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Evaluation of operational strategies for
underground hydrogen storage in depleted gas
fields under diverse geological scenarios:
guidelines for site screening and development
planning

Ana Loyola, *ac Denis Voskov,a Rouhi Farajzadeh, ab Karin de Borst b

and Sebastian Geigera

Underground hydrogen storage in depleted gas fields is a potential solution for large-scale, seasonal

storage of hydrogen, in support of the decarbonization of energy systems and other industrial activities.

Its viability depends on the performance of the storage operations, which is influenced by the interaction

between reservoir geology and operational strategies. However, general guidelines for development

planning that account for geological uncertainty are still lacking. In addition, existing site screening

criteria remain limited in that they do not account for how operational decisions can alter the suitability

of a reservoir geology for hydrogen storage. Here, we employ a numerical model of flow and transport

to evaluate a set of operational strategies in varying geological scenarios for depleted methane gas

reservoirs of the Bunter Sandstone, an important formation in the North Sea. We investigate the

following strategies for their impact on performance and interaction with geological features that are

common in the Bunter sandstone: depletion level, injected hydrogen mass, cushion gas, well

perforation, idle period, production rates, and methane reinjection. We found that depletion level,

injected mass, and well perforation interact strongly with geology and are critical for site selection. The

methane reinjection strategy provides pressure support that increases hydrogen production, though at

the cost of purity in the long-term. Furthermore, cushion gas strategies show significant optimization

potential but limited interaction with geology, whereas the duration of the idle period and target rates

have low optimization potential. Based on these findings, we propose a site selection and development

planning framework for underground hydrogen storage in depleted gas fields. The site selection phase

introduces a novel screening criterion, the gravity–purity number, which integrates geological and

operational considerations. The development phase provides criteria and guidelines for planning

operational strategies, and establishes a hierarchy based on their optimization potential.

1 Introduction

Underground hydrogen storage (UHS) is an alternative for large-
scale hydrogen storage, enabling seasonal balancing of supply
and demand for applications such as energy systems and
industrial feedstock. Numerical models of UHS [e.g. ref. 37 and
40] and recent pilot projects3,11 indicate that hydrogen gas could
be effectively stored in salt caverns, aquifers, or depleted gas
elds to be later recovered in periods of high energy demand.42

The North Sea hosts hundreds of depleted gas elds, several
of which are planned to be decommissioned and repurposed to
support greenhouse gas reduction. Current initiatives in the
region include emerging projects for the permanent capture
and storage of CO2 [e.g. ref. 1 and 2] and the expansion of
offshore wind energy capacity.7,9 The geological storage of
hydrogen is also being assessed as an alternative to enhance
energy security and provide seasonal exibility for the expand-
ing wind farms.16,21

The successful performance of a UHS operation depends on
the effective containment of hydrogen within geological traps
and on the recovery of the stored gas with minimal loss.
Moreover, the produced gas must have a level of purity that
meets the requirements of its intended applications.6 In part,
meeting these performance requirements depends on the
selection of an appropriate geological formation, which must
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ensure sufficient storage capacity and deliverability,38,49 and
provide an environment that is not prone to hydrogen loss
through mechanisms such as (bio)geochemical reactions,
capillary trapping, and gravity override.18

To support the procedure for site screening and selection, we
have recently investigated the geological controls on the
performance of UHS in depleted gas elds.28 We targeted, as
a case study, the Bunter Sandstone, a formation that hosts tens
of depleted gas elds in the North Sea. We performed several
numerical simulations of UHS in the ensemble of geological
models designed by Alshakri et al.,4 which were extended to
account for reservoir thickness, depth and dip. This model
ensemble presents 32 plausible realizations (geological
scenarios) for key geological features of the Bunter, considering
their uncertainty. For this ensemble, the main geological
controls on UHS performance were the thickness of the reser-
voir and of the sedimentological layers, and reservoir dip, which
control the strength of buoyancy forces. The lateral continuity of
low-permeability mudstones and of aeolian sandstones were
also key controlling factors, because the former can act as
baffles that compartmentalize ow and the latter promote
easier spreading of the hydrogen at the top of the reservoir. All
of these controlling geological features can either boost or
mitigate gravity override, the main source of hydrogen loss
observed in these models. Based on these insights, we
proposed, as a site-screening criterion, a modied gravity
number that incorporates geological heterogeneities.

These conclusions were drawn for a specic set of opera-
tional conditions, including a fully perforated well, a given
depletion level, and operation at full storage and recovery
capacity. However, the performance of an UHS operation is not
dictated by geology alone, but also by the development strategy
itself. The effect of operational parameters on UHS performance
in aquifers and depleted oil and gas elds has been subject to
several studies. The most commonly tested strategies include
well placement and perforation;16,29,34,40 the duration and target
rates of cyclic operations;5,12,22,34,48 the amount and composition
of the cushion gas;12,22,29,48 and the depletion level.22,48

However, these studies evaluate operational strategies in
a single reservoir, whether synthetic or real, which makes their
conclusions case-specic. Consequently, they do not provide
generalizable engineering guidelines to optimize UHS while
accounting for geological uncertainty that is captured by
considering different geological scenarios. This generalization
remains difficult when considering all studies collectively,
partly because they oen report divergent effects for certain
operational parameters, such as the best cushion gas compo-
sition or the impact of higher ow rates.22,48 These discrepancies
exist because each study considers different residual uids,
operations and geology.

On the other hand, there is agreement regarding the impact
of some strategies on the performance of UHS. For example,
there are multiple reports on the improvement of UHS perfor-
mance when the well is placed updip34,40 and with shorter idle
periods.22,48 Different studies also report higher purity when
using hydrogen as cushion gas.29,48 Still, even these cases
require a more systematic analysis to translate these ndings

into practical engineering guidelines. Such an analysis would
benet from identifying which strategies have the greatest
potential impact on performance and should therefore be
prioritized in development planning.

Furthermore, reservoir-specic ndings provide a limited
understanding of the interactions between geology and opera-
tional strategy. For optimization of development, it is useful to
determine which operational choices are best suited to
a specic geological scenario and geological heterogeneity. For
site screening, it is valuable to understand if optimal opera-
tional choices can compensate for geological scenarios that are
more susceptible to hydrogen losses; or, conversely, if poor
operational decisions can undermine the potential of a geolog-
ical formation with good reservoir properties that should lead to
high performance.

This work aims to address these gaps. To do so, we use
numerical models of ow and transport to simulate different
UHS operational strategies for the ensemble of geological
models of the Bunter sandstone designed by Alshakri et al.4 and
extended by ref. 28. We consider eight distinct operational tests,
each modifying an operational strategy that we adopted previ-
ously.28 These operational strategies include the depletion level,
the amount of stored hydrogen, the amount and composition of
the cushion gas, the duration of the idle period, the target
injection and withdrawal rates, the length of the well perfora-
tion, and a two-well strategy for reinjecting the co-produced
methane. To the best of our knowledge, this combination of
parameters is investigated here for the rst time.

Using this approach, this study pursues the following
objectives, each providing a novel contribution to the topic of
development planning and site screening for UHS in depleted
gas elds: (i) evaluate the impact on UHS performance of
different operational strategies in varying geological scenarios;
(ii) assess the sensitivity of these impacts to geology; (iii) update
our earlier screening criteria28 to account for operational strat-
egies; and (iv) provide general guidelines for the development of
UHS that integrate geological aspects. These guidelines will
provide criteria for development planning and establish a hier-
archy of operational strategies based on their potential inu-
ence on performance.

This paper is structured as follows. Section 2 presents the
computational models, including the geological model
ensemble and the numerical model. Section 3 recapitulates the
main results and ndings of the tests performed by Loyola
et al.28 to assess the geological controls on UHS, here referred to
as the reference simulations. Section 4 presents and discusses
the results of the operational tests. Section 5 uses these results
to propose updated screening criteria and a framework for
development planning of UHS in depleted gas elds. Finally,
Section 6 presents the conclusions and perspectives for future
work.

2 Computational models

To analyze the impact of UHS operational strategies on different
geological scenarios of the Bunter sandstone, we employ the
open-access geological models developed by Alshakri et al.4 and
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later modied by Loyola et al.28 These models are used to
simulate UHS operations with the Open Del Advanced Terra
Simulator (open-DARTS).47

Section 2.1 presents the ensemble of geological models, and
Section 2.2 describes the open-DARTS numerical model.

2.1 Geological models

The Bunter Sandstone is a uvial–aeolian formation of Triassic
age that extends across several regions of Europe, notably the
North Sea, where it hosts several gas elds. Alshakri et al.4

identied six main stratigraphic bodies within the Bunter:
multistorey, multilateral, and cemented uvial sandstones;
aeolian sandstones; channelized uvial sandstones; oodplain
and sabkha (silty) mudstones; and clay-rich lacustrine
mudstones (Fig. 1).

These sedimentological bodies vary considerably in their
volumetric proportions, thicknesses and petrophysical proper-
ties, as interpreted from seismic, well logs and core-sample data
[e.g. ref. 11, 32, 44 and 45]. Based on an extensive review of such
data, Alshakri et al.4 used the Rapid Reservoir Modeling (RRM)
soware20,36 to design the ensemble of 32 geological models that
we use in our simulations. This ensemble was built using
a factorial Design of Experiment (DOE) approach, in which
selected factors are varied between low and high settings to
quantify their impact on a given response. Eight key heteroge-
neities of the Bunter were included, mostly associated with the
thickness, lateral continuity, and permeability of its main
stratigraphic bodies. Each combination of these factors results
in a unique geological scenario.

In addition to these sedimentological properties, the Bunter
also presents signicant spatial variation in burial depths and
formation thickness.11 Loyola et al.28 extended the DOE of
Alshakri et al.4 to include other factors such as reservoir thick-
ness and structural dip, establishing low and high values for
these values based on the well data of Dutch Triassic formations
compiled by Korevaar et al.25 Table 1 lists all the factors varied in
the ensemble, while Table 7 in Appendix A presents the
extended DOE. The rationale for the low and high settings of
these factors is detailed in Alshakri et al.4 and in the SI of Loyola
et al.28

The resulting models have dimensions of 600 m × 600 m in
the x–y directions and a thickness of 59 m or 176 m in the z-
direction, depending on it assuming a high or low setting in the
DOE. These lateral dimensions of 600 m × 600 m are compat-
ible with the dimensions of small gas elds in the North Sea
that are considered for UHS.

Fig. 1 shows Models 5 and 12 as two representative examples
from the model ensemble. The reservoir depth is xed at 1500
m in all cases. We have previously simulated the model
ensemble considering reservoir depths of 1500 m and 3000, and
concluded that higher depths slightly decrease UHS perfor-
mance metrics due to lower gas compressibility and higher
density contrasts between H2 and CH4. For further details on
this comparison, the reader is referred to 28.

2.2 Numerical model

This section describes the numerical model implemented in the
open-DARTS framework and the set of simulations performed.
Section 2.2.1 presents the main assumptions and the mathe-
matical formulation of the model, and Sections 2.2.2 to 2.2.4
describe the setup of the model, including the initial condi-
tions, uid and rock properties, mesh, boundary conditions,
and the well model.

The ensemble of geological models is used to perform
several operational tests, each corresponding to a set of simu-
lations that assess the impact of a different operational strategy
on the UHS performance metrics for the model ensemble.
These operational tests are compared to a set of simulations
referred to as the reference simulations, which correspond to
the simulations performed by Loyola et al.28 Section 2.2.5
presents the operational parameters used in the reference
simulations, Section 2.2.6 describes the operational tests, and
Section 2.2.7 introduces the performance metrics used for
comparison.

2.2.1 Mathematical description. The reservoirs are
assumed to be depleted methane (CH4) gas reservoirs with no
aquifer connection. We solve the problem of injection and
production of hydrogen (H2) in these reservoirs with a one-
phase (gas), two-component isothermal ow and transport
model. The mass conservation equation is described as

v
�
fxcrp

�

vt
þ V

�
xcrgug þ frpJc

�� qc ¼ 0: (1)

Here, the subscript c denotes a component (H2 and CH4), the
subscript g refers to the gas phase, f is the effective rock

Fig. 1 Models 5 and 12 of the geological model ensemble designed by
Alshakri et al.4 andmodified by Loyola et al.28 Model 5 has low layer and
reservoir thickness and a high dip, whereasModel 12 has high layer and
reservoir thickness and no dip. See Table 1 for the full description of the
geological factors and Table 7 for their settings.
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porosity, xc is the molar concentration of component c, rg is the
molar density of the gas phase, ug is the velocity of the gas
phase, Jc is diffusive ux of component c and qc denotes source
of the component c.

The phase velocity ug is given by Darcy's law as

ug ¼ �K

mg

�
Vpg � rgg

�
; (2)

where K is the permeability tensor, mg the viscosity of the gas
phase and g is the gravity vector. The diffusive ux Jc is given by
Fick's law as

Jc = −DcVxc, (3)

where Dc is the molecular diffusion coefficient of component c.
The open-DARTS model employs a cell-centered Finite

Volume Two Point Flux approximation scheme for the spatial
discretization of both uxes and a fully implicit scheme for the
time discretization.30 All simulations were performed on the
DelBlue supercomputer.8

Note that depleted gas elds with no signicant aquifer
contribution are still expected to contain a residual amount of
water. Although this water is immobile, it can give rise to
capillary and solubility trapping of H2 and inuence its mobility
through interfacial phenomena. These effects are neglected in
our single-phase ow formulation.

2.2.2 Initial reservoir conditions. The reservoir tempera-
ture is set to 55 °C, computed for the depth of 1500 m using the
temperature-depth relationship derived for the borehole data
from the Netherlands Oil and Gas Portal (NLOG)33 (see the SI of
ref. 28). For a depth of 1500 m, we estimate a hydrostatic
pressure of 150 bar and assume it to be the original reservoir
pressure before depletion. This hydrostatic pressure is used to
dene an initial pressure at the start of the UHS operation,
based on a specied depletion level, to be dened in Sections 3
and 4.

2.2.3 Rock and uid properties. Table 2 presents the
porosity and the intrinsic permeability of the sedimentological
layers as dened by Alshakri et al.4 and Loyola et al.28 The
permeability is considered to be isotropic for all sedimento-
logical layers except the uvial sandstones. For these latter,
Table 2 gives the horizontal permeability, and the vertical
permeability is computed according to the given permeability
ratio, which is a factor in the DOE (Table 1). The permeability
values in Table 2 are consistent with the lower-end of the
permeability ranges reported by Foote et al.,13 Fig. 9 for the
considered sedimentological layers.

The gas density is computed using the Peng–Robinson
equation of state. The gas viscosity is estimated using the
datasets from Hassanpouryouzband et al.17 and the NIST
Chemistry WebBook,27 which provide viscosity values for
various combinations of pressure, temperature, and gas
composition. We use the multilinear interpolation scheme
implemented in open-DARTS23,31 to interpolate viscosity at
arbitrary states. For further details, see Fig. S3 in ref. 28.

The molecular diffusion coefficient is assumed constant and
equal to 0.078 m2 per day, as obtained from the correlation
proposed by Kobeissi et al.24 The pressure input for this

Table 1 Factors analyzed in the Design of Experiments (DOE) and their low and high settings. Factors A to F were used by Alshakri et al.4 to build
the ensemble of 32 geological models. The remaining factors were added by Loyola et al.28 to extend their DOE. In factorG, kv and kh denote the
vertical and horizontal permeability, respectively. Modified from Loyola et al.28

Factor id Factor Lowa Higha

A Thickness of layers Fluvial 3.4/10 m 13.3/40 m
Floodplain/sabkha 1.7/5 m 6.7/20 m
Aeolian 1.7/5 m 8.3/25 m
Lacustrine 0.7/2 m 1.7/5 m

B Lateral continuity of aeolian bodies Discontinuous lens Continuous sheet
C Lateral continuity of lacustrine layers Discontinuous sheet Continuous sheet
D Proportion of channelized uvial sandbodies in

oodplain/sabkha
17% 33%

E Lateral connectivity of channelized uvial
sandbodies in oodplain/sabkha

Isolated clusters Connected network

F Lateral continuity of sheetood sandbodies in
oodplain/sabkha

Discontinuous lens Continuous sheet

G kv/kh ratio of uvial sandbodies 0.05 0.5
H Permeability of lacustrine layers 0.001 mD 0.01 mD
I Reservoir thickness 59 m 176 m
J Reservoir dip 0° 3°

a The two values separated by bars correspond to the thickness of layers when the reservoir thickness is low and thigh, respectively.

Table 2 Intrinsic permeability and porosity of the sedimentological
bodies present in the Bunter sandstone models

Geobody Porosity (%) Permeability (mD)

Lacustrine mudstone 5 0.001 or 0.01a

Floodplain and sabkha
mudstone

7 1

Sheetood uvial sandstone 7 1
Fluvial sandstoneb 17 500
Aeolian sandstone 24 3000

a Lacustrine mudstone permeability is a factor in the DOE.
b Permeability in horizontal directions.
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correlation corresponds to the average of the minimum and
maximum borehole pressures (Table 3).

2.2.4 Mesh, boundary conditions, and wells. The nite
volume grid is fully structured, containing 71 × 71 × 132 cells
for models with low reservoir thickness and 71 × 71 × 396 cells
for those with high reservoir thickness. The grid cell size is the
same across all models of the ensemble. This resolution was
dened by Loyola et al.28 based onmesh convergence studies. In
models with high dip, the dip is implemented by translating
grid columns in a stepwise manner along the x-direction, so
that the highest elevation is reached at the minimum x-coor-
dinate (Fig. 2 in ref. 28).

All reservoir boundaries are closed (no-ow). These
boundary conditions imply negligible leakage of H2 through the
caprock and other sealing layers. The validity of this assump-
tion should be assessed for target reservoirs based on an eval-
uation of the sealing properties of the cap rock and overburden,
including the role of potential faults.

UHS operations are simulated in a single vertical well with
a diameter of 0.16 m. The well is positioned at the coordinates
(13 m, 300 m) in the x–y plane, so that it perforates cells located
at center of the y-axis and close to the minimum x-coordinate.
In models with high dip, this positioning ensures that the well
is located structurally updip.

H2 injection and production are modeled by dening target
ow rates at the well (source terms). The ow transfer between
the well and the reservoir is modeled following the formulation
by Peaceman,35 with no skin factor considered. When the

bottom-hole pressure (BHP) reaches its upper or lower limit, the
ow rate is adjusted to ensure that the respective pressure
constraints are not violated.

2.2.5 Operational parameters in the reference simulations.
The UHS operations of the reference simulations consist of two
phases. The rst phase is an initialization period during which
pure H2 is injected as cushion gas. This period ends when the
minimum BHP is reached in the well. Following the initializa-
tion, the cyclic storage operation starts. In the reference simu-
lations, each cycle lasts one year and comprises a six-months
injection period followed by three-months idle and produc-
tion periods. The idle periods correspond to a shut-in period
where zero ow rates are assigned to the well. The minimum
and maximum BHPs are 75 bar and 150 bar, respectively.

Table 3 summarizes the operational parameters in the
reference simulations, including well perforation, initial reser-
voir pressure, BHP limits, and target rates. The well is fully
perforated throughout the thickness of the reservoir, and the
depletion level is set to two-thirds of the hydrostatic pressure,
resulting in an initial pressure of 50 bar.

The target rates in Table 3 were dened to ensure that the
reservoirs operate at their full storage and recovery capacities,
constrained by the minimum and maximum BHP. The target
rates for the models with high reservoir thickness were three
times those for the models with low reservoir thickness. This
scaling ensures that all models operate at comparable ow
rates, H2 pore volume occupation, and pressure ranges, allow-
ing for a reliable comparison across the different geological
scenarios.28

2.2.6 Operational tests. Table 4 presents the eight opera-
tional tests performed in this study. These tests modify the
operational parameters of the reference simulations. If any
change in an operational parameter is not explicitly stated, that
parameter remains identical to the reference simulations.

Test 1 (depletion level) assesses the impact of increasing the
depletion level of the reservoirs to 90% of their original hydro-
static pressure. This results in an initial reservoir pressure (at
the start of the operation) of 15 bar. The minimum BHP is
reduced to 40 bar. Since, in the initialization phase, the H2

cushion gas is injected until the minimum bottomhole pressure
is reached, this ensures additional pressure support of
approximately 25 bar provided by the cushion gas, similarly to
the reference simulations. This change in the minimum BHP is
based on the assumption that lower working pressures do not
compromise reservoir containment or the deliverability of the

Table 3 Operational parameters used for the reference simulations.
The target rates andwell perforation differ between the low- and high-
reservoir-thickness models. The well perforation corresponds to the
reservoir thickness in each case, and the target rates are scaled
accordingly

Initial pressure (bar) 50

Minimum/maximum BHP (bar) 75/150

Low res. thick
High res.
thick

Target rate – initialization (Mmol per day) 35 105
Target rate – injection (Mmol per day) 52 156
Target rate – production (Mmol per day) 104 312
Well perforation (m) 59 176

Fig. 2 Configuration of the wells in Test 6 (reinjection of CH4).
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well system, since such pressures were already achieved during
CH4 production.

Test 2 (injected amount) assesses the impact of reducing the
amount of H2 injected during the cyclic operation, i.e. the
working volume of H2. In the reference simulations, the reser-
voirs operate at full storage and recovery capacity, i.e. the well
pressure varies between the minimum and maximum BHPs
during the cyclic operation. However, UHS may involve reser-
voirs whose storage capacity exceeds the projected storage
demand. To investigate an operation below storage capacity,
Test 2 reduces the target mass of H2 injected during the cyclic
operation by half. The target mass rates are kept unchanged,
while the duration of the injection and production periods are
reduced by half. The amount of injected H2 during the initial-
ization phase remains unchanged.

Test 3 (no H2 cushion gas) omits the initialization phase,
starting the storage operation directly with the injection–
production cycles. We assume that the decision to not use
cushion gas implies that no pressure support is required to
ensure well deliverability or safe containment. Consequently,
the minimum bottomhole pressure is set equal to the initial
reservoir pressure of 50 bar.

Test 4 changes the composition of the cushion gas injected
during initialization, using a mixture of 50% H2 and 50% CH4,
in terms of molar fraction.

Test 5 (well perforation) reduces the length of the perforated
interval to half of the reservoir thickness. This reduced perfo-
ration is connected to all sedimentological layers present on the
top half of the reservoir (see the H2 well in Fig. 2).

Test 6 (reinjection of CH4) implements a strategy for rein-
jecting the co-produced CH4. This reinjection may be required
due to the lack of an alternative to handle the co-produced gas,
for environmental compliance, or for increasing reservoir pres-
sure. To promote the separation of H2 and CH4, the well
conguration shown in Fig. 2 is used. The H2 well remains at the
same x–y coordinates and is perforated over half of the reservoir
thickness, as in Test 5 (well perforation). A second well (CH4 well)
is placed on the opposite side of the reservoir and perforated
until its highest depth. This second well is used for reinjecting
the CH4 produced from the H2 well. The length of the perforation

of the CH4 well is equal to
1
6
of the reservoir thickness. This length

was dened to avoid pressure interference with the H2 well.
During the production period, CH4 co-produced at the H2 well is
accumulated for 10 days and reinjected in the CH4 well over
periods of 1 to 2 days, depending on the amount of CH4 and the
target rates. The period of 10 days was set to ensure that the target
rates for reinjection of CH4 are high-enough to avoid numerical
convergence issues in the simulation.

Test 7 (no idle period) does not have an idle period. While
the reference simulations have a three-months idle period
between the injection and recovery phases, the cyclic operation
in Test 7 alternates between a six-months injection and three-
months production.

Test 8 (target rates) doubles the target rates of the injection
and production periods, while reducing their durations by half
so that the total amount of injected H2 remains equal to that of
the reference case.

Although the target rates and the duration of the idle period
are tested here as operational strategies, they are not design
parameters per se, as they cannot be exibly planned in UHS
operations. Rather, they are determined by the schedules of H2

production and demand arising from the use case that justies
the need for a H2 storage solution. Thus, they are tested here to
assess whether external variables that determine H2 production
and demand may affect the performance of UHS operations.

2.2.7 Performance metrics. Four performance metrics are
computed in the simulations to quantify the efficiency of an
operational strategy: cycle recovery factor (RF), ultimate
recovery factor (ultimate RF), cycle mass purity (MP) and ow
purity (FP). The recovery factor (RF) of cycle i is given by

RFi ¼ MprodH2

i

MinjH2

i
; (4)

where MprodH2

i and MinjH2
i are the produced and injected mass

of hydrogen, respectively, in cycle i, respectively. The ultimate
RF is computed as

RF ¼
P

i

MprodH2

i

P

i

MinjH2

i
; (5)

Table 4 The performed operational tests

Test id Test name (%) Description

1 Depletion level Initial reservoir pressure is set to 10% of the hydrostatic pressure
Initial pressure = 15 bar, minimum BHP = 40 bar

2 Injected amount Cyclic injection of H2 is reduced by 50%
Same target rates, injection and production duration are decreased by 50%

3 No cushion gas No initialization phase
Minimum BHP = 50 bar

4 Cushion gas composition The cushion gas is a mixture of 50% CH4 and 50% H2

5 Well perforation Well perforation is half of the reservoir thickness
6 Reinjection of CH4 Co-produced CH4 is reinjected in the reservoir
7 No idle period No idle period in the cyclic operation
8 Target rate Cycle ow rates increased by a factor of 2

Injection and production periods are decreased by 50%
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Mass purity (MP) of cycle i is given by

MPi ¼ MprodH2

i

Mrec
i
; (6)

where MprodH2

i and Mrec
i are the produced mass of H2 and total

produced mass of uids in cycle i, respectively. The ow purity
FP at time t of the withdrawal phase of cycle i is given by

FPiðtÞ ¼ QH2

iðtÞ
Qt

iðtÞ ; (7)

where QH2

i and Qt
i are outow rates of hydrogen and total

outow rates in time t of the production phase of cycle i,
respectively.

Throughout this text, when we refer to UHS performance we
refer specically to these metrics that measure H2 recovery and
purity.

3 Summary of the reference
simulations

We present here a summary of the results of the reference
simulations28 that are most relevant to the present study, as well
as their interpretation.

The reference simulations resulted in a wide range of
performance metrics for the model ensemble. The variability of
these metrics is highest in cycle 1 and decreases as the opera-
tion progresses (Fig. 3). This variability is due to the geological
heterogeneities captured by the ensemble. As the injection–
production cycles increase, these heterogeneities become less
inuential because CH4 initially in place is progressively
replaced by H2 and there is sufficient time for H2 to enter the
lower-permeability layers.

We frequently refer to the performance in cycle 1 because
this is the most critical stage of the operation—where the
performance metrics of each model are at their minimum, and
their variability is highest. From here on, we denote the recovery

factor and methane purity of cycle 1 as RF1 and MP1,
respectively.

In the reference simulations, RF1 range from 70% to 96%,
MP1 from 71% to 96%, and the ultimate RF from 89% to 96%.
Models 5 and 12 (Fig. 1) exhibited the highest and lowest values
for these metrics, respectively. These two models are represen-
tative of the geological factors that control UHS performance.
Loyola et al.28 identied the thickness of the sedimentological
layers, reservoir thickness, and dip as the three most inuential
factors affecting the performance metrics for cycle 1. Model 5
has low layer thickness, low reservoir thickness, and high dip,
whereas Model 12 has high layer and reservoir thickness and
no dip.

The geological controls identied by Loyola et al.28 inuence
UHS performance through their effect on gravity-driven mech-
anisms. The displacement of CH4 by H2 naturally carries a risk
of unstable displacement due to the signicantly lower viscosity
and density of H2. Here, the terms unstable displacement or
unstable fronts refer specically to gravity override, in which H2,
driven by buoyancy forces, migrates upward and spreads later-
ally along the reservoir top. This instability is directly related to
H2 loss and CH4 production, since the CH4 that is not efficiently
displaced can reach the well and be produced.

The degree of instability, however, is strongly controlled by
the geological scenario. This is illustrated by comparing Fig. 4
and 5, which show cross-sectional views of the H2 plume at
different stages during cycle 1 for Models 5 and 12, respectively.

In Model 5, the H2 plume develops a relatively stable front
with the resident CH4, approaching a piston-like displacement
during the initialization phase. During the cyclic operation,
some gravity override occurs away from the well, but viscous
forces driving longitudinal migration outweigh buoyancy forces
through most of the reservoir. The buoyancy forces are weak in
this model because the sedimentological layers are thin. In
addition, the continuous lacustrine mudstones in Model 5
further mitigate buoyancy forces by compartmentalizing ow,

Fig. 3 Cycle recovery factor and mass purity observed in the reference tests. Models 5 and 12 (Fig. 1) are highlighted with distinct colors, as they
presented the highest and lowest performance metrics in cycle 1, respectively. Results for the other models are shown in grey to represent the
ensemble as a whole.
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and the high dip helps to keep CH4 segregated toward the
bottom of the reservoir.

In contrast, Model 12 exhibits pronounced gravity override
already during the initialization phase, and this instability
develops much closer to the well. This behavior results from
stronger buoyancy forces, which are proportional to the thick-
ness of the depositional cycles (i.e., the repeating pattern of
sandstone and mudstone couplets). The occurrence of gravity
override is also favored by the zero dip in this model. As H2

spreads along the reservoir top, CH4 rapidly approaches the well
and is produced, leading to the low performance metrics
observed in this model.

In the absence of signicant viscous forces, the interface
between uids of contrasting density tends toward a hydrostatic
equilibrium conguration, leading to a horizontally segregated
front. Model 12 approaches this limiting condition by the end of
the idle period, rendering the well, which is perforated across
the entire reservoir thickness, particularly exposed to CH4

during production.

3.1 Modied gravity number

Based on the gravity-controlled behavior of the reference tests,
Loyola et al.28 adapted the gravity number derived by Shook
et al.41 to consider the key geological heterogeneities of the
Bunter sandstone for UHS. This modied gravity number is
given by

Ng ¼ kxlDrg cos a

u

H

L
; (8)

where kx is the upscaled horizontal permeability of the reservoir
(here computed with ow based upscaling in RRM), l is the
mobility of the injected phase, Dr is the density difference
between the two uids, g is the gravitational acceleration, a is
the dip angle, u is the velocity of the injected uid, H is the
thickness of the depositional cycle bounded by mudstone
layers, and L is the length of the reservoir. The modications
proposed by Loyola et al.28 include the use of the upscaled
permeability and the replacement of the thickness of the
reservoir with the thickness of the depositional cycles.

The modied Ng correlates strongly with the performance
metrics computed for the Bunter sandstone model ensemble,
especially when clustering the reservoirs according to their

Fig. 4 Cross-sectional view of the sedimentological layers and the H2

plume in the reference simulation of Model 5 during different stages of
cycle 1.

Fig. 5 Cross-sectional view of the sedimentological layers and the H2 plume in the reference simulation of Model 12 during different stages of
cycle 1.
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dip.28 In addition to the results presented by Loyola et al.28 for
RF1, we present here the correlation between Ng and the ulti-
mate RF of the reference test, measured by the Spearman
coefficient (Fig. 6).

4 Results of the operational tests

Fig. 7 shows the range of RF1, MP1, and ultimate RF for the
reference models and the operational tests. Further detail on
the evolution of performance in the operational tests can be
found in Fig. S1 to S7 of the SI. Fig. S8 presents the evolution of
average reservoir pressures during the UHS operations for the
operational tests.

To evaluate whether the modied Ng remains correlated to
the performance metrics in each operational test, Table 5 shows

the Spearman coefficients for the ultimate RF and Ng. In the
Supplementary Material, Fig. S9 to S11 present the correlation
of Ng with RF1, MP1 and the ultimate RF. Except for Test 5 (well
perforation) and Test 6 (reinjection of CH4), the correlation
between Ng and the performance metrics is negative and strong
in all tests, with absolute values greater than 0.8. Therefore, in
all tests except those two, higher performance metrics generally
correspond to lower Ng values and vice versa.

To analyze the impact of operational strategies under
different geological conditions, the model ensemble is divided
into two groups based on Ng. The lowest Ng group includes the
eight models with the lowest Ng values (bottom quartile), while
the highest Ng group includes the eight models with the highest
Ng values (top quartile). Table 6 presents the average values for
RF1, MP1 and ultimate RF for each group. It also presents the
average value for Gg = kxH cos(a), which is the part of Ng that
includes reservoir characteristics, namely the upscaled perme-
ability kx, the dip angle a and the thickness of the depositional
cycle H. Moreover, Fig. 8 shows the average differences in the
performance metrics between the operational tests and the
reference cases, calculated for the highest Ng, lowest Ng, and the
entire ensemble of 32 models. All highest Ng models have high
thickness of the reservoir and of the sedimentological layers,
while all lowest Ng models have low setting for both factors in
the DOE.

Fig. 6 Spearman correlation between the ultimate recovery factor
(RF) of the reference tests and the modified gravity number (Ng)
proposed by Loyola et al.28 The Spearman coefficient is presented for
all the models, low-dip models and high-dip models.

Fig. 7 Range of variation of (a) ultimate recovery factor (RF), (b) RF of cycle 1 and (c) the mass purity (MP) of cycle 1 in the reference simulations
and operational tests. The left, middle, and right dashed lines crossing each bar correspond to the first, second and third quartiles of the data,
respectively.

Table 5 Spearman coefficients between ultimate recovery factor and
the modified gravity number for the reference and operational tests

Test Low dip High dip

Reference −0.88 −0.95
1 – depletion level −0.84 −0.84
2 – injected amount −0.87 −0.88
3 – No cushion gas −0.83 −0.93
4 – Cushion gas comp −0.95 −0.86
5 – Well perforation 0.40 0.41
6 – Reinjection of CH4 −0.47 −0.12
7 – No idle −0.96 −0.87
8 – Target rate −0.95 −0.87
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The next sections analyze and discuss these results for each
operational test, with focus on: (i) the variations in the range of
performance metrics induced by different operational strate-
gies; (ii) the main ow mechanisms driving these variations;
(iii) the interaction between operational strategies and geology;
and (iv) comparisons with ndings from previous studies when
pertinent.

4.1 Test 1—depletion level

Compared to the reference simulation, the higher depletion
level of 90% signicantly improves the performance across the
model ensemble. This improvement is most evident in the
minimum values of the performance metrics (Fig. 7), which
generally correspond to the highest Ng values (Table 5). The
minimum RF1 increases from 70% to 87%, the minimum MP1
from 71% to 92%, and the minimum ultimate RF from 89% to
96%. The maximum RF1 remains at 96%, the maximum MP1
increases from 97% to 99%, and the maximum ultimate RF
increases from 96% to 98%. The high minimum values
observed for a higher depletion level indicate that less favorable
geological scenarios, as classied by high Ng, can still achieve
good performance for UHS.

The benet of higher depletion levels is explained by two key
factors. First, a lower initial amount of CH4 reduces the amount
of impurity that can be produced and increases the volumetric
content of H2 in the reservoir. By the end of the rst cycle
injection, on average, 89% of the reservoir pore volume (PV) is
occupied by H2, compared to 69% in the reference simulations.
Second, lower reservoir pressures (Fig. S8) result in smaller
density contrasts between H2 and CH4, which mitigates buoy-
ancy forces and thereby reduces gravity override.

The lowest Ng models are less affected by the depletion level
than the highest Ng models (Fig. 8); they have high average
performance metrics, above 90%, for both the depletion levels
of 67% and 90%. These models are less sensitive to the initial
CH4 content because their geological scenarios prevent CH4

from reaching the well, since their thin sedimentological layers,
and sometimes high dip, mitigate gravity override.

The impact of the depletion level on the performance of UHS
operations has also been investigated by Kanaani et al.22 and
Zamehrian and Sedaee48 for a depleted oil reservoir and
a depleted gas condensate reservoir, respectively. Both studies
report two competing effects of higher depletion levels: rst, an
increased recoverable amount of the formation uid, which
tends to decrease H2 recovery; and second, higher initial
reservoir pressures, which are benecial to H2 recovery in their
case studies.

Table 6 Average geometrical component of the gravity number (Gg), recovery factor of cycle 1 (RF1), mass purity of cycle 1 (MP1), and ultimate
recovery factor (ultimate RF) for the highest and lowest Ng groups, which include the eight models with the highest and lowest Ng values,
respectively

Group Models Gg (m
3) RF1 (%) MP1 Ultimate RF

Highest Ng 1, 3, 5, 7, 25, 27, 29, 31 71 312 78 78 90
Lowest Ng 10, 12, 14, 16, 18, 20, 22, 24 4925 92 92 94

Fig. 8 Average differences in the (a) ultimate recovery factor, (b) cycle
recovery factor (RF) and (c) cycle mass purity (MP) between each
operational test and the reference case as computed for the whole
model ensemble, the lowest Ng models and the highest Ng models.
The differences in cycle RF and cycle MP correspond to the cycle that
presented the maximum average differences, which is cycle 2 for Test
2 (injected amount of H2) test and cycle 1 for the other operational
tests.
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These competing effects led to complex dependencies of
performance on the depletion level. For example, Zamehrian
and Sedaee48 observed an increase in RF when the depletion
level increases from 30% to 60%; however, the highest tested
depletion level of 70% resulted in the lowest RF because it did
not yield sufficient reservoir pressure to produce gas at the
target ow rates. This behavior probably occurs because the
minimum BHP was the same in all scenarios; therefore, at
higher depletion levels, part of the injected H2 in early cycles is
trapped for pressure support, ultimately working as a cushion
gas instead of recoverable H2.29

In contrast, we reduce the minimum BHP and inject suffi-
cient cushion gas to maintain this minimum working pressure
before the cyclic operation. This comes from the assumption
that lower depletion levels allow for lower minimum BHPs,
since these pressures have already been safely reached before
the UHS operations during production of CH4. Because of this
assumption, our model ensemble benets from the lower
amounts of CH4 in the reservoir without having the H2 deliv-
erability reduced by shorter working pressure ranges.

4.2 Test 2—injected amount of H2

Similarly to the depletion level, decreasing the amount of
injected working gas affects mostly the minimum values of the
performance metrics (Fig. 7). Compared to the reference
simulations, the minimum RF1 decreases from 70% to 68%, the
minimum cycle MP1 from 71% to 66% and the minimum ulti-
mate RF from 89% to 85%. The maximum values for RF1 and
the ultimate RF remains largely constant, while the maximum
value of MP1 only increases by 1%.

The decrease in the injected mass of H2 reduces the
proportional amount of H2 in the reservoir, which tends to
decrease RF and purity. By the end of the rst cycle injection, on
average, 58% of the reservoir PV is occupied by H2, against 69%
for the reference simulations. The highest Ng models are more
sensitive to this effect. They show an average decrease of 5% in
RF1, 6% in MP1 and 3% in the ultimate RF. In contrast, the
lowest Ng models show a maximum average decrease of 1% in
their performance metrics (Fig. 8). Therefore, in geologies that
intensify gravity override, operating at high storage capacity is
more important. In contrast, geological scenarios where gravity
override is less prevalent can achieve good performance with
lower H2 injection.

4.3 Test 3—no H2 cushion gas

The absence of the H2 initialization phase leads to a decrease in
performance metrics for the entire model ensemble (Fig. 7).
Both the minimum and maximum values of the performance
metrics decrease similarly compared to the reference test. The
minimum RF1 decreases from 70% to 63%, the minimum MP1
from 71% to 63%, and the minimum ultimate RF from 90% to
88%. The maximum RF1 decreases from 96% to 87%, the
maximum MP1 from 97% to 89%, and the maximum ultimate
RF from 96% to 94%.

The injection of H2 cushion gas enhances the purity of the
produced gas stream through two main mechanisms. The rst

mechanism is the increase in the volumetric content of H2

before the cyclic operations, which ensures a minimum purity
during production. H2 occupies, on average, 64% of the reser-
voir PV by the end of the rst cycle injection, compared to 69%
in the reference cases (with cushion gas).

The second mechanism through which H2 cushion gas
enhances purity is by displacing CH4 initially in place farther
away from the well, which delays its production. The H2 cushion
gas is more effective in displacing and segregating CH4 in low-
Ng models, where it creates stable fronts. Fig. 4 and 5 show, for
the reference simulations, the H2 plumes aer initialization for
Model 5 (lowest Ng) and Model 12 (highest Ng), respectively. The
more effective displacement of CH4 in Model 5 results in a later
decline in purity and a higher minimum FP of 89%, compared
to 62% for Model 12 (Fig. 9). In the absence of cushion gas, the
minimum FP in Cycle 1 for both models is similar, around 53%,
illustrating how the presence of cushion gas impacts the
minimum purity of the produced gas.

The absence of cushion gas causes similar differences in the
performance metrics for the lowest and highest Ng (Fig. 8),
suggesting that the impact of the amount of cushion gas on
UHS performance is largely insensitive to the geological
scenario.

In addition to improving purity, the cushion gas can
provide pressure support, maintaining the working pressure
above the minimum required BHP. Higher minimum pres-
sures can also reduce pressure gradients, which limits the
lateral spreading of H2. However, in our models, pressure
support plays a negligible role because pressure gradients are
small28 and the minimum BHP is equal to the initial reservoir
pressure. The studies that report improvement in UHS
performance due to cushion gas pressure support use models
where the minimum BHP is higher than the initial reservoir
pressure, or the reservoirs are large and cannot be uniformly
pressurized [e.g. ref. 22 and 29].

4.4 Test 4—cushion gas composition

Similar to Test 3, the change in cushion gas composition causes
a reduction in the performance metrics for the entire model
ensemble. The minimum RF1 decreases from 70% to 63%, the
minimumMP1 from 71% to 63% and theminimum ultimate RF
from to 89% to 87%. The maximum RF1 decreases from 96% to
91%, the maximum MP1 from 97% to 91% and the maximum
ultimate RF from 96% to 95%.

The range of performance is similar to that of Test 3 (no
cushion gas), indicating that using a mixture of H2 and other
component as cushion gas may yield no advantage compared to
an operational strategy where there is no cushion gas (Fig. 7 and
9). This result is because in our test with no cushion gas (Test 3),
the well deliverability was not affected, due to the assumption of
a lower requiredminimum BHP. Moreover, the CH4–H2mixture
as cushion gas does not signicantly increase the proportion of
H2 in the reservoir. By the end of the rst cycle injection, H2

occupies, on average, 64% of the PV when no cushion gas is
used (Test 3) and 62% of the PV when amixture of H2 and CH4 is
used as cushion gas.
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Using a mixture of H2 and CH4 as cushion gas can be
effective when it results in a signicant increase of the H2

fraction in the reservoir. It is also useful when pressure support
is needed. This pressure support can also be achieved with
cushion gases that do not contain H2, at the expense of
a decrease in purity.22

In the case of UHS in aquifers or in gas elds with signicant
water content, the cushion gas also plays an important role in
displacing water. In this context, the composition of the
cushion gas can further affect the efficiency of this displace-
ment by inuencing interfacial tension and wettability,19

ultimately affecting hydrogen mobility and the strength of
capillary trapping.

4.5 Test 5—well perforation

Decreasing the well perforation results in a sharp decrease in
the minimum RF. The minimum RF1 decreases from 70% to
56%, and the minimum ultimate RF from 90% to 82%.
Conversely, the minimum MP1 increases from 71% to 84%
(Fig. 7).

The reduction of the well perforation is one of the only tested
strategies that result in poor correlation between the perfor-
mance metrics and the Ng 5. The highest Ng models experience
signicant performance improvement—on average, increases
of 13% in RF1, 17% in MP1, and 5% in the ultimate RF are
observed. Meanwhile, the lowest Ng models experience average
decreases of 3% and 0.5% in RF1 and the ultimate RF, respec-
tively, and an average increase of 1% in MP1. As a result, the
highest-Ng models show better performance than most of the
lowest-Ng models.

Nearly all models where RF decreases have low thickness of
layers and high continuity of lacustrine mudstones in the DOE
(Fig. 10). Half of the lowest-Ng models share these characteris-
tics (see Models 5, 7, 29, and 31 in Table 7), explaining their
average reduction in RF. In the model ensemble by Alshakri
et al.,4 models with a high setting for the thickness of layers
contain only one lacustrine mudstone layer at the top of the
reservoir, whereas models with low thickness of layers include
several of these mudstones (see Models 5 and 12 in Fig. 1).

These frequent lacustrine mudstone layers act as baffles that
vertically compartmentalize the reservoir because their perme-
ability can be 4 to 5 orders of magnitude lower than that of the
uvial sandstones (Table 2). When reducing the well perfora-
tion, this compartmentalization causes pressure discontinuities
across the lacustrine mudstones. This results in low average
reservoir pressures and reduction in the performance of UHS.

Fig. 9 Evolution of the flow purity (FP) during the production of cycle 1
in Models 5 and 12 in the reference simulations, Test 3 (no H2 cushion
has) and Test 4 (cushion gas composition).

Fig. 10 Differences in the cycle recovery factor (left) and mass purity (right) between the reference tests and Test 5 (well perforation) for the
model ensemble. The models with low thickness of the layers and high continuity of the lacustrine mudstone in the DOE are colored. They form
a group of models where the initial recovery factor is negatively affected by the reduction in well perforation.
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Fig. 11 shows that Models 15, 21, 23, and 31, which exhibit the
strongest decreases in cycle RF (Fig. 10), reach lower maximum
pressures and higher minimum pressures compared to the
other models.

The mechanism of H2 loss behind the distinct pressure
range of these models is illustrated in Fig. 12 for model 31. The
vertical reservoir compartments connected to the well experi-
ence higher pressure buildup than the deeper compartments
that are not connected to the well. Due to this vertical pressure
gradient, H2 can reach the deeper compartments, especially
through the channelized sandstones that allow for vertical
pressure communication. During the withdrawal of H2, the top
compartment (connected to the well) reaches the minimum

BHP constraint, ceasing production even though the pressure in
the deeper compartments remain above this limit. As a result of
this complex depressurization, some H2 remains trapped
beneath the lower lacustrine mudstones, leading to low RF.

While this early cessation of production causes a decrease in
RF for the models with low layer thickness and continuous
lacustrine mudstones, it also causes an increase in MP for most
of these models (Fig. 10). This increase occurs because the
purity of the produced gas decreases with time during a cycle
production. A sharp decrease of FP tends to occurs in the late
stages of production due to CH4 breakthrough (see, for
example, the evolution of FP for Model 5 in Fig. 9. Thus, if the
production is stopped early, the minimum FP increases because
CH4 breakthrough is prevented.

A reduced well perforation is benecial for the models where
the thickness of the reservoir and the sedimentological layers
have a high in the DOE, that is, for the highest-Ng models. In
these models, the well intersects thick sandstone layers and has
no lacustrine mudstone below the perforated interval. For
example, Fig. 13 shows the evolution of the H2 plume for Model
12 (which has high Ng) during cycle 1. The shorter perforation
interval promotes a vertical downwards lling that prevents the
occurrence of gravity override. The resulting H2 plume has an
almost horizontal interface with the in situ CH4, forming a H2

column thicker than the perforated interval. This conguration
keeps most of the CH4 segregated at the bottom of the reservoir,
reducing the inux of CH4 into the well. Note that this behavior
is only possible because the injected H2 volume is large enough
to completely ll reservoir along the perforation interval, so the
well is mostly hydraulically connected to a region of the reser-
voir that is lled with H2.

The performance metrics for the model ensemble are highly
sensitive to the perforation of the well. The reference simula-
tions showed that continuous lacustrine mudstones, i.e. the
reservoir baffles, enhance UHS performance by mitigating

Fig. 11 Evolution of the average reservoir pressure during UHS for the
entire model ensemble in Test 5 (well perforation). The models that
exhibit the largest decrease in cycle RF are colored.

Fig. 12 Cross-sectional view of the sedimentological layers, the H2 plume and the fluid pressures in Model 31 in Test 5 (well perforation) at
different stages of cycle 1. The gray solid line in the models indicates the position of the perforated well.
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buoyancy forces through compartmentalization.28 However, if
the well perforation does not reach zones below these baffles,
they can trap H2 and reduce RF. In contrast, the results for
models with high with Ng, i.e. a presumably less favorable
geology, show good performance with shorter well perforations.
Among the eight highest values of ultimate RF, seven corre-
spond to models in the highest-Ng set.

4.6 Test 6—reinjection of co-produced CH4

The proposed strategy for the reinjection of co-produced CH4

(Fig. 2) results in signicant changes in the performance
metrics for the model ensemble. These changes are caused by
the combined action of the reinjection of CH4 in a well perfo-
rated at the bottom of the reservoir (CH4 well) and the reduced
perforation of the well used for the injection of H2 (H2 well).

Since the impact of the reduced well perforation on UHS
performance is already assessed in Test 5 (well perforation), we
take this previous test as a reference for comparison, to isolate the
inuence of the reinjection of CH4 on the results. Compared to
Test 5, the minimum and maximum MP and the minimum RF1
remain approximately the same, but there are signicant changes
in the other performance metrics (Fig. 7). The maximum RF1
increases from 94% to 100%, the minimum ultimate RF from

82% to 87% and the maximum ultimate RF from 96% to 102%.
Themaximum values of RF1 and ultimate RF above 100% indicate
that some of the H2 initially injected as cushion gas is recovered.

The ultimate RF for the lowest and highest Ng models shows
average increases (Fig. 8) that are largely due to the reinjection
of co-produced CH4. Compared to the reference simulations,
the ultimate RF for the lowest Ng models shows an average
increase of 6%, against an average decrease of 0.5% when the
perforation of the H2 well is reduced without reinjection of CH4

(Test 5). The highest Ng models show an average increase of 9%
in the ultimate RF, against 5% in Test 5.

The strategy for the reinjection of co-produced CH4 enhances
RF because it repressurizes the reservoir during production,
which helps to maintain the average reservoir pressure above
the minimum BHP (Fig. S8) and prolongs H2 deliverability.
Moreover, the reinjected CH4 replaces part of the H2 cushion
gas in its function of maintaining a minimum working pres-
sure. As a consequence, part of the cushion gas can be recov-
ered, leading to a cycle RF above 100%. In addition to the
pressure support provided by the reinjected CH4, the high
values of RF also result from the placement of the CH4 well at
the bottom of the reservoir, which promotes the vertical segre-
gation of H2 and CH4 and reduces CH4 inux into the H2 well.

Fig. 13 Cross-sectional view of the sedimentological layers and the H2 plume in Model 12 in Test 5 (well perforation) at different stages of cycles
1 and 6. The yellow solid line in the models indicates the position of the well perforation.
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Fig. 14 presents the cycle RF and the difference in cycle RF,
compared to the reference simulations. For most models, the
cycle RF is always higher than in the reference simulations, and
reaches a value of 100% or higher by cycle 3. As an exception,
some models with high continuity of the lacustrine mudstones
and low thickness of layers in the DOE face a pronounced
decrease in RF1, when compared to the reference simulations
(Fig. 14). These models require more time for the pressure
support provided by the CH4 to become effective, because of the
uneven pressurization caused by the baffles (i.e. the lacustrine
mudstones) and the reduced well perforation (Fig. 11).

Eventually, these models surpass the cycle RF of the reference
simulations and reach values greater than 100% for this metric.

Fig. 15 presents the cycle MP and the difference in cycle MP
compared to the reference simulations. For nearly all models,
MP shows a trend that is signicantly different from the refer-
ence simulations and the other operational tests (Fig. S1 to S7).
In these other simulations, the cycle MP increases with
increasing cycles due to the replacement of CH4 by H2 in the
reservoir.28 But when reinjecting the produced CH4, the cycle
MP remains approximately constant for each model, because
the amount of CH4 in the reservoir does not decrease.

Fig. 14 Cycle recovery factor (left) and its difference from the reference tests (right) for Test 6 (reinjection of co-produced CH4). The models
with low thickness of the layers and high continuity of the lacustrine mudstones in the DOE are colored. They form a set of models whose initial
recovery factor is negatively affected by reduced well perforation.

Fig. 15 Cycle mass purity (left) and its difference from the reference simulations (right) computed for Test 6 (reinjection of CH4).
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For most of the models in the ensemble, MP1 is higher when
performing the reinjection of co-produced CH4 than in the
reference simulations. However, the increase in the cycle MP
tends to be lost aer a few cycles. By cycle 6, the cycle MP for the
entire model ensemble is equal to or lower than the cycle MP for
the reference simulations, with a difference that can reach
−12% (Fig. 15). Thus, the gains in RF obtained from the rein-
jection of co-produced CH4 come at the cost of purity in the
long-term.

Our models do not prevent the production of the H2 cushion
gas, part of which becomes unnecessary for pressure support
once CH4 starts to be reinjected. However, the H2 cushion gas
can also serve to maintain a minimum purity, as observed when
reducing the amount of cushion gas (Test 3) and when changing
its composition (Test 4). Thus, alternatively, production can be
stopped at each cycle when RF reaches 100%.

4.7 Test 7—no idle period

The performance metrics for the model ensemble are improved
when there is no idle period in the cyclic operations. Compared
to the reference simulations, where the cycles comprise a three-
months idle period, the minimum RF1 increases by 4%, the
minimum MP1 by 6% and the minimum ultimate RF remains
stable around 90%; the maximum RF1, maximum MP1 and
maximum ultimate RF increase by approximately 1% (Fig. 7).

During the idle period, mixing by molecular diffusion and
buoyancy forces develop without being counteracted by viscous
forces. Although these phenomena contribute to decrease RF
and purity, the overall inuence of the idle period on the

performance metrics is considerably smaller than that of the
other tested operational strategies (Fig. 8).

In our simulations, the dominating physical mechanism
during the idle period is gravity segregation promoted by
buoyancy forces (Fig. 5). Although this phenomenon is inten-
sied during the idle period, the buoyancy forces are already
signicant during H2 injection, as evidenced by the unstable
fronts observed in high Ng models (Fig. 5). Thus, most of the H2

loss due to gravity occurs already during the injection, the idle
period being a secondary source of loss.

Furthermore, the action of buoyancy forces is mostly
restricted to initial cycles, when more CH4 is present in the
reservoir. As CH4 is produced, the importance of these forces
decreases. As a result, the absence of idle periods leads to an
increase in the ultimate RF of only 1%. These results are
consistent with Kanaani et al.22 and Zamehrian and Sedaee,48

who reported small increases of approximately 1% in the ulti-
mate RF aer suppressing a two-month idle period.

4.8 Test 8—target rate

Among all tested operational strategies, doubling the target
rates produced the smallest impact on the performance metrics
(Fig. 8). The change in ultimate RF is small and slightly nega-
tive, with an average decrease of 0.3%. This variation is
marginal and likely falls within the numerical error associated
with time stepping and numerical diffusion.

Higher injection rates mitigate buoyancy effects by
promoting a more viscous-dominated and less gravity-
dominated ow regime. This effect is illustrated in Fig. 16,

Fig. 16 Cross-sectional view of the sedimentological layers and the H2 plume in Model 12 at the end of the injection and the idle period of cycle 1
for Test 7 (target rate) and the reference simulations.
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which shows the H2 plume in Model 12 at the end of the
injection of cycle 1. Compared to the reference simulation,
gravity override develops farther from the well. Despite this
change in the H2 plume, doubling the target rates does not
impact RF for Model 12 signicantly, which is representative of
the average behavior of the entire model ensemble.

In early cycles, the low impact of the target rates on the
performancemetrics can be explained in part by a counter effect
that occurs during the idle period. Once the injection is
stopped, the H2 plume rearranges towards a static vertical
equilibrium, offsetting the mitigation of gravity override
promoted by higher rates during H2 injection. For example, the
H2 plume in Model 12 at the end of the idle period of cycle 1 is
similar for the reference simulation and for the simulation
where the target rates are doubled.15 In later cycles, the impact
of target rates tends to become even less signicant because the
potential loss of H2 due to gravity override is smaller, since the
amount of CH4 in the reservoir decreases.

A second mechanism that counteracts the expected
improvement in UHS performance at higher target rates is the
development of stronger pressure gradients along the well. The
well intervals where pressures are lower cease production early,
before higher-pressure intervals reach their full recovery
potential. This early cessation of production tends to decrease
RF and also explains the average increase in MP1, as discussed
for Test 5 (well perforation) in Section 4.5.

It is important to note that, apart from mitigating gravity
override, higher ow rates can also boost mixing through
hydrodynamic dispersion. This latter is not considered in our
models, and could potentially change the impact of higher ow
rates on UHS performance.

5 Guidelines for site screening and
field development

We observed that the interplay between reservoir geology and
operational constrains can impact the performance of UHS in
different ways. We use these observations to establish a general
framework that provides guidelines to identify depleted gas
elds that are more suitable for UHS and to plan operational
strategies that optimize UHS operations in these elds.

Fig. 17 presents this general framework, which can be
divided in guidelines for site screening and for development
planning. The screening procedure integrates the geological
features previously identied as key controls, quantied
through Ng in eqn (8), together with two operational parame-
ters: depletion level and injected amount of H2. The screening is
also informed by, and can be updated based on, well planning,
which therefore sits at the interface between screening and
development planning.

Depletion level, injected amount of H2, and well perforation
are included in the screening criteria because of how they
interact with geology. The impact of these strategies on UHS
performance signicantly depends on the reservoir Ng (Fig. 8).
Moreover, variations in UHS performance due to different well
perforations are impacted by the presence of continuous
lacustrine mudstones. This has important implications
because by changing the operational strategies that interact
with geology, reservoirs with less favorable geology can yield
good UHS performance and vice versa. Higher depletion levels
and a short-enough well perforation yield good UHS perfor-
mance for geological scenarios that have high Ng, i.e. for
reservoirs with less favorable geology. Moreover, the UHS
performance for reservoirs with high Ng is hindered when the

Fig. 17 Framework for the site screening (step 1) and development planning (step 2) for UHS in depleted gas fields. The planning of well
perforation phase integrates both the screening and the development planning steps.
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stored amount of H2 is signicantly below full storage capacity,
while reservoirs that have low Ng can perform well for a wider
range of depletion levels injected amounts of H2. For these
reasons, the three operational strategies (depletion level,
injected amount of H2 and well perforation) integrate the
screening step.

The framework for development planning includes guide-
lines for well perforation, which informs and is informed by the
screening step, and four operational strategies that do not
inuence the site selection process: cushion gas amount and
composition, reinjection of co-produced formation gas, target
rates and the duration of idle periods. These four operational
strategies are divided in two categories—low potential and high
potential—according to the potential they show in our opera-
tional tests to inuence UHS performance. The strategies with
low potential include the duration of the idle period and the
target rates. The strategies with high potential include the
amount and composition of the cushion gas and the reinjection
of co-produced formation gas (CH4). Despite of their signicant
inuence on UHS performance, these latter strategies can be
planned aer site screening because they are largely indepen-
dent from geology. The amount and composition of cushion gas
improves UHS performance similarly across all tested geolog-
ical scenarios (Fig. 8). As for the reinjection of co-produced CH4,
although its impact on UHS performance is highly sensitive to
Ng and to the presence of baffles, this sensitivity arises from the
well perforation rather than from the CH4 reinjection itself.

5.1 Criteria and guidelines for site screening

The site-screening step consists of a primary screening followed
by a geological–operational screening. The primary screening
considers social-technical-economical criteria and characteris-
tics of the reservoir, with the objective of disqualifying reser-
voirs that can be rapidly judged as unsuitable for UHS. The
proposal of these high-level criteria is not the focus of this work.
However, several studies suggest approaches to screen candi-
date reservoirs for UHS worldwide, commonly considering
criteria such as the proximity of the site to renewable-energy
installations, cities, and pipeline networks,16,39 as well as the
lithology of the caprock10,21,26,34 and the presence of faults.10,26,34

The main novelty proposed here is the geological-
operational approach to further screen and rank candidates
that are qualied in the primary screening. This approach
provides a method to rank and select the depleted gas elds
building on the analysis presented here and our earlier work.28

This geological-operational screening should be viewed as
a step within a broader screening procedure, and does not
preclude the addition of further screening steps based on
physical phenomena that are not accounted for in our models,
such as H2 loss due to biogeochemical reactions;10,43 multiphase
displacement effects governed by wettability, interfacial
tension, and residual trapping;14,46 and leakage through the
caprock, bounding faults, and abandoned wells.15,46

Candidate reservoirs for UHS have different geological
scenarios, depletion levels, and storage capacities. The inter-
action that was observed between geology (characterized by the
reservoir Ng), depletion level and stored amount of H2 implies
that they must be considered together for site screening.
Depletion level and stored mass of H2 ultimately modify the
relative proportions of H2 and CH4 in the reservoir. The strength
of buoyancy forces, given by Ng, determines the susceptibility of
the reservoir to producing CH4 due to gravity override; but the
amount of CH4 that actually is produced depends on the uid
composition in the reservoir i.e. the proportional amount of
CH4 and H2.

Fig. 18a and b illustrate this concept. They depict scenarios
in which different volumes of H2 are injected into two reservoirs
with identical geology and identical rock and uid properties.
Because buoyancy forces depend only on these properties, their
magnitude is the same in both reservoirs. The limiting state for
the action of buoyancy forces is the hydrostatic equilibrium
shown in the gures, where a column of H2 develops over
a column of denser formation gas, which here is CH4. The
volumes occupied by these columns in the reservoir depend on
the proportional mass of injected H2 and CH4, and have
implications for the composition of the gas produced at the
well. The reservoir with the lower injected volume of H2

contains a higher proportional amount of CH4; as a result, it
leads to a lower minimum purity under the same buoyancy
forces than in the other reservoir.

Based on this concept, we propose scaling the buoyancy-
force component of the modied gravity number (eqn (8))

Fig. 18 Conceptual models for the configuration of H2 and a denser formation gas after the full development of buoyancy forces in identical
reservoirs, considering two injected volumes of H2 (V1 and V2, with V1 > V2) and two well perforations. The reservoirs in (a) and (b) have the same
well perforation but different injected amounts of H2. As a result, the minimum purity of the produced H2 is lower in reservoir (b). The reservoir in
(c) has the lowest injected amount of H2 but a shorter well perforation than the others; as a result, it recovers H2 at a higher purity than reservoir
(b), despite having the same injected H2 volume.
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with the mass ratio of CH4 and H2 to dene the gravity–purity
number, given by:

NGP ¼ Fb

MCH4

MH2

¼ kxHgDr cos a
MCH4

MH2

; (9)

where Fb is buoyancy force, kx is the reservoir upscaled longi-
tudinal permeability,H is the thickness of the depositional cycle
(repeating sandstone–mudstone patterns), a is the reservoir dip
angle, g is gravitational acceleration, Dr is the density difference
between H2 and CH4,MCH4 is the mass of CH4 initially in place,
and MH2

is the maximum stored mass of H2. The density
difference Dr should be computed at a consistent reference
pressure and temperature for all reservoirs. Here, we computed
the uid densities at the minimum BHP, following Loyola
et al.,28 and at the constant reservoir temperature of 55 °C. The
mass MH2

is the maximum stored mass of H2 in one cycle. The
mass MCH4

is computed as:

MCH4
= Vrf�pCH4

(T0,p0), (10)

where Vr and f�are the reservoir volume and average porosity,
respectively, and pCH4

(T,p0) is the density of CH4 as computed
for the initial reservoir pressure (p0) and temperature (T0).

Note that NGP is not dimensionless, unlike Ng. It has units of
force, as it scales the magnitude of buoyancy forces with the H2–

CH4 mass ratio to express their potential impact on purity and
recovery factor. We omit the viscous-force component of the

gravity number, because ow rates were observed to have
limited impact on UHS performance; therefore, they are
considered only in later stages of the development planning
step (Fig. 17).

Fig. 19 shows that, when considering the reference tests
together with Test 1 (depletion level) and Test 2 (injected
amount), NGP correlates strongly with the ultimate RF. For
this reason, we propose NGP as the main criterion in the
geological-operational screening. NGP allows the ranking of
storage units using geological features (e.g. reservoir thick-
ness, dip, and upscaled permeability), depletion level, and
store mass of H2. By incorporating operational strategies, NGP

improves the modied Ng with the consideration of opera-
tional strategies that control the mass proportion of H2 in the
reservoir.

Fig. 19 illustrates that NGP captures the high improvement in
UHS performance for highest Ng models when the depletion
level is high. It also shows that the lowest Ng models achieve
ultimate RF values above 91% regardless of the tested depletion
level or injected H2. Thus, models with low Ng imply good UHS
performance in situations where depletion level and storage
volumes are uncertain.

NGP assigns a higher ranking to a candidate eld as the
depletion level increases. This is a direct consequence of the
assumption made in our operational tests, according to
which the deliverability of H2 at the well is not compromised
by lower reservoir pressures and BHPs. It is possible, none-
theless, that target production rates require a minimum BHP
that is well above the pressure of the depleted gas eld. In
that case, the proposed site screening can be further
enhanced by disqualifying reservoirs with pressures signi-
cantly lower than the desired minimum working pressure.
The estimation of a minimum working pressure for the well
system should be feasible during site selection, because
target rates are dictated by a previously identied H2 demand
that justies the UHS operation. This disqualication
represents one way in which well planning can inuence the
site selection process. Nonetheless, providing criteria for this
disqualication is out of the scope of the current work, since
it would require consideration of the design of wellbore
hydraulics and surface facilities.

5.2 Criteria and guidelines for development planning

The framework for development planning provides guidelines
to design different operational strategies for UHS. These strat-
egies are categorized according to their low or high potential to
optimize UHS performance.

We propose the types of criteria that can be used to design
operational strategies, without dening precise quantitative
values or detailing specic evaluation methods. The purpose of
this framework is to provide guidelines that serve as starting
points for more detailed, interdisciplinary and site-specic
assessments of UHS operational strategies.

5.2.1 Well perforation. A sufficiently short well perforation
can mitigate gravity override in geological scenarios with high
Ng. Fig. 17 presents the criteria to optimize well perforation. If

Fig. 19 Correlation between the gravity–purity number (NGP) and the
ultimate recovery factor (RF) for the entire model ensemble in the
reference simulations, Test 1 (depletion level), and Test 2 (injected
amount of H2). The lowest-Ng and highest-Ng models are highlighted.
Different operational tests are represented by different symbols.
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a depleted reservoir contains multiple wells, these criteria can
also be used to identify the most suitable wells to be repurposed
for injecting H2.

The well should be placed updip, and be perforated the top
of the reservoir, since the H2 tends to migrate upwards due to
gravity segregation from the formation gas. In addition,
perforation length is a key factor controlling UHS perfor-
mance (see Section 4.5). If the injected volume of H2 is large
enough to ll the reservoir to a thickness greater than the well
perforation, the formation gas is displaced downward away
from the well (Fig. 13 and 18c). Hence, we propose that the
well perforation should be short enough to be hydraulically
connected only to reservoir zones that are lled with H2. This
recommendation is particularly relevant for for reservoirs
with higher Ng, which are more susceptible to buoyancy
forces.

Fig. 18b and c provide conceptual models illustrating the
interplay between the well perforation and the injected amount
of H2. If the well perforation is short relative to the thickness
occupied by the H2 column, inow to the well will consist
predominantly of H2 (Fig. 18c). Otherwise, the well will also be
hydraulically connected to deeper zones occupied by formation
gas (Fig. 18b).

The presence of laterally continuous baffles is also a critical
factor to consider when planning well perforation. In our
model ensemble, the baffles are laterally continuous
mudstones that have maximum permeability of 0.01 mD,
which is 4 to 5 orders of magnitude smaller than the perme-
ability of the uvial sandstones. These baffles compartmen-
talize the reservoir and reduce the effective thickness over
which buoyancy forces act, thereby mitigating gravity override
and potentially improving UHS performance.28 However, they
also pose a risk of trapping H2 in geobodies below them that
are not connected to the well. Therefore, if laterally extensive
baffles are present in the reservoir, the well perforation should
be long enough to reach zones below the baffles to which H2

can migrate.
In practice, there is oen signicant uncertainty regarding

the lateral extent of baffles intersecting wells. If a reservoir
contains frequent baffles of uncertain extent, the risk of H2

trapping beneath them exists. This risk can be mitigated by
perforating the well across the entire reservoir thickness. When
this strategy is not feasible, the most conservative approach do
deal with this uncertainty is to disqualify such reservoirs for
UHS. In this way, well-perforation planning informs and
updates the screening stage.

While the criteria for well perforation planning are based on
numerical models involving a single well for H2 injection and
production, these criteria can be applied individually to each
well when multiple wells are used, taking into account their
respective zones of inuence within the reservoir.

We restrict ourselves to providing criteria for well perfora-
tion, which directly interacts with reservoir geology and is
considered in our tests. However, as stated in Section 5.1, other
aspects of well design, notably working pressure constraints,
could also inform the site screening process.

5.2.2 Cushion gas and reinjection of formation gas
strategy. The cushion gas amount and composition have high
potential to improve UHS performance. These strategies should
be dened based on at least three criteria: the need for pressure
support, the required minimum purity, and total costs.

Pressure support is required when the reservoir pressure is
lower than the minimum working pressure. It can also be used
to improve H2 production when the reservoir is expected to
develop high pressure gradients during storage operations,
which favor the migration of hydrogen away from the well. The
required minimum purity depends on the intended application
for the H2. The use of cushion gas can improve the purity of the
H2 produced at the well, potentially reducing purication costs.

The cushion gas composition is particularly relevant for
meeting purity requirements. While pressure support can be
provided by any type of gas, improvements in the minimum
purity of the produced H2 are achieved mainly through the use
of H2-containing cushion gas.

All these considerations need to be evaluated together with
a cost assessment. Ultimately, a cushion gas strategy is only
effective if the costs associated with the cushion gas are
compensated by gains in H2 production or by reductions in
purication costs.

The reinjection of co-produced formation gas is a waste
management solution that can also provide pressure support to
the reservoir. Similar to the planning of the cushion gas
strategy, this strategy requires consideration of the need for
pressure support, as well as careful evaluation of minimum
purity requirements and costs. The reinjection of co-produced
formation gas tends to maintain the purity of the produced
H2 at approximately constant levels and to increase purication
costs in the long term (see Section 4.6). Moreover, this strategy
requires an additional injection well. To limit the co-production
of formation gas aer reinjection, this well should be perforated
near the bottom of the reservoir and should not have pressure
interference with the H2 injection–production well. The same
considerations apply if a separate well is planned for injecting
any cushion gas other than H2.

5.2.3 Idle period duration and target rates. The duration of
the idle period and the target rates should be adjusted to
factors external to the reservoir, such as expected schedules
for H2 production and energy demand. The planning of target
rates should also consider the constraints of the injection
system and the well. Since these parameters are inuenced by
external factors, they are not exibly adjustable. Moreover,
since they depend on H2 production demand, they are ex-
pected to vary. The limited exibility in their adjustment and
their variability are not detrimental to the operation and
should not interfere with the site selection process, as both
operational strategies showed low impact on UHS perfor-
mance metrics and limited interaction with geology in our
operational tests.

6 Conclusions

We performed several operational tests, corresponding to
simulations of UHS with different operational strategies,
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using a model ensemble that contains various geological
scenarios for the Bunter sandstone. The tested operational
strategies include depletion level, injected amount of
hydrogen, cushion gas amount and composition, well perfo-
ration, reinjection of co-produced gas, duration of the idle
period and target rates.

The operational tests are based on a set of reference
simulations, based on which we identied the geological
controls on UHS performance and proposed a modied gravity
number as a geological screening criterion. We identied the
potential impact of the tested strategies on UHS performance
by comparing the results of the operational tests with those of
the reference simulations. We also assessed the interaction
between operational strategies and reservoir geology by
comparing how the strategies affected UHS performance
metrics across different geological scenarios, mainly relying
on comparisons between reservoir models with low and high
gravity numbers. The main ndings of the operational tests
are summarized below.

� UHS performance in reservoirs with high gravity numbers
is sensitive to the depletion level and can be adequate if the
depletion level is high. On the other side, reservoirs with low
gravity number can achieve strong UHS performance at
a higher range of depletion levels because they are less
susceptible to gravity override. This conclusion is based on the
assumption that lower minimum working pressures can be
used for higher depletion levels without affecting well
deliverability.

� UHS performance in reservoirs with high gravity numbers
is also sensitive to the injected amount of hydrogen. In these
reservoirs, operating below storage capacity compromises
performance. In contrast, reservoirs with lower gravity
numbers perform well across the tested injected masses of
hydrogen.

� Changes in the amount and composition of cushion gas
cause signicant differences on UHS performance metrics that
are largely independent of geology.

� UHS performance in reservoirs with high gravity
numbers can be signicantly improved if the well perforation
is sufficiently short and placed at the top of the reservoir. The
perforation length should be short enough to be hydrauli-
cally connected to reservoir zones lled mostly with
hydrogen.

� If the reservoir has frequent and laterally continuous
baffles, there is a risk of hydrogen trapping. In these cases,
the well perforation should be long enough to reach the
geobodies below the baffles, where hydrogen may be
trapped.

� The reinjection of produced formation gas is a waste
management solution that also serves to provide pressure
support to the reservoir. This strategy can improve the recovery
factor at the cost of a long-term reduction in purity.

� The duration of the idle period and the target rates have
low potential to affect UHS performance.

In summary, reservoirs with high gravity number can be
engineered to yield good UHS performance if critical opera-
tional strategies such as well perforation and depletion level

are carefully planned. Reservoirs with low gravity numbers
offer more exibility for different operational strategies and
are therefore better-suited to handle operational
uncertainties.

Based on these ndings, we proposed a framework for site
screening and development planning for UHS in depleted gas
elds. The site screening framework includes a screening
criterion called the gravity–purity number, an extension of our
modied gravity number that integrates geological and oper-
ational aspects. This criterion can be used to select candidate
gas reservoirs that minimize the loss of hydrogen through
buoyancy effects, considering their geology and the propor-
tional amount of hydrogen and resident gas in the reservoir.
This latter depends on operational parameters such as
depletion level and the stored volume of hydrogen. The
screening step is also informed by the identication of later-
ally extensive baffles in the reservoir, which pose the risk of
trapping of hydrogen.

The gas reservoirs identied as suitable for UHS by the
screening procedure should undergo more detailed studies as
part of their development planning, which includes the design
of the well system and the choice of cushion gas. Our proposed
framework indicates the types of criteria that should guide the
optimisation of these strategies. These criteria are oen
external to the reservoir—typically related to cost analysis and
well-system constraints—so development planning is inevitably
interdisciplinary. We do not provide objective criteria for these
external factors, which should be addressed in complementary
studies to the reservoir geology and engineering analyses pre-
sented here. The selection of optimal UHS strategies for target
elds requires an integrated approach combining techno-
economic analyses with coupled reservoir-wellbore ow
simulations.

The physical phenomena considered in the numerical
models are isothermal gas ow and molecular diffusion. The
main source of hydrogen loss in this setting is gravity override;
thus, the proposed guidelines for screening and development
planning target the mitigation of undesired gravity effects.
However, other physical processes that may cause hydrogen
loss, such as hydrogen-consuming reactions, dispersion, water
ow due to aquifer support, capillary effects and other interfa-
cial phenomena, were not included. Future studies should
incorporate these physical phenomena and evaluate their
impact on hydrogen loss to rene the screening and develop-
ment planning framework.
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