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A B S T R A C T

This paper presents the results of comprehensive numerical simulations utilizing the GEM modelling tool from
Computer Modelling Group (CMG) to investigate the feasibility of seasonal Underground Hydrogen Storage
(UHS) using CO2 as the cushion gas in a realistic aquifer with a well-defined geological structure. The primary
focus of the study is to address the challenge of efficiently recovering pure hydrogen (H2) in UHS, as the
contamination and recovery of the cushion gas significantly impact the economic viability of the project.
The research aims to analyse and understand how various parameters, including operational, geological, and
reservoir-related factors (e.g., injection and production rates, heterogeneity, gas solubility, etc.), influence the
performance of the H2 storage system, with the ultimate goal of identifying optimal storage scenarios.

The study evaluates the performance of a single injection and withdrawal well positioned at the summit
of the anticline. The results highlight that the amount of recovered H2 progressively increases with successive
withdrawal cycles. Several parameters are found to influence the quality and quantity of the gas produced
at this site, with geological heterogeneities playing a crucial role in attenuating up-coning effects. Notably,
short-period cycles lead to an enhanced Hydrogen Productivity Index, while the production rate significantly
impacts the quality of the produced gas and the mixing zone extent and location. The findings of this work
demonstrate that H2 storage can be achieved with reasonable gas recovery parameters. However, it is important
to note that no geochemical considerations have been incorporated into this analysis.
1. Introduction

Renewable energies are not available all year-round due to weather
conditions’ fluctuation and the constraints imposed by their geographic
location. Hydrogen (H2) seems to be attracting global attention as a
vector energy that can offer a low environmental impact solution and
act as an energy carrier to overcome this seasonal shortage [1–3].
In order to reduce the energy curtailment, the excess production of
renewable energy can be converted into H2 by electrolysis and stored
to be reused during periods of demand [4–8]. With the increased use of
renewable sources to meet the Energy Transition Plan, large quantities
of H2 will be required, and surface storage facilities such as tanks
and pipelines will come to their limits [9–11]. Therefore, Underground
Hydrogen Storage (UHS) can offer many advantages, including capac-
ity, safety, and economy [12–16]. Several storage geological structures
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could be suitable, e.g., depleted gas reservoirs, salt caverns, and saline
aquifers [17–23]. UHS in salt caverns has been the first to be tested
and has proven its efficiency for short- to medium-term storage with
the possibility of multiple injection and withdrawal cycles [24–27].
However, this type of storage has also proved to be limited in capacity
and geographical distribution, as it requires the presence of evaporitic
formations [28,29]. These limitations cannot be overlooked because
the predicted demand for green energy in light of maximum energy
decarbonizing is on the rise and alternatives are required [30]. UHS in
porous media seems to be the most promising and inevitable solution
to align with the transition strategy [31,32]. UHS in saline aquifers,
which is the scope of this study, presents multiple challenges [33–35].
One of them is the production of water, and the insufficient pressure
https://doi.org/10.1016/j.ijhydene.2025.01.423
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required for production suggests the use of a Cushion Gas (CG). In this
configuration, the aquifer consists of a CG that will be permanently
stored, and the Working Gas (WG) is the gas that is injected and
ecovered during operational cycles, which in this case is H2. Geological
ites for carbon sequestration where the CO2 is stored permanently
ould serve as an ideal CG candidate, offering potential cost savings.
hile CO2 as CG has already been suggested in compressed air energy

torage [36], its application in UHS remains relatively unexplored.
In this specific context, the ratio CO2 − H2 is considered important
information, yet its determination remains a challenge. Recently, the
ratio CG/WG in UHS in aquifers was studied, particularly when the CG
itself is H2 [37]. The remaining challenge is to identify other geological
ut also operational parameters that could impact the mixing between
he CG and the WG and have an effect on the cost-effectiveness of the
roject. In this study, a realistic geologic model of an actual natural
as reservoir is used as a case study. A sensitivity analysis of different
arameters will be conducted to investigate their impact on the volume
f gas produced and the degree of purity of this later. The temperature
nd pressure of the aquifer suggest that the system H2 + CO2 remains
n the gas phase under storage conditions.

This paper begins with a summary of recently published numerical
simulations work related to UHS in aquifers. It then presents the

ethodology used, including a detailed description of the reservoir,
he base case scenario, and the relevant parameters considered in the

simulations. The results of each parameter study are analysed and their
impact on gas recovery and quality is discussed. The discussion section
explores the impact of the combination of different factors and their
ffect on UHS performance. Finally, the conclusion summarises the
ain findings of the simulations, highlights effective scenarios, and

uggests potential areas for further research.

2. Literature review

Previous research has extensively studied the UHS in aquifers using
arious simulation software. These studies have explored the capacity

of storage systems, geochemical reactions, and the influence of various
actors [38–42]. Some notable studies that have examined UHS in
aline aquifers include the following:

• Comsol was used in a 3D model to study the well configuration
for three annual cycles of UHS with H2 as the CG for itself. The
research estimated a maximum H2 recovery rate of 78%, wich is
equivalent to a global energy efficiency of 30%. Notably, in this
study, the CG was deemed unnecessary when H2 was stored in
steeply dipping structures. The major challenge identified in this
storage was due to the coning effect and massive water intrusion.
Efficient H2 recovery was achieved when the production wells
were shallow and located beneath the caprock [43].

• This work considered a hypothetical site with a realistic geologi-
cal structure, using nitrogen (𝑁2) as the CG. They demonstrated
the capacity of porous media to store significant quantities of H2
and meet the required energy demands. The simulations were
carried out using Eclipse (E300) [44].

• Using DuMux, this study explored the hydrodynamic effects of H2
injection and compared them to methane CH4. For hydrogen (H2)
storage, an initial amount of H2 was injected into the reservoir.
For the methane (CH4) scenario, an equivalent amount of CH4
was injected, although it was not explicitly designated as CG. It
appears that at low injection rates, gravitational forces dominate,
resulting in the uniform displacement of water by H2. Conversely,
at high injection rates, viscous forces became dominant, leading
to unstable displacement. Notably, at higher injection rates, lat-
eral fingering spreading of H2 was observed to occur more rapidly
than when CH was injected [45].
4
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• This work used TOUGH2 PetraSim to assess the feasibility of UHS
(with H2 as CG) in the Suliszewo aquifer in Poland. The authors
concluded that the recovered amount of the total injected H2
increases with the increase in the number of withdrawal cycles
and highlighted the possible water management issue regarding
the water withdrawn during H2 production [46].

• This research investigated the impact of caprock availability and
H2 injection rate on H2 recovery and leakage in UHS in a hetero-
geneous 3D model using TOUGH2. They revealed that the caprock
presence and lower injection rates enhanced H2 recovery, while
higher injection rates increased H2 leakage [47].

• This study focused on analysing the injection and storage of
H2 in an open saline aquifer, with a particular emphasis on
investigating the role of H2 CG. It was demonstrated that CG
plays a significant role in controlling the injectivity of H2 as
well as influencing the storage capacity. In addition, geological
parameters such as reservoir permeability and depth need to be
taken into account when determining the capacity of CG as a WG
in the aquifer [48].

• The study aimed to address unstable displacement and potential
chemical reactivity caused by microorganisms consuming H2. The
model DuMuX was used to simulate the evolution of a hypothet-
ical UHS system in a depleted gas reservoir and revealed that the
hydrodynamic and biochemical effects are different compared to
natural gas storage [49].

• In this paper, the authors leveraged data previously utilized to
evaluate CO2 storage potential in the UK, to assess H2 storage
capacity in gas fields and saline aquifers. They assumed a H2
CG requirement of 50%. Through their sensitivity analysis, they
determined that sites characterised by low temperatures and seal-
ing rocks capable of withstanding high pressures are favoured
locations for efficient storage [50].

Upon examination of the relevant studies, it became apparent that
many of the literature studies do not consider the use of CG for UHS in
aquifers. In most of these analyses, H2 acts as a CG for itself, and there
is no extensive numerical simulation study exploring UHS with CO2 as
a CG, particularly one carried out in a realistic geological model — this
is a distinct advantage of the present work.

3. Methodology

The aim of this study is to conduct an extensive sensitivity analy-
sis. The commercial simulation software GEM of Computer Modelling
Group (a courtesy of CMG) [51] was used to model the non-isothermal
and multi-phase flow (Eq. (1)) of a mixture of brine (water), CO2, and
H2 in a realistic aquifer model. The used model served for natural gas
storage and it is further discussed in the following first Section 3.1.

𝜙𝜕𝑡𝑛𝑖 + div
(

∑

𝛼∈
𝑥𝛼𝑖 𝜁

𝛼𝐪𝛼
)

= 0, 𝑖 ∈ . (1)

Here, 𝜙 is the porosity; 𝑛𝑖 is the number of moles per unit pore volume
mol m−3), 𝑛𝑖 =

∑

𝛼∈ 𝑆𝛼𝐶𝛼
𝑖 𝜁

𝛼 ; 𝐶𝛼
𝑖 is molar fractions; 𝜁 is molar density

mol m−3); 𝐪 is generalized Darcy velocity(m s−1); and 𝐪𝛼 is the velocity
f each phase (m s−1) given by the generalized Darcy’s law.

A straightforward operational approach involves starting with a
reservoir with CG that is already injected before proceeding with the
njection and production of H2. Therefore, the reservoir was initially

filled with CG. Then, the reservoir was left shut-in for one month to
reach equilibrium.

Afterward, some storage cycles with seasonal injection and with-
rawal were simulated to represent a real case study where the operator
lans to inject without a shut-in period after each operation. The
njection and production data are depicted in the second Section 3.2.

The current model does not account for geochemical and bacterial
reactions, and the methanation reaction is not activated. However, it
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Table 1
Different reservoir rock types characteristics.
Rock type Average porosity (%) Average permeability (Darcy) Lithology

1 30 4.6 Clean Sand
2 28 3 Clean Sand
3 24 0.092 Carbonated Sandstone
4 16 0.01 Degraded sandstone
5 7 0.00036 Poor reservoir facies
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is crucial to consider these processes, as they involve methanogenic
and acetogenic microorganisms capable of consuming H2 and CO2 to
produce methane and acetate, respectively [52–54]. Geomechanics was
ot included to consider the changes in porosity and permeability, as

well as the caprock integrity. The fluid behavior (PVT) is operated
based on a cubic equation of state (PR1998) [55].

In this work, the analysis revolves around the base case as described
in 3.2 and explores various scenarios by adjusting the input parameters
mentioned in Section 3.3. The objective is to understand how these
hanges influence the purity and the H2 volume recovered.

3.1. Reservoir description:

This study benefits from a realistic reservoir model based on the
characteristics of a practical reservoir, capable of yielding results that
closely resemble real-world situations in porous media. Petrel was
utilized to generate the precise 3D static model.

The reservoir is an anticline, with the top located at a depth of
380 m below sea level, a temperature of 40 ◦C, and a hydrostatic
pressure of 55 bar. The structure has an extent of 900 m and has an
approximate thickness of 50 m. The water–gas contact is defined at
430 m. A hydrostatic pressure distribution is assumed throughout the
reservoir, starting at this contact. The 3D structure of the reservoir is
depicted in Fig. 1. The model consists of 213,180 grid blocks, with
rid refinement around the well achieved by dividing each cell into
1x11x10 cells.

The model encompasses five different types of rocks, representing
various horizons within the reservoir (Table 1). The lower part of the
model simulates a substantial aquifer, enabling sufficient inflow or
outflow volume to maintain the flow rates of the wells at the top. The
quifer is numerically simulated with a thickness of 200 m, a porosity
f 0.25, and a permeability of 10 Darcy. The proportion of CG to WG
nitialized at the reservoir conditions has been determined to prevent
ater breakthrough during the back-production cycles. Therefore, the

eservoir starts at 42 bar with 2.3𝐸9𝑆 𝑡𝑑 𝑚3 CG in place. In order to
odel the two-phase flow of CO2-brine, relative permeability curves

re employed from experimental data produced for CH4-brine and
ailored to different rock types as represented in Fig. 2s. While these
urves are not specifically designed for CO2, they provide a close
pproximation. The capillary pressure data was calculated using a
tandard Brooks & Corey function.

As a first approach, there is one well situated at the top layer of
the structure, which serves as both an injection and production wells.
The well perforations are located in the upper layer of the anticline.
Injection and production flow rates are controlled based on pressure
build-up and release, ensuring that the reservoir pressure remains
within safe limits to prevent fracturing. The maximum and minimum
allowable Bottom Hole Pressures (BHP) for injection and production
are 100 bar and 1 bar, respectively. In the event of a violation of these
BHP limits, the simulator automatically adjusts the well flow rate to
bring the pressure within the specified range.

3.2. Base case scenario description:

A simplistic base case scenario was used as a reference (Fig. 1 left).
This base case relies on a homogeneous layered model with equal
ertical and horizontal permeability, ranging between 5 × 10−5 Darcy
103 
Table 2
H2 injection and production data.

Event Event length Injection rate Production rate
(months) (Std m3∕Day) (Std m3∕Day)

1 6 1,522,800 0
2 6 0 1,522,800

and 6 Darcy, and a porosity varying from 4% to 35% for different
layers.

The reservoir is initially filled with brine, and the CG is introduced
uring the model setup. Following this, H2 injection and production

take place. The specific injection and production data are detailed in
Table 2. There was no shut-in period between the injection and produc-
ion phases. The simulation commences on 01-06-2023, and the well
emains shut-in until the start of the H2 injection phase on 01-07-2023.
he project duration spans four years, ending on 28-06-2027.

3.3. Sensitivity analyses

When a CG other than the WG is used, diminishing mixing between
the different gas components is a major challenge. The front spreading
etween the WG and the CG depends on the type of the CG chosen and
he contrast of its physical properties compared to those of the WG.
the density, viscosity difference, and mobility ratio) and the coupled
rocesses of molecular diffusion and mechanical dispersion. Molecular
iffusion is a slow phenomenon that is generally proportional to the
oncentration gradient but also depends on the saturation, tortuosity,
nd the porosity of the reservoir. While the mechanical dispersion is
overned by the velocity of the fluid.

The sensitivity analyses consist of changing the input parameters of
the base case to investigate the impact of residual saturation, solubility
of H2 in the aqueous phase, diffusivity and diffusion, dispersion, reser-
oir heterogeneities, operational scenarios, and injection-well strategy.

3.3.1. Residual saturation
In underground storage processes, considering fluid-rock interac-

tions is crucial, as they directly impact storage capacity and efficiency.
When WG is stored in aquifers, the injection and withdrawal pro-
cesses are controlled by WG-brine transport physics, involving ‘‘forced’’
drainage during injection and ‘‘spontaneous and forced’’ imbibition
during withdrawal [56]. However, relative permeability hysteresis can
ave a dual effect: while it may reduce the H2 withdrawal factor, it can
mprove the H2 withdrawal purity [57]. Previous hysteresis trapping
tudies have shown that this parameter decreased the H2 recovery

factor by 0.37% in a single cycle of production and withdrawal when
compared to their base case without hysteresis [58].

Here, the H2 injection will be preceded by the injection of CO2,
hich will come into contact with the brine. The CO2-brine relative
ermeability curves significantly influence the capillary trapping of
O2 in the reservoir, which has been extensively studied in various
orks related to carbon capture and storage [59]. With the presence of

multiple gases, the hysteresis describing the relationship between gas
aturation and pressure during injection and withdrawal is expected to
ecome more complex.

In this study, CH4-brine relative permeability curves were used, as
H − CO brine relative permeability curves are not available.
2 2
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Fig. 1. Reservoir Model: horizontal permeability in both heterogeneous (left) and layered simple model: the base case (right).
3.3.2. Solubility in the aqueous phase
H2 solubility was studied in saline solutions under reservoir condi-

tions, and experimental data were used to supplement the lack of data
for UHS. Various thermodynamic approaches have been developed to
enhance the prediction of H2 solubility and improve the models used in
reservoir simulation software [60]. In the GEM simulation software, the
gas solubility trapping in the aqueous phase was selected to be based
on the general Henry’s law based on the fugacity formula, the equation
is as the following:

𝑓𝑖𝑤 = 𝑥𝑖𝑤 ∗ 𝐻𝑖 (2)

where, 𝑥𝑖𝑤 is the mole fraction of the component 𝑖 = H2 in the
aqueous phase, 𝑓 is the fugacity of the component (i) in the aqueous
𝑖𝑤

104 
phase and 𝐻𝑖 is the Henry constant for the component, calculated as
follows:

𝑙 𝑛 𝐻𝑖 = 𝑙 𝑛 𝐻0
𝑖 +

𝑣∞𝑖 (𝑃 − 𝑃 0
𝑖 )

𝑅 𝑇 (3)

𝐻0
𝑖 is the reference Henry’s law constants of the components (kPa) at

the reference pressure 𝑃 0
𝑖 (kPa). 𝑣∞𝑖 is the partial molar volume of the

component i in the aqueous phase at infinite dilution (l/mol) and P is its
partial pressure in the gas phase under equilibrium conditions, R is the
gas constant, and 𝑇 is temperature. The Henry constant is a function of
pressure, where H2 solubility in the aqueous phase increases with rising
pressure and decreases with increasing temperature and salinity [61].
Comparatively, carbon dioxide exhibits the highest solubility in water
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Fig. 2. Two-phases relative permeabilities for different rock types in the model. Left, the relative permeabilities as a function of water saturation. Right, the relative permeabilities
as a function of the gas saturation. The different curves represent the five different rock types present in the model.
(0.169 g/100 g), followed by methane (0.0023 g/100 g), while H2 has
a very low solubility (0.00016 g/100 g) [62].

According to 63, the reference Henry’s Law constant is set to 3.3 ×
10−4 mol∕m3Pa and 37.7 × 10−6 mol∕m3Pa at a reference temperature of
298.15 K for CO2 and H2, respectively.

Since CO2 dissolution is a long process and could have a significant
impact on the volume of the CG, in this work, it was preferred to
also investigate the viability of the CG. Therefore, simulations were
perfored over a period of 10 years. The solubility of CO2 was taken as
a function of pressure, temperature, and salinity. The solubility model
for CO2 was enhanced by making the Henry’s constant dependent on
temperature, pressure, and salinity. The simulation results have already
demonstrated the efficiency of this enhanced model for CO2, as they
were compared to data from the literature [62].

The simulation for this parameter involved running the model with
activated H2 solubility and comparing it to the base case. Additionally,
the impact of CO2 solubility on the lifetime of the CG was assessed.

3.3.3. Dispersive phenomena
This section discusses the phenomena responsible for mixing.

(a) Physical Processes
Hydrodynamic dispersion, D, comprises molecular diffusion 𝐷mol

and mechanical dispersion 𝐷mech, the main two processes controlling
the mixing between the WG and the CG (Eq. (4). Molecular diffu-
sion dominates during quiescence, such as in scenarios with a shut-in
period when there is no flow or exceedingly low flow. Conversely,
mechanical dispersion predominates during periods of flow (injection
or withdrawal). At reservoir scale, due to its dependency on velocity,
hydrodynamic dispersion is a phenomenon that requires considering all
flow mechanisms, including heterogeneity, as well as the influence of
gravity on flow stability [64].

𝐷 = 𝜏 𝐷mol +𝐷mech. (4)

Where 𝜏 is the porous medium tortuosity.

Molecular diffusion. is usually considered a slow phenomenon that is
proportional to concentration gradients [65]. The molecular diffusion
process depends on the physical properties of the concerned molecule
and the substrate (porosity, tortuosity, etc.). The molecular diffusion
coefficient for H2 in its gaseous state is relatively high, approximately
10−6 m2∕𝑠 [66]. On the other hand, the diffusion coefficient for H in
2
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pure water is lower, estimated at 5.13 × 10−9 m2∕s at 25 ◦C [23,67]. Com-
paratively, H2 is more diffusive than CH4 and CO2, with coefficients of
1.85 × 10−9 and 1.6 × 10−9 m2∕s, respectively.

In previous studies on seasonal H2 storage in depleted gas reservoirs,
minimal H2 losses due to dissolution and diffusion have bee, reported,
reaching as low as 0.1% [23].

It is important to emphasize that in this case study, the reservoir is
composed of a gas mixture, necessitating consideration not only of the
diffusion of CO2 in the aqueous phase but also that of H2 in the gas
phase.

In Section 4.3.1, we compare the base case with several scenarios
where different molecular diffusion mechanisms are activated. One
scenario involves the molecular diffusion of CO2, while the others focus
on the diffusion of H2 in the gas and water phases, and the final scenario
encompasses both phenomena. By examining these scenarios, we aimed
to understand the impact of molecular diffusion on the storage process
and the overall behavior of the reservoir.

Mechanical dispersion. The mechanical dispersion phenomenon is ini-
tiated by the movement of fluid in porous media, which is primarily
influenced by the flow velocity and direction [66]. Accurately predict-
ing the mechanical dispersion process necessitates characterizing the
dispersivity coefficient of the field site. However, this parameter is chal-
lenging to determine due to the laboratory’s incapacity to reproduce
such irregularities (mainly natural heterogeneities that cause irregular
flow at the field scale). Laboratory measurements typically identify
dispersivity coefficients at the scale of a few millimeters or centime-
ters. Nevertheless, field tracer tests can be employed to determine the
mechanical dispersion coefficient [65].

The simulations were conducted (Section 4.3.2) with varying disper-
sivity coefficient values ranging from a few centimeters to meters. The
choice of an intentionally high and probably non-realistic dispersivity
coefficient for this site was made to investigate the effect of increased
dispersion. It is worth noting that in this study, the longitudinal and
transverse dispersivity coefficients remain the same for all layers.

(b) Numerical impact
If the hydrodynamic process is disabled in the model, numerical

dispersion is likely to still be effective in the simulation, causing the
observed mixing effect between the two gases. Although inherent to
the approximation of modelling techniques, numerical dispersion can
be compared to hydrodynamic dispersion. Typically, hydrodynamic
dispersion values in porous aquifers are within the range of 10–100
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Fig. 3. Permeability distribution for both Horizontal (left) and vertical direction (right).
Table 3
H2 Operational schedule data.
scenario Event length Injection rate Shut-In Event length Production rate

(months) (Std m3∕Day) (months) (months) (Std m3∕Day)

A (Base case) 6 1,522,800 0 6 1,522,800
B 3 1,522,800 0 3 1,522,800
C 3 1,522,800 3 3 1,522,800
D 6 1,522,800 0 6 761,400
E 6 1,522,800 0 6 507,600
F 6 761,400 0 6 1,522,800
G 6 761,400 0 6 761,400
meters [36,68]. In some cases, the numerical dispersion can be sub-
stantial enough to completely dominate the true physical dispersion.
Reducing the size of the cells, especially in the front contact zone, can
help mitigate the numerical dispersion.

Comparing simulations in which mechanical dispersion is enabled
with simulations where this process is disabled will enable an evalua-
tion of numerical dispersion.

In this section, the reference case that will be used is the base case,
including heterogeneity defined in the next section.

3.3.4. Geological heterogeneities
In previous works, it was highlighted that the impact of the CG

on the recovery process was closely related to the permeability of
the reservoir [58]. In fact, geological heterogeneities are a factor that
can significantly impact the dispersion of the fluid in porous media.
A geostatistically distributed heterogeneous model of the permeability
field was used. The model consists of five different rock fluid types
with different levels of heterogeneity Fig. 3. The porosity was also
distributed across the different layers, and it ranges from 0.07 to 0.3.

3.3.5. Operational scenario
The base study involved multiple storage injection and withdrawal

cycles with constant rates. In this section, we will explore the reservoir’s
performance by evaluating operational parameters and studying their
impact on the storage process. The injection rate, production rate, and
time interval of the process will be modified, as shown in Table 3.
Each scenario is defined by its event length, injection rate, shut-in
duration, and production rate. Scenario A (base case) maintains a
seasonal event length without shut-in periods, injecting and producing
H2 at a constant rate. Scenario B and scenario C both have an event
length of 3 months and the same injection and production rates as
scenario A. The difference arises in scenario C, where a shut-in duration
of 3 months is introduced. In contrast, scenario D maintains a 6-month
event length with the same injection rate as the base case, but halves
the production rate. Similarly, scenario E maintains the 6-month event
length and injection rate but reduces the production rate by a third of
the production case of the base case. Scenario F deviates in its injection
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rate, operating at half the rate of the base case, while maintaining a 6-
month event length and no shut-in period. Lastly, scenario G mirrors
scenario F, equalizing both the injection and production rates at half
of the rates seen in the base case.

3.3.6. Well configuration
For the sake of simplicity, the base case in this study involves a

single well that serves both as an injector and producer through the
same perforations. Inspired by the selective technology [45], which in-
volves deep perforation injection and shallower perforation production,
we also explore a dual-well configuration. In this arrangement, one well
operates as an injector at a greater depth, while the other serves as the
producer at a shallower level. This study evaluates the effectiveness of
these distinct scenarios.

Scenario A represents the base case with a single well configuration,
while Scenario H explores a model with two distinct wells for injection
and production, as explained earlier. Scenario I replicates the base
case but with a reduced production rate, and Scenario J follows the
dual-well concept with a reduced production rate as well.

The impact of perforation location on the recovery of H2 is also
investigated in this section, considering the findings that shallower
perforations may influence the injection process [37]. This section will
explore the impact of the perforations’ location on the recovery of H2.

4. Results

For all the treated scenarios, the hydrodynamics of the H2 plume
reflect the density contrast between H2 and CO2, as demonstrated
by the upward migration of H2 beneath the caprock. The anticline
structure of this model enhances the accumulation of H2 and prevents
its lateral spreading. In this section, we will discuss the impact of the
previously mentioned parameters on the efficiency of H2 storage and
recovery.
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Fig. 4. Comparison of bottom-hole pressure between the base case model and the model with solubility of H2 and CO2 activated.
4.1. Effect of hysteresis

The hysteresis trapping was added to the base case to investigate its
potential impact on production behavior. The hysteresis did not affect
the recovery factor of H2 when compared to the base case. Similarly,
when heterogeneity was applied to the base case and to the base case
with hysteresis, it also did not seem to have a notable impact on the
results. The unchanged behavior observed in both cases was actually
expected, as the input data does not consider the mixture of gases and
is primarily controlled by gas displacement around the well (driven by
the mobility ratio), which is far from the water contact (even though
it may indirectly influence the reservoir).

4.2. Effect of solubility in the reservoir

Solubility is considered an important process since even a small
amount of H2 dissolved in water can trigger biological activity [45].
Numerical simulations were conducted with H2 solubility activated and
compared to the base case scenario. However, negligible impacts were
observed on the volume and purity of the H2 produced. On the other
hand, the solubility had a slight impact on the bottom-hole pressure
of the injection-production well, as depicted in Fig. 4. Activating the
solubility model resulted in a small reduction in the bottom-hole pres-
sure due to the dissolution of gases in the aqueous phase within the
reservoir.

Evaluating the effect of CO2 dissolution on H2 recovery is complex.
The solubility of CO2 is important, and it may lead to a relatively slow
consumption of the CG, subsequently affecting the pressure provided
by this gas to ensure the necessary pressure required for production.
After 5 years, the well pressure dropped by 0.8% of its initial pressure.
Further investigation may be needed to determine whether a refill
of the CG is required, depending on the potential time scales of the
storage.

Due to the negligible effect of H2 solubility and the computational
time required by the CO2 solubility model, we have not considered this
process in the subsequent simulations conducted in this study.

4.3. Effect of dispersive phenomena

4.3.1. Effect of molecular diffusion
The modelling process, taking into account diffusion, was time-

consuming, with convergence difficulties due to the complexity of the
problem. Despite this challenge, simulations were conducted consider-
ing the molecular diffusion of H2 in gas using the Sigmund correla-
tion [69], and the molecular diffusion coefficient of H2 and CO2 in the
aqueous phase was also taken into account, along with the presence of
reservoir heterogeneity.

Accounting for diffusion in the gas and the aqueous phase did
not significantly impact the results compared to the same case when
diffusion was deactivated. This finding suggests that other dominant
factors may overshadow the influence of molecular diffusion in the
gas and aqueous phases. However, it is important to acknowledge that
this parameter should not be overlooked in further investigations, even
though it is common to deactivate it in simulations.
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4.3.2. Effect of mechanical dispersion
Fig. 5 represents the H2 mole fraction and the cumulative gas vol-

ume during the first production cycle. Various curves are present, each
representing a different dispersivity coefficient, alongside the curve for
the reference case. It is evident that the degree of mixing is notably
influenced by the dispersivity coefficient. The H2 mole fraction in the
produced gas consistently remains below or equal to the H2 mole frac-
tion produced in the base case, although these values approach the base
case values as the cycle nears its end. The same behavior is observed for
cumulative gas withdrawal. This indicates that an increasing value of
the dispersivity coefficient leads to pronounced mechanical dispersion,
consequently increasing the mixing of CO2 with H2. The simulation
conducted with a dispersivity coefficient of 0.10 meters nearly overlaps
the reference case curve, suggesting that numerical dispersion is very
small. This is mainly due to local grid refinement around the well and
in the contact zone between the two fluids.

When the dispersivity coefficient was set to greater than 1 meter, the
impact of mechanical dispersion became significant. The 2D reservoir
view in Fig. 6 illustrates the H2 mole fraction at the midpoint of the
production period. Comparing the two profiles, it is evident that the
H2 fraction in the model with activated mechanical dispersion (Fig. 6,
left) is notably lower than in the base model with heterogeneity (Fig. 6,
right). Only a small portion of pure H2 remains trapped beneath the cap
rock.

The dispersion coefficient for the relevant site of our study appears
to be on the order of 1 meter, and the mechanical effect of this value is
not significant. Therefore, within the context of this research, numerical
dispersion will be considered analogous to mechanical dispersion.

Mechanical dispersion is closely linked to flow velocity. Reduced
velocities at greater distances from the well diminish the dispersion
effect [36]. This aligns with other research highlighting the significant
impact of injection and production rates on mixing between nitro-
gen and methane [70]. Therefore, the mixing observed here may be
minimized by reducing injection and production rates. It is impor-
tant to note that, alongside molecular diffusion, mechanical dispersion
amplifies the mixing of gas components [66].

However, it is important to mention that activating this parameter
significantly increases computational time for the simulator (requiring
up to 48 h to simulate 300 days, compared to an average of 15 h)
and often leads to convergence challenges. Despite its importance, the
substantial time cost associated with activating this parameter makes
it unfeasible to conduct simulations for testing purposes.

4.4. Effect of heterogeneity

As can be observed in Fig. 7, during production in the base case
scenario, the amount of H2 stored in the aquifer decreases unless the
wells are shut down due to upconing (see Fig. 8 right).

The CG/WG mixing zone reaches the production well, leading to an
increase in CO2 mole fraction production in the lower part of the well.
This negatively impacts the efficiency of H2 production, as the injected
H tends to rise and becomes less abundant in the lower regions.
2
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Fig. 5. H2 mole fraction recovered and cumulative H2 mass produced-impact of activating mechanical dispersion.
Fig. 6. IK 2D view representing the H2 mole fraction comparison between the mechanical dispersion (8 m) activated model (left) and the heterogeneous base case (right). The
focus is on evaluating the impact of diffusion.
Fig. 7. H2 mole fraction recovered and cumulative H2 mass produced-impact of adding heterogeneity.
When the heterogeneity of this model is introduced, the heteroge-
neous permeability field significantly impacts well productivity, espe-
cially due to the effect of vertical permeability on coning. As depicted
in Fig. 7, before reaching the same H2 mole fraction at the end of each
cycle, we achieve a higher H2 mole fraction with the heterogeneous
model. This is further confirmed by the cumulative withdrawn volume
of H2, which is higher for the heterogeneous case. The mitigation of the
coning effect due to the incorporation of this reservoir heterogeneity
is illustrated on the left side of Fig. 8. Heterogeneity, in this case,
promotes a non-uniform gas distribution [44].

4.5. Effect of the operation strategy

The injection and production rate, as well as the cycle duration
(Fig. 9) have a significant impact on both the quality and quantity of
the produced H .
2

108 
Among the scenarios, E and G represent the highest and lowest mole
fractions of H2 recovery at the end of the production cycle, respectively.
When compared to the base case, scenarios C, F, and G exhibit a
lower H2 fraction in the produced gas, as well as less cumulative
volume. Conversely, scenarios E and D exhibit a better H2 mole fraction
compared to the base case, albeit with different cumulative volumes (D
has more volume than E). Notably, scenario B represents the only case
with both an improved H2 fraction and cumulative volume.

In scenarios F and G, the quantity of injected H2 is reduced, how-
ever, reducing the production rate, as in case G, seems to enhance
the quality of the produced gas. For instance, producing at half the
rate of the injection rate leads to 62.4% of the base case quantity
produced, while producing at a rate equivalent to one-third of the
injection rate results in 45.2% of the base case quantity produced for
the same injection-production cycle period.
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Fig. 8. IK 2D view representing the H2 mole fraction comparison between the heterogeneous model (left) and the base case (right). The focus is on evaluating the impact of
reservoir heterogeneities.
Fig. 9. H2 gas fraction withdrawn for every considered scenario (up) and the corresponding cumulative H2 gmole (down)- Effect of the operation strategy.
Scenarios B and G represent the same quantities injected and with-
drawn, but over different periods of time and at different rates. In
Scenario B, double the quantity is injected and withdrawn compared
to Scenario G, but within half the time frame. Comparing these two
scenarios highlights the impact of the injection rate on the reservoir dy-
namics, illustrating a trade-off between gravity segregation and viscous
fingering.

Gravity override is predominantly observed in most cases, with H2
naturally tending to migrate to the top of the structure. This displace-
ment is dependent on the velocity and can become unstable at a critical
velocity, thereby affecting gas distribution, as depicted in Fig. 10 [71].

In Fig. 11, the left side illustrates the H2 fraction in Scenario B after
3 months of injection, while the right side shows the same for Scenario
G after 6 months of injection. This figure represents the gas distribution
beneath the caprock. Notably, when the injection rate is lower, the
lateral spread is more significant due to the prevailing gravitational
109 
forces.
Scenario C presents a case with both low quality and quantity,

mainly due to the shut-in period. Interestingly, the rest time between
operations not only enhances mixing but also provides time for H2
to migrate laterally beneath the caprock. This migration reduces the
vertical height of the H2 layer under the caprock and increases the
contact of the CO2 fraction with the well perforation, as illustrated in
Fig. 12. The left view is depicted immediately after the injection phase
of scenario B, while the right view shows the situation one month after
the injection phase.

During the shut-in period, as observed in the figure, gravity forces
had sufficient time to establish layering based on density, leading to a
change in the shape of the plume around the well.

The most favorable scenario appears to be when reducing the injec-
tion and withdrawal periods. However, it remains uncertain whether
this approach is practical for real-case applications and whether it
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Fig. 10. A schematic representation of the gas spreading depending on the injection rates.
Source: Figure modified from [71].
Fig. 11. Plane view depicting a comparison of H2 mole fraction between scenario B (left) and scenario G (right). The visual highlights the distinct variations in H2 distribution
resulting from the difference in injection rate.
aligns with seasonal storage plans.

4.6. Effect of well configuration

The results, as shown in Fig. 13, indicate that the use of different
perforations in Scenarios H and J did not have a substantial impact on
either the fraction or the quantity of produced H2 when compared to
the base cases (Scenarios A and I, respectively).

Scenario H closely resembles Scenario A, with the H2 fraction and
cumulative volume of produced gas exhibiting minimal differences.
Similarly, Scenario J closely mirrors Scenario I, with slight variations
in the H2 fraction and cumulative volume.

These findings suggest that the concept of employing deep perfora-
tions for injection and restricting production to the upper part of the
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reservoir did not significantly alter the overall performance of the H2
storage process. However, these slight differences observed between
scenarios may still carry practical implications that require further
investigation for real applications.

5. Discussion

Based on the above sensitivity study, we identified the most signifi-
cant parameters with a considerable impact on gas purity and/or quan-
tity. These key parameters include heterogeneity, production rate, and
cycle duration. In this section, we conducted simulations by combining
two or three of these identified processes, as outlined in Table 4.

The main goal of these simulations is to determine the most effective
scenario by evaluating the combined effects of these parameters.
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Fig. 12. IK 2D view depicting a comparison of H2 mole fraction between scenario B (left) and scenario C (right). The visual highlights the distinct variations in H2 distribution
resulting from the different operational conditions, showcasing the effects of the shut-in period in scenario C.
Fig. 13. H2 gas fraction withdrawn for every considered scenario (up) and the corresponding cumulative H2 gmole (down)- Effect of the well configurations.
To assess the effectiveness of each scenario, we employed a Hydro-
gen Productivity Index, defined as the ratio of cumulative H2 produced
to cumulative H2 injected (Eq. (5)).

H2 productivity index =
Cumulative H2 produced
Cumulative H2 injected × 100 (5)

Additionally, the withdrawal quality of H2, expressed as a gas mole
fraction of the total gas produced, complements this recovery factor.
These parameters collectively serve as crucial metrics for evaluating
the performance of each scenario in terms of H2 recovery during the
storage process.

Fig. 14 showcases two plots. On the left, we observe the H2 mole
fraction selected at the end of the withdrawal period and its corre-
sponding standard cumulative gas produced volume. The cycle num-
bers are also indicated on the curves. This plot reveals two distinct
reservoir behaviors: one that delivers large volumes (composed of less
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than 70% H2) and other behavior that delivers higher-quality gas but
with a limited volume due to a reduced production rate. Scenarios A,
B’, C’, and E’ are associated with delivering large volumes, whereas
scenarios D’, F’, and G’ focus on delivering high-quality gas.

On the right side, we present a graph illustrating the H2 Productivity
Index’s behavior over time. Notably, scenarios B’, C’, and E’ exhibit
higher productivity indices, indicating that despite not having the best
gas quality, a significant quantity of the injected H2 is effectively re-
covered. It is important to highlight that the quality of the produced H2
improves with each cycle, a trend consistent with findings from other
studies. Towards the end of the last cycle, scenarios B’ and E’ surpass a
productivity index of 70%, making them potential economically viable
and practical options for real-world applications.
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Fig. 14. Dynamics of H2 Productivity. Left: H2 mole fraction at the end of the withdrawal period and the corresponding standard cumulative volume of the produced gas. The
numbers represent the cycle numbers. Right: the H2 productivity index as function of time.
6. Conclusions and prospects

This study has focused on investigating the key parameters that
impact the viability and effectiveness of UHS in aquifers, using CO2 as
a CG, through numerical simulations. Various scenarios were explored
by adjusting input parameters, such as residual saturation, H2 solubility
in the aqueous phase, diffusion, dispersion, reservoir heterogeneities,
operational scenarios, and injection-well strategy, to understand their
influence on gas recovery and quality. The simulations revealed that
heterogeneity, cycle duration, and production rate play crucial roles in
enhancing gas quality and cumulative recovered volume.

• Heterogeneities enhanced the quality of the recovered gas by sup-
pressing the coning effect. Note that this finding is site-specific.

• Producing at a slower rate, while keeping the injection rate
and period constant, effectively reduces the mixing between the
two gases. This results in the mixing zone being pushed further
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away from the well, allowing for the production of less contam-
inated H2. This conclusion is consistent with findings from other
studies [72].

• Reducing the cycle duration helps to quickly recover the injected
H2 and limits the time for the gas to migrate and mix.

• Mechanical dispersion can have a significant impact on the mix-
ing zone, and its effect closely depends on the dispersivity co-
efficient. Characterizing this parameter for each specific site is
essential for assessing the profitability of the storage project.

To evaluate the combined effects of these parameters, the H2 Produc-
tivity Index was analyzed. The scenario with heterogeneity and an
increased number of cycles per year demonstrated higher efficiency.
Furthermore, it was observed that gas quality improves with each
cycle, potentially reaching economically viable levels by the end of
the last cycle in certain scenarios. However, further investigations are
recommended to explore the long-term behavior of gas quality and
stability over extended simulation periods.
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Table 4
Simulations details.

Process Heterogeneity Event Production
lengtha rateb

Scenario B’ X
Scenario C’ X
Scenario D’ X
Scenario E’ X X
Scenario F’ X X
Scenario G’ X X X
Scenario B’ X
Scenario C’ X
Scenario D’ X
Scenario E’ X X
Scenario F’ X X
Scenario G’ X X X

Scenario A is the base case defined earlier in this work.
a The event length is reduced from 6 months to 3 months of injection and 3 months
withdrawal.
b The production rate is defined as third of the injection rate 507600𝑆 𝑡𝑑 𝑚3∕𝐷 𝑎𝑦.

The challenge at UHS lies in striking a balance between the quality
nd quantity of the produced gas. Achieving high gas quality often
equires accepting a lower gas quantity, and vice versa. Therefore, it
s essential to conduct an economic analysis, which involves calculat-

ing the levelized cost of hydrogen storage, taking into account both
the CapEx (Capital Expenditure) and OpEx (operational expenditure)
actors [73]. CapEx includes the initial investment costs, such as the
ushion gas investment, while OpEx covers ongoing operational costs
rom the first day of the project.

By integrating technical insights from this study with the economic
nalysis, better decision-making and planning can be achieved in indus-

trial applications. This approach can help identify promising scenarios
for efficient and cost-effective UHS solutions.
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