cases, the instability is initiated in the upper

Table 3. Maximum velocities Um (m/day) for a
stable downward displacement of CO2 by H2
within the low-density approximation (IG+Wilke)
and the GERG-2008 model for densities and
SuperTRAPP model for viscosities (see the
Appendix).

Temperature (K) 298 298 373 373

Pressure (MPa) 5 25 5 25

IG+Wilke 1.12 3.3 0,77 2.7

GERG-2008+SuperTRAPP 1.04 3.71 0.76 3.61

region of the mixing zone, where H2 is the fluid
saturating the porous medium.

Table 3 lists the velocity limits Um for a stable
downward displacement of CO2 by H2 as calculated
within the IG+Wilke models and the
GERG-2008+SuperTRAPP models for a reservoir with
permeability k = 1 Darcy. As discussed above, the
incipient instability occurs on the H2-rich side of the
front (y = 1) in all cases, except with the

8
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Synergies of storing hydrogen at the crest of CO2 or other gas storages

GERG-2008+SuperTRAPP models at 298 K and 25
MPa where it occurs at the CO2-rich, that is,
liquid-like, side of the front (y = 0): the agreement
between the two values of Uc obtained within the two
models is fortuitous.

A description of the size of those fingers and how
they develop once they have been initiated is beyond
the scope of this work. This development strongly
depends on the density and viscosity profiles along the
mixing front35 as well as on the dispersive properties of
the porous medium.22 To the best of our knowledge,
the few experimental data available on how fingers
develop when the instability sets in have been acquired
with miscible liquid/liquid couples,36 not with miscible
gas/gas or gas/liquid systems.

A general comment is in order here. Density varies
with viscosity in very different manners in contrasted
gas/gas and liquid/liquid mixtures, and this has
consequences for the velocity range that ensures front
stability and mixing limited to dispersion. As a rule,
two liquids, one viscous and dense (e.g., an oil) and the
other lighter and less viscous (e.g., a solvent) exhibit a
limited density difference (typically a few tens of
percent difference), yet their viscosities may differ by
orders of magnitude. The densities of H2 and the CGs
considered here differ by one order of magnitude or
more, but their viscosity ratio rarely exceeds 2.5 (see
the above: the maximum mobility ratio Mr is 2.5,
except when the CG is dense CO2). When composition
varies in H2/CG mixtures, the values of the derivatives
dρ/dμ – and their minima when composition varies –
are therefore expected to be much larger than those of
mixtures of two miscible liquids (e.g., oil/solvent
mixtures). Compared to miscible liquid/liquid
displacement fronts, H2/CG fronts are, therefore,
stable and piston like over a much larger range of H2
velocities or injection rates and/or over a much larger
range of reservoir permeabilities and inclination angles
α. This is one of the most important results of this
study, and a strong argument in favor of storing H2 on
top of a denser, more viscous gas acting as a CG.
Dispersive mixing (see the previous subsection) is
expected to be the only cause of the spreading of the
front, except where the H2–CG front is close to being
vertical (i.e., α ≈ 90◦).

In practice, the permeability field is not
homogeneous and the question arises as to the effects
of permeability heterogeneities on the miscible
displacements of interest here. This subject has been
investigated for miscible liquid/liquid systems by

various numerical simulation methods, most often in a
linear drive configuration: one fluid is injected into a
reservoir layer through a line of (injection) wells that
displaces the other fluid to another line of (production)
wells on the other side of the layer.45–47 The
conclusions of those studies are that, for small enough
variances and correlation lengths of the permeability
field, the onset of fingering and finger growth is not
affected by permeability heterogeneities, whereas finger
growth interacts strongly with the permeability field
when this field is strongly heterogeneous.45–47 The
focus in this section is on how viscous and gravity
forces compete to generate either a stable mixing front
or fingering, for, respectively, low and high ratios of the
gravity to viscous forces. The ratio of the viscous to
gravity forces is one of the dimensionless numbers that
control the flow patterns of H2 displacing a CG.14 We
suggest to define this ratio, or at least its
fluid-dependent part, by using the minimum value of
dρ/dμ over all possible mixtures of the two fluids.

Lastly, the hypothesis has been made of first-contact
miscibility, that is, complete miscibility of H2 and CG,
irrespective of their proportion. It is worth pointing
out here that first-contact miscibility is not achieved in
CO2-rich H2 + CO2 mixtures in the ranges 293–303 K
and 4–7 MPa.48 These mixtures and conditions are not
addressed in this work.

Caprock integrity and storage
capacities
In this section, we first recall how buoyancy and the
interfacial properties of the seal rock/brine/gas system
are involved in the gas-trapping process beneath the
seal rock – usually referred to as structural or
stratigraphic trapping. A brief overview is then given of
the experimental efforts undertaken to characterize
those interfacial properties. Then, we examine the
storage scheme of Fig. 1, with H2 placed on top of a CG
with limited mixing between the two gases (see the
previous section), and draw consequences as to its
safety and capacity. We also discuss why and how the
placement of H2 on top of an existing gas storage or a
gas reservoir (e.g., a depleted hydrocarbon reservoir)
reinforces the capillary-sealing efficiency of the seal
rock and renders the storage of both gases more secure
while allowing some amount of H2 to be stored
together with the gas already present.

Even though it is not further discussed and explored
in this work, it is worth pointing out that interfacial or

© 2024 The Authors. Greenhouse Gases: Science and Technology published by Society of Chemical Industry and John Wiley & Sons Ltd.
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SB Rhouma et al.

capillary forces or, more precisely, the ratios of the
capillary to viscous and to buoyancy forces, that is, the
so-called capillary and Bond numbers, have a strong
impact on flow patterns in porous media: as an
example, in the presence of water capillarity prevents
the (nonwetting) gas to enter the small permeabilities
zones at low enough flow rates (see for details in Wang
et al.14).

Capillary trapping of a single gas phase
beneath a seal rock
The gas phase beneath the seal rock is overpressured
with respect to the brine, which forms an irreducible
phase in the reservoir and fully saturates both the
aquifer and the seal rock. The buoyancy pressure is
related to the gas column height h above the contact
with the aquifer (water–gas contact [WGC]) and to the
difference between phase densities, ρw and ρg
(assumed below to be constant), as follows:

Pb = (ρw − ρg)gh. (12)

The assumption of constant gas density is valid as
long as the column height does not exceed a few tens of
meters – the storage scenario considered in practical
applications and in this work – except if the T–P path
along this column crosses the liquid/vapor phase
envelope or approaches the critical point where
compressibility is high: this excludes CO2 in some cold
reservoirs and very near the critical point of CO2,
P ≈ 7.38 MPa and T ≈ 304 K.

The trapping of the gas phase beneath the seal rock is
ensured as long as the buoyancy pressure does not
exceed the capillary entry (or displacement) pressure of
the gas phase into the seal rock, equal from the Laplace
equation to

Pce,g = Pg − Pw = 2γw,gcos(θ )
r

, (13)

where r is a representative of the largest pore
thresholds in the seal rock, γw,g is the IFT between the
brine and gas phases and θ is the contact angle at the
triple (mineral/brine/gas) line in a drainage process,
that is, gas displacing brine from the substrate. Stated
otherwise, the storage capacity or maximum gas
column height is determined by the competition
between two adverse effects: buoyancy that drives the
gas upwards, and capillarity that prevents the gas from
breaking through the brine-saturated seal rock. The

maximum column height, noted H , is obtained by
equating the two pressures Eqns 12 and 1349,50

H = Pce,g

g(ρw − ρg)
= 2γw,gcos(θ )

r(ρw − ρg)g
. (14)

The capillary entry (or displacement) pressure is
determined experimentally or estimated using
measurements conducted with a convenient gas, such
as N2, or using mercury intrusion measurements, and
then using the equation Pce,H2 = Pceγw,H2 cos(θ )/
γ ′cos(θ ′), where Pce is the entry pressure of N2 or
liquid mercury, γ ′ and θ ′ are the IFT between brine
and N2 or between liquid mercury and its vapor, and
the contact angle is that in the wetting phase (water or
mercury vapor). The contact angle has a typical value
of ≈ 40◦ for mercury.51

Clearly, the storage capacity or maximum storage
height increases with brine/gas IFT γw,g and cos(θ),
that is, with the water-wet character of the porous rock,
and it decreases with increasing buoyancy, that is, with
increasing density difference between the brine and
gas phases.

Relevant interfacial properties
A considerable amount of experimental data, including
an increasing number of experiments in silico (mostly
molecular dynamics simulations), is available on the
interfacial properties that control the capillary-sealing
efficiency of seal rocks with respect to the gases of
interest: the water (or brine)/gas IFT γw,g and the
contact angle θw,g at the triple (mineral/brine/gas) line.
Only a brief review with the relevant information is
presented here, with a focus on how these two
properties are modified when the hydrogen is
contaminated with the CG, whether CO2, CH4, or N2.

The IFT between two immiscible phases is related to
the affinities between the molecules making up these
phases. IFTs γw,g between water or brine and a gas
phase are correlated to the water/gas mutual
solubility:52 the more water soluble the gas, the larger
the IFT decrease when pressure increases or,
equivalently (from Gibbs adsorption equation), the
higher the adsorption of the gas onto water (or brine).
For given T , P, and brine salinity, the following
ranking

γw,H2 > γw,N2 > γw,CH4 > γw,CO2 (15)

is indeed observed. Massoudi and King53 were the first
and, to the best of our knowledge, the only researchers
to have measured in the same experimental campaign

10
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Synergies of storing hydrogen at the crest of CO2 or other gas storages

water/gas IFTs for the above suite of gases under similar
T and P. Subsequent studies have been concerned with
only a subset of those gases and/or have gathered and
examined IFTs from various sources.54 Brine/H2 IFTs
lie in the range of ≈50–75 mN/m, 53–58 whereas under
similar T , P, and brine salinity, brine/CO2 IFTs are
about twice smaller, in the range of ≈20–35
mN/m.49,59,60 Brine/CH4 and brine/N2 IFTs have
values intermediate between brine/CO2 IFTs and
brine/H2 IFTs, the latter being slightly smaller than the
former.61,62 Correlations and simple models are
available for brine–H2 IFTs54,55 and brine–CO2
IFTs63,64 as a function of T , P, and brine salinity (see
also the recent critical review by Mouallem et al.65).
When H2 is contaminated by the CG, there is indeed a
decrease of the IFT, which is more pronounced with
CO2 than with the two other gases.55,66–68 As a rule,
brine/gas IFTs vary monotonously (albeit nonlinearly)
with gas composition.69

The information on contact angles and wetting
characteristics of mineral or rock/brine/gas systems is
much more abundant than that on brine/gas IFTs. In
addition to T , P, and brine salinity, an important role is
played by the mineral or rock, whose tension with
brine or gas is not measured but can be evaluated
indirectly.70–73 As a rule, H2 does not significantly alter
the water-wet character (i.e., contact angles remain
low) of most minerals, even at high P,56,73,74 whereas
pressurized CO2 may induce a significant increase in
contact angles – up to values close to 90◦ (neutral-wet)
at high P,75,76 especially when some (minute amount
of) organic acid is present.77 CO2 added to H2 alters
the water-wet character of minerals or rock substrates
more than N2 and CH4. Even though a few data are still
lacking and/or exhibit contradictory trends, the cosines
of the contact angles appear to rank similarly to
brine/gas IFTs (see Eqn 15).

Brine–gas IFTs and contact angles can also be
inferred from the capillary pressures obtained from
two-phase (water and H2) core floods or mercury
injection experiments and are found to be consistent
with the directly measured IFTs and angles.33

An immediate consequence of those experimental
data (see Eqn 13) is the increase of the capillary entry
pressure and, therefore, the enhancement of storage
safety when H2 is injected on top of an existing CO2,
CH4, or N2 storage or, more generally, when a gas
having larger brine/gas IFT and not altering the
water-wet character of the seal rock is added in a
reservoir on top of another gas – e.g., when adding

methane on top of CO2. If the hydrogen in contact with
the seal rock is not pure but contaminated by the CG,
then the IFT is still higher and the contact angle is
lower than the IFT and contact angles that prevailed
before hydrogen injection. This point is further
discussed below (see the subsection ‘Enhancement of
storage safety by adding H2 at the top of an existing gas
column’).

H2 storage capacities with various CGs
and CG column heights
The base case, against which configurations with CGs
other than H2 are compared, is that of an entire gas
column consisting of H2, part of it serving as a CG that
is indeed not counted in the storage capacity. The
reservoir is permeable enough (k larger than a few tens
of mdarcy) to disregard the difference between the
WGC (the maximum depth where free gas is present)
and the free water level, defined as the depth where the
pressure in the water phase is equal to the
(extrapolated) pressure in the other, nonwetting phase
(i.e., the gas phase). Given these assumptions, the
maximum height of H2 that can be stored safely in the
aquifer is given by Eqn 14, or

H = Pce,H2

g(ρw − ρH2 )
. (16)

When as depicted in Fig. 1 a CG other than H2 is used,
the height of H2 can be calculated using the following
equation:

H = Pce,H2 − (ρw − ρCG)ghCG

(ρw − ρH2 )g
, (17)

where hCG refers to the CG column height. Equation 17
is similar to Eqn 16 in which the capillary entry
pressure Pce,H2 is replaced by an effective capillary entry
pressure equal to Pce,H2 minus the buoyancy pressure
exerted by the CG: (ρw − ρCG)ghCG. If the CG is made
up of H2, then Eqn 17 is equivalent to Eqn 16 with H
replaced by H + hCG, the total height of the H2 column.

It is clear from the above equation that, for larger CG
densities, the buoyancy pressure exerted by the CG,
(ρw − ρCG)ghCG, is smaller, and therefore the effective
capillary entry pressure and H2 storage height are
larger: in other words, a given height hCG of a denser
CG allows a larger quantity (or height H) of H2 to be
stored safely. This approach can also be easily extended
to any WG/CG couple, including when the WG and
CG are mixtures.

© 2024 The Authors. Greenhouse Gases: Science and Technology published by Society of Chemical Industry and John Wiley & Sons Ltd.
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SB Rhouma et al.

Figure 3. Maximum hydrogen storage heights H at various
reservoir pressures from 5 to 30 MPa (or reservoir depths
from 500 to 3000 m) and T = 298 K (blue: cold reservoir),
323 K (green: warm reservoir), and 372 K (red: hot reservoir),
obtained from Eqns 17 and 18 assuming a capillary entry
pressure of the seal rock Pce,H2 ≈ 1.5 MPa at 298 K and 5
MPa. Brine/H2 IFTs are those measured by Chow et al.55

Densities are obtained from the NIST (webbook.nist.gov).
The CG height is hCG = 40 m. Densities and IFTs are
considered constant over the gas column for each reservoir
pressure (or depth) and temperature.

As an example, Fig. 3 displays the maximum column
heights H of H2 that can be safely stored on top of a CG
with height hCG = 40 m, beneath a seal rock with entry
pressure Pce,H2 ≈ 1.5 MPa at T = 298 K and P = 5
MPa. This is a conservative value, 3–5 times smaller
than the observed breakthrough pressures into
carbonate-rich caprocks of CO2 or nitrogen,78 which
have less favorable interfacial properties than H2. The
maximum storage heights (or storage capacities) are
calculated for various reservoir pressures P from 5 to
30 MPa (or storage depths from 500 to 3000 m) and
temperatures T = 298 K (cold reservoirs), 323 K
(warm reservoirs), and 372 K (hot reservoirs) by means
of Eqn 17, where the capillary entry pressure at T and
P is inferred from that at Tref = 298 K and Pref = 5 MPa
as follows:

Pce,H2 (T, P) = Pce,H2 (Tref , Pref )
γw,H2 (T, P)

γw,H2 (Tref , Pref )
. (18)

In the context of this work, the contact angle θ is
assumed to be independent of T and P. If the
dependence of θ with T and P is known, then the
capillary entry pressure at T and P should be corrected
as follows:

Pce,H2 (T, P) = Pce,H2 (Tref , Pref )

× γw,H2 (T, P) cos[θ (T, P)]
γw,H2 (Tref , Pref ) cos[θ (Tref , Pref )]

. (19)

Figure 3 shows the impact of the density difference
between the aqueous phase and CG on H2 storage
capacity. When H2 is used as a CG, the density
difference is the largest and therefore the H2 storage
capacity is the smallest. When a dense CG such as CO2
is used, storage capacity is significantly higher,
especially under low or moderate temperatures when
CO2 is a liquid or a supercritical fluid.

The same trends (data not shown) are observed when
expressing the storage capacity in terms of energy per
area unit (e.g., A = 1 km2) instead of using the H2
storage capacity (H) directly:

Energy per area E = ρH2 eH (20)

where e ≈ 120 kJ/g is the energy density of H2.79

Enhancement of storage safety by adding
H2 at the top of an existing gas column
When a gas (such as H2) is injected at the crest of a
reservoir already filled with a gas (CO2, CH4, N2, or
their mixtures), the injected gas becomes the gas in
contact with the seal rock. As a rule, H2 has a larger
capillary entry pressure into the seal rock than most (if
not all) of the gases cited above, that is, Pce,H2 = λPce,g
with λ > 1. Due to the enhanced capillary entry
pressure, an amount (or height H) of H2 can be stored
in addition to the gas present without any risk of
leakage by capillary failure of the seal rock. The height
of the H2 column that can be stored safely on top of the
gas column with height hg is obtained by combining
Eqns 17 and 14:

H = (λ − 1)(ρw − ρg)
(ρw − ρH2 )

hg (21)

As an example, consider H2 being injected on top of a
column of supercritical CO2 with density ρCO2 ≈ 500
kg/m 3. From the known IFTs and contact angles (see
the subsection Relevant interfacial properties), the
coefficient λ relating the two entry pressures, Pce,H2 and
Pce,CO2, is in the range of 2. The height of H2 that can be
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safely stored is at least half the column height hCO2 of
the CO2 already present.

Similar conclusions can be drawn when injecting H2
at the top of a CH4-bearing reservoir or CH4 at the top
of a CO2-bearing reservoir (the coefficient λ is not as
large as that for the H2/CO2 couple, though). If the
added gas is not H2, the density ρH2 has to be replaced
in the above equation by the density of that gas.

All calculations in this section assume hydrostatic
pressures, that is, fluids at rest. Fluid pressure deviates
from the law of hydrostatics where fluid velocities are
significant – near the bottom hole in injection/
withdrawal sequences. This induces the phenomenon
of coning, that is, the deviation from horizontality of
the nearby H2/CG or H2/water front in the absence of
a CG.80 When injecting H2 at the crest of a gas-bearing
reservoir (see Fig. 1), attention should be paid to the
bottom-hole pressure buildup, as it is a proxy of the
pressure buildup beneath the seal rock. If the well was
previously used to inject the CG and a record of
bottom-hole pressures is available, then this record
should be used to determine the maximum
bottom-hole pressure not to be exceeded in the ensuing
H2 injection process to avoid failure of the seal rock.

While the risk of capillary failure of the caprock is
diminished by adding at the crest of an existing gas
reservoir a lighter gas that renders the caprock more
sealing (i.e., with a higher capillary entry pressure), the
risk of mechanical failure of that rock is indeed not
eliminated.23 The latter risk increases because the
pressure at the top of the gas column increases: an
analysis of this risk is beyond the scope of this
work.

Conclusions and prospects
There are many benefits in storing hydrogen on top of
another gas already present in a geological reservoir,
particularly (but not only) when this gas is the CO2
permanently stored as part of a CCS operation. These
benefits are primarily economical: CAPEX costs are
strongly reduced as there is no need to invest in the
selection and characterization of a new reservoir, in the
building of new infrastructures (wells, conduits, etc)
and in a large volume of H2 cushion. This study has
examined two key issues, which condition the success
of this storage scheme: (i) the extent of mixing between
the WG (H2) and the CG and (ii) storage safety and
capacity.

(i) The mixing of H2 with CGs such as CO2, methane,
nitrogen, and their mixtures is less problematic
than anticipated: because of the large density
contrast but limited viscosity contrast between H2
and the CG, the mixing front remains stable over a
large range of injection rates or velocities, reservoir
permeabilities and inclinations of the front with
respect to the horizontal. If the “bubble” of
injected gas is expanded around the well close
enough to the top seal, then a stable mixing front
and therefore mixing limited to dispersion are
expected.

(ii) As to storage safety and capacity:
- On the one hand, installing H2 at the crest of an

existing gas storage reinforces the sealing ability
of the caprock. This benefit is the largest for
CO2-bearing reservoirs as CO2 has the lowest
IFTs with brines and alters the most water-wet
character of caprock minerals. Some significant
amounts of H2 can be stored without
compromising the safety of both storages. More
generally, any lighter gas added on top of CO2
(or another gas), provided it has a higher entry
pressure into the seal rock, enhances the storage
safety of the two gases.

- On the other hand, the trade-off between
buoyancy and the capillary properties of the seal
rock determines H2 storage capacities. Denser
CGs reduce buoyancy at the crest of the
reservoir and thus increase storage capacities in
the following order: CH4, N2, and CO2. The use
of CO2 as CG for H2 storage in aquifers or
depleted gas reservoirs offers the most
significant benefits: not only does it save a large
amount of H2, but it also enhances the safety of
storage by reducing the buoyant pressure
transmitted to the crest of the reservoir. The use
of CO2 as CG is particularly advantageous due to
its high density, relatively close to that of water
or brine, especially under the low or moderate
temperatures and high pressures encountered in
deep offshore reservoirs.

Further research is needed in various directions. One
direction consists of better understanding and
characterizing the role of heterogeneities in the mixing
process – the results presently in this paper are
obtained for homogeneous or weakly heterogeneous
reservoirs. Another direction should address means to
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mitigate near-well enhanced mixing in the early stages
of an H2 injection process in a gas-bearing reservoir.
Reservoir/well configurations different from the one
considered in this work – one vertical well crossing a
laterally – and top-bounded reservoir at its crest –
should also be examined, as well as the mechanical
risks due to increased buoyancy pressure.
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Appendix A: Models of density
versus viscosity behavior for gas
mixtures
In this appendix, we start by introducing models for
the viscosity of gas mixtures that have a larger range of
validity than the low-pressure (or low-density)
approximation (Wilke’s model) presented and used in
the subsection ‘Rate conditions for viscous fingering
avoidance (front stability)’. Subsequently, we compare
the results of those models for the gas mixtures of
interest in this work, focusing on how viscosity and
density are related since this relation determines the
critical front velocity (see Eqn 5). Densities are
calculated by the GERG-2008 model,42 which also has
a larger range of validity than the low-pressure, IG
approximation.

Those models are then used to assess the validity of
the low-pressure (IG+Wilke) approximation for the
gas mixtures and conditions of interest, with a focus on
how density and viscosity are related in the H2-rich
region. Finally, mixtures of H2 and CO2 are examined
over the whole interval of compositions.

A.1. Viscosities of gas mixtures
A variety of methods have been developed to accurately
estimate the fluid viscosities of pure components and
their mixtures. These methods present advantages and
limitations generally linked to their type, either
“empirical” requiring a lot of experimental data or
“predictive” with a solid theoretical background and
requiring little or no experimental data. Given the very
limited available high-pressure viscosity data especially
for the H2 + CO2 system, predictive models are the

most appropriate in this case. The best known
predictive models used to estimate the viscosities of
high-pressure gas mixtures are
� the TRAPP (Transport Property Prediction) -type

model (Eqn A.1) developed by Ely and Hanley 81

based on the ECS theory and applicable to systems
containing hydrocarbons, permanent gases, CO2,
H2S, and refrigerants. However, the original version
(TRAPP) is not recommended for use at reduced
temperatures (T/Tc) above 0.925, and in these
conditions, its variant called SuperTRAPP (see
Millat et al. 82), which has been further refined and
implemented under the generic name “ECS model,”
is preferable and is currently available in REFPROP
(NIST’s software). In REFPROP’s SuperTRAPP
model, a scaling factor has been added so that, at
infinite dilution of each compound, the viscosity of
the pure fluid is exactly reproduced.83 The definition
and calculation details of each term in Eqn A.1 can
be found elsewhere in the literature. 84

�μ(T, �, x) = μ(T, �, x) − μ∗(T, x)

= �μ(Tref, �ref)Fμ(T, �, x).
(A.1)

� the model proposed by Dean, Stiel, and Brokaw,
hereafter referred to as DSB (Eqn A.2),85 which is
simple to implement, applies to high-pressure pure
fluids and their mixtures and is available in Simulis
Thermodynamics (ProSim software). Using a
semitheoretical approach, Predvoditelev86 showed
that the residual viscosity �μ(T, �, x) is simply a
function of density. Subsequent works have been
built on this finding, including those by Stiel and
co-workers, and more recently by Galliero et al.87

The Dean–Stiel version implemented in Simulis
Thermodynamics uses the Brokaw model 88 to
estimate the viscosity of gas mixtures at
low-to-moderate pressure (or dilute-gas viscosity)
μ∗(T, x).

�μ(T, �, x) = μ − μ∗(T, x)

= 10.8 × 10−5(e1.439ρR − e−1.11ρ1.858
R )

ξ
,

(A.2)

where ρR is a reduced density and ξ a viscosity
parameter

ξ = T 1/6
c

M1/2P2/3
c

(A.3)
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with Tc, Pc, and M the molar-averaged critical
temperatures, pressures, and molecular weights of
the mixture.

A.2. Density versus viscosity of H2-rich
mixtures

The densities and viscosities of mixtures of H2 with
either CH4, N2, or CO2 have been calculated for the
temperatures and pressures of interest by using the
low-pressure IG and Wilke models (presented in the
main text) and by the SuperTRAPP or DSB models for
the viscosities (see the above) combined with the
GERG-2008 model for densities. Some of those
calculations are shown in Fig. A.1, where the density is
plotted as a function of viscosity for the three mixtures
at T = 298 K and P = 5 MPa. Density increases along
with viscosity as the CO2 content is increased in the
mixture: only H2-rich mixtures (0.9 < y < 1) are
considered in Fig. A.1, as the minimum of dρ/dμ over
the whole interval of mixture compositions is reached
for y → 1 (100% H2). The density versus viscosity
curves calculated with the three models are very close
to each other and, in particular, have nearly identical
slopes dρ/dμ where both densities and viscosities
reach their minimum value (for y = 1). These slopes
multiplied by the product kg of reservoir permeability
by the acceleration of gravity are the critical velocities
Um (see Eqn 5), which coincide with the analytical
expression, Eqn 10, and in particular with the velocities
given in Table 2 for a medium with k = 1 darcy.
Interestingly, the critical velocity of an H2/CO2 front at
T = 298 K and P = 5 MPa can be predicted by using
the IG+Wilke approach.

A.3. Mixtures of H2 with CO2

How viscosities and densities are related in H2/CO2
mixtures must be examined over the whole interval of
compositions, including the CO2-rich region where the
IG and Wilke approximations are not appropriate. We
have evaluated the densities and viscosities of those
mixtures using four modeling approaches: the three
approaches mentioned above (IG+Wilke,
GERG-2008+SuperTRAPP, GERG-2008+DSB) and
another modeling approach, labeled IG+Wilke (HZ),
in which densities are calculated using the IG law and
viscosities Wilke’s model with the HZ exchange term
(Eqn 9). For those four approaches, the densities of
those mixtures are plotted as a function of viscosity in
Fig. A.2 over the whole compositional interval (from

Figure A.1. Density versus viscosity of H2-rich (y between
0.9 and 1) gas mixtures at T = 298 K, P = 5 MPa.

y = 0 to y = 1) for six temperature and pressure
conditions: T = [298, 323, 373] K, P = 5 and 25 MPa.
The few experimental data on CO2-rich mixtures
available, acquired very recently by Khosravi et al.44,
are represented in that figure as well.

The IG law underestimates the density of CO2-rich
mixtures, and the IG+Wilke models give an unphysical
viscosity increase when a small amount of H2 is added
to CO2 at 5 MPa. Clearly, the approach based on the

18
© 2024 The Authors. Greenhouse Gases: Science and Technology published by Society of Chemical Industry and John Wiley & Sons Ltd.
Greenhouse. Gas. Sci. Technol. 0:1–20 (2024); DOI: 10.1002/ghg.2278

 21523878, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ghg.2278 by B

R
G

M
, W

iley O
nline L

ibrary on [27/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Synergies of storing hydrogen at the crest of CO2 or other gas storages

Figure A.2. Calculated density versus viscosity of H2 + CO2 mixtures at T = [298, 323, 373] K, P = 5 and 25 MPa. The
black squares at 5 MPa and 298 and 323 K are experimental measurements by Khosravi et al.44.

GERG-2008 and SuperTRAPP models is the most
appropriate. This approach, together with the
GERG-2008 + DSB approach, predicts densities and
viscosities that differ strongly from the predictions by
the IG and Wilke models, especially at high pressure
(25 MPa). There is an inflexion point for a composition
y between 0 and 1 (see Fig. A.2), where the derivative

dρ/dμ is maximum and therefore dρ/dμ has two
minima, one for y = 0 and one for y = 1. The
derivatives dρ/dμ over the whole interval of
compositions are displayed in Fig. 2 and discussed in
the subsection ‘Rate conditions for viscous fingering
avoidance (front stability)’ of the main text for the four
extreme conditions, 298 and 373 K, 5 and 25 MPa.
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