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ARTICLE INFO ABSTRACT

Keywords: With the rapid expansion of renewable energy deployment, underground hydrogen storage (UHS) has emerged as
Interlayer a promising large-scale storage option to smooth seasonal fluctuations in electricity supply. However, current
OpenGoSim

geological assessments for UHS primarily focus on reservoir properties such as porosity and permeability, while
overlooking the influence of interlayers. To address this research gap, this study systematically investigates how
interlayer characteristics, including permeability, thickness, and geometry, affect hydrogen recovery efficiency
and the extent of unrecoverable hydrogen. Numerical simulations were conducted using OpenGoSim (OGS)
software, beginning with a box model and extending to a realistic geological model based on the Ahuroa gas
storage site.

Simulation results reveal that, under fully perforated conditions, lower interlayer permeability impedes up-
ward hydrogen migration, thereby reducing the impact of gravity override and enhancing hydrogen recovery
efficiency. With decreasing interlayer permeability, hydrogen transport into the interlayer shifts from advection-
dominated transport to diffusion-dominated transport, resulting in greater hydrogen volume than predicted by a
model that neglects molecular diffusion. The study further demonstrates that optimizing well configuration
should consider interlayer properties to maximize recovery efficiency. Consistency between the box model and
the realistic geological model supports the generality of the findings.

By integrating interlayer characteristics into site evaluation, this work enhances the accuracy of hydrogen
recovery efficiency evaluation and advances UHS assessment.

Underground hydrogen storage
Hydrogen recovery efficiency
Molecular diffusion

depleted reservoirs, is considered the preferred option. It combines large
storage capacity, wide geographical distribution, existing infrastructure

1. Introduction

The Paris Agreement, endorsed by 196 countries, aims to limit the
global temperature rise to 1.5 °C above pre-industrial levels [1,2].
Achieving this target requires reducing carbon emissions by 45 % by
2030 and achieving net-zero emissions by 2050 [3]. Consequently, the
share of fossil fuels in the energy system should decline, while the de-
mand for renewable energy sources such as wind and solar is expected to
increase [4].

One limitation of renewable energy is the seasonal variability of its
supply [5,6], which leads to periods of oversupply and shortages.
Hydrogen, as an energy carrier, offers a possible solution to this
supply-demand mismatch. Surplus renewable energy can be converted
into hydrogen and stored for subsequent electricity generation [7,8]. To
address seasonal variations, underground storage, particularly in
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from prior gas production, and proven geological sealing capability
[9-11].

Depleted reservoirs, having been exploited for many years, exhibit
lower pressures than their original states. To utilize such reservoirs for
underground storage, an initial injection of cushion gas is required to
restore the reservoir pressure. In underground gas storage (UGS),
cushion gas has commonly been natural gas, identical to working gas.
However, in UHS, as hydrogen is relatively expensive, more economical
alternatives such as natural gas, carbon dioxide, or nitrogen may be
chosen as the cushion gas [11-14]. During the withdrawal stage, a
portion of cushion gas would be co-produced with hydrogen [15]. When
the injected and withdrawn gas volumes are kept equal to prevent
excessive pressure decline, the co-production of cushion gas leads to a
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reduction in hydrogen recovery efficiency (defined as the ratio of the
volume of hydrogen withdrawn to that of hydrogen injected) [16]. In
addition, compared with these common cushion gases, hydrogen pos-
sesses a lower density [17,18]. The density contrast enhances buoyancy
forces, promoting gravity override and thereby reducing hydrogen re-
covery efficiency [19-21].

Sedimentary formations often consist of multiple layers with
different permeabilities [22]. Such permeability contrasts between
layers influence gas flow within multilayered reservoirs [23-26]. In the
context of UHS, where multiple gas components coexist, these contrasts
can also affect gas mixing and distribution. Arekhov et al. [27] and
Reijnen-Mooij et al. [28] investigated the influence of permeability
contrasts between geological layers on hydrogen purity in UHS. Both
studies found that permeability contrasts intensify hydrogen-methane
mixing in UHS, leading to reduced hydrogen purity during withdrawal
stage.

In UHS, the presence of multiple gas components causes gas flow in
porous media to involve not only advective flow, but also molecular
diffusion [29]. Molecular diffusion is driven by the concentration
gradient and is a comparatively slow process compared to advection
[30]. Molecular diffusion includes gas-phase molecular diffusion
(gaseous components) and liquid-phase molecular diffusion (molecular
diffusion of dissolved gas in the aqueous phase) [29,31]. The diffusion
coefficient for gas—phase molecular diffusion is generally higher than
that for liquid-phase molecular diffusion [17]. Arekhov et al. [27]
investigated the effect of gas-phase molecular diffusion on hydrogen
recovery efficiency in UHS. They found that ignoring molecular diffu-
sion can lead to an overestimation of the hydrogen recovery factor.
Hemme and Van Berk [32] investigated the risk of gas leakage through
caprock through diffusion. Their one-dimensional simulations revealed
that the loss of aqueous hydrogen due to gas-liquid diffusion is negligible
because the process is extremely slow.

Previous studies on UHS in multilayered reservoirs have mainly
focused on the influence of layer permeability contrasts on gas flow and
mixing [27,28]. However, the influence of low-permeability interlayers
has received little attention, especially under conditions where the
permeabilities of individual layers are similar. Although these in-
terlayers do not influence the production capacity of individual layers,
they may impede upward gas migration in such reservoirs, thereby
affecting the spatial distribution of hydrogen and cushion gas. More-
over, hydrogen migration into low-permeability interlayers driven by
molecular diffusion has received limited attention, despite its potential
to increase unrecoverable hydrogen.

To address this gap, a series of simulations were performed using a
box model to systematically evaluate the impact of interlayer properties,
such as permeability, thickness, and geometry, on hydrogen recovery
efficiency. These findings were subsequently validated in a realistic
geological model of the Ahuroa gas field.

2. Model setup
2.1. Governing equations

The governing mass conservation equations used in the model are
[33]:

0 p p
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where @ is porosity, dimensionless; n, is the number of phases; j is an
index denoting the phase, j = 1---n; n. is the number of components; i is
an index denoting the component, i = 1---n; X;; is the mole fraction of
component i in phase j, dimensionless; S; is the saturation of phase j,
dimensionless; 7; is the molar density of phase j, mol /m3; u; is the flow

velocity of phase j, m/s; D is the diffusion coefficient of phase j, m?/ s; g;

International Journal of Hydrogen Energy 211 (2026) 153704

is the source/sink term of phase j per bulk volume, mol/(m? -s).
The velocity of phase j in the porous media is given by Darcy's
equation:

kk; _
w=—— = (VP —pgz) @)
J

where k is the absolute permeability, m?; k;; is the relative permeability
of phase j; ; is viscosity, Pa.s; P; is fluid pressure of phase j, MPa; p; is the
mass density of phase j, kg/m?; g is the gravitational constant, m/s?; Z is
a unit vector in the direction of gravity.

In this study, the fluid rate between the wellbore and the reservoir is
computed using the Peaceman formulation [34]. For wells completed
across multiple layers, a multilayer well model is employed to distribute
the total injection/production rate among individual completions. In
this model, the allocation is governed by both transmissibility and phase
mobility. Further details of the formulation and implementation can be
found in Ref. [35].

The density and viscosity of the gas mixture are given as follows:

1= Xallg + XpTy 3)
H=Xalq + Xpjy 4

where x is mole fraction of different gas components, and a, b are the two
gas components (natural gas and hydrogen).

In this study, biochemical and chemical reactions that can affect gas
purity and flow behavior within the reservoir [36-38], were not
considered. The magnitude of these effects is strongly site-specific,
depending on bacterial abundance and mineralogical composition. As
there is no related experimental data for the Ahuroa field and some
previous studies indicate that these reactions lead to only negligible to
small hydrogen losses [39,40], their impact is not accounted for in this
study.

2.2. Fluid model

In this study, only the gas and aqueous phases are considered. Nat-
ural gas (molar composition: 94.0 % CHj, 4.5 % N, and 1.5 % CO») is
treated as cushion gas, so the gas phase comprises two components:
hydrogen and natural gas. The density and enthalpy of hydrogen and
natural gas are calculated using the GERG 2008 equation of state [41].
The viscosity of hydrogen and natural gas are calculated using the
Lohrenz-Bray-Clark method [42] and a residual entropy method
respectively [43].

Gas and water relative permeability curves were calculated based on
the modified Corey relative permeability model [44]:

Sw - Swr o
N Sy) ®)
S, — S "
krg = krg.max (1 - ﬁ) (6)

where ky, is the relative permeability of water; kny max is the maximum
relative permeability for water; S,, is water saturation; S, is residual
water saturation; ky is the relative permeability of gas; krgmax is the
maximum relative permeability for gas; S, is gas saturation; Sg is re-
sidual gas saturation; n, is water exponent; ng is gas exponent. The
model input parameters and the corresponding curves used in this study
are provided in Table 1 and Fig. S1 (Supplementary Material).

In this study, hydrogen is assumed to only exist in the gas phase, and
dissolution of hydrogen into brine is neglected, as hydrogen has rela-
tively low solubility compared with other commonly studied under-
ground gases, such as carbon dioxide or methane [15]. Previous studies
have shown that hydrogen dissolution has a limited influence on
gas-phase migration and that dissolution-induced hydrogen loss is minor
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Table 1
Parameters input in the box model.

Parameters Unit Value

Numbers of layers Dimensionless 4

Thickness of layers m 15
Reservoir permeability mD 100
Interlayer permeability mD 1073

Dimensionless ~ 0.15
Dimensionless 0.1

Reservoir porosity
Interlayer porosity

Initial pressure MPa 17

Initial temperature °C 70

Gas molecular diffusion [17] m?/s 2 x
10°°

Dimensionless 0.2
Dimensionless ~ 0.05

Residual water saturation

Residual gas saturation

Water exponent for modified Brooks-Corey functions

Gas exponent for modified Brooks-Corey functions

Maximum relative permeability for water in modified
Brooks-Corey functions

Maximum relative permeability for gas in modified
Brooks-Corey functions

Dimensionless 2.5
Dimensionless 3
Dimensionless 1

Dimensionless 1

[20]. In addition, because of the low solubility of hydrogen in brine and
the small molecular diffusivity in the aqueous phase, liquid-phase
diffusion is neglected in this study, and only gas-phase molecular
diffusion is considered [27,32].

Mechanical dispersion and viscous fingering are two mechanisms
that may influence gas mixing in UHS. Mechanical dispersion depends
on flow velocity and pore-scale heterogeneity of the porous medium
[45], while viscous fingering arises from viscosity contrasts between
displacing and displaced fluids and is also influenced by flow velocity
[46]. In the low-permeability interlayers, gas velocities are expected to
be small, so both effects are likely to be limited. In addition, mechanical
dispersion remains highly uncertain at the reservoir scale, especially
with respect to field-scale dispersion coefficients. For these reasons,
mechanical dispersion is not included in this study. Regarding viscous
fingering, at the macroscopic scale, viscosity effects relevant to viscous
fingering are represented through the viscosity term in the continuum
formulation of Darcy's law. However, accurately resolving finger-scale
instabilities typically requires highly refined grids and sufficiently
small time steps [47,48], which is computationally impractical for the
reservoir-scale simulations performed in this study.

Capillary pressure is defined as the pressure difference between the
non-wetting and wetting phases [33], and is influenced by pore-throat
size, with smaller pore throats (typically associated with
low-permeability media) tending to produce higher capillary pressures
[49]. If the rock is gas-saturated, capillary pressure is expected to have a
limited influence on gas migration because capillary effects mainly act
in two-phase regions associated with gas-water displacement.
Conversely, if the rock is fully water-saturated, gas migration into the
interlayer is already strongly restricted. Including capillary pressure
would further inhibit gas entry and is unlikely to affect our simulation
results. Accordingly, capillary pressure is neglected in this study.

2.3. Numerical model

Many software packages have been employed for simulating multi-
component flow during UHS, including commercial simulators such as
Eclipse [50], CMG-GEM [51], COMSOL [52], and research-oriented
open-source frameworks such as MATLAB Reservoir Simulation
Toolbox (MRST) [53] and DuMu® [30]. These tools have been used to
investigate hydrogen migration, mixing with cushion gas, chemical re-
action, and leakage in UHS.

In this study, all simulations are performed with the reservoir
simulator Cirrus (formerly referred to as PFLOTRAN-OGS), developed
by OpenGoSim. Cirrus is designed for multiphase, multicomponent flow
and transport in porous media and is built on the open-source PFLO-
TRAN framework [54]. It employs a cell-centred finite-volume

International Journal of Hydrogen Energy 211 (2026) 153704

formulation on structured and unstructured grids. Model setups,
including the grid, rock and fluid properties, and operating conditions,
are defined via text-based input files. The code is parallelized and can be
executed on both Windows and Ubuntu platforms for efficient
large-scale simulations. In Cirrus, spatial discretization uses a two-point
flux approximation, and time integration is performed with a first-order
fully implicit scheme. The resulting nonlinear algebraic system is solved
using a Newton-Raphson method.

Cirrus has been widely used in studies of subsurface gas storage,
including applications to carbon dioxide sequestration and underground
hydrogen storage. Sheikhi and Flynn [55] investigated hydrogen
migration and mixing in a depleted gas reservoir containing a low
permeability interlayer. Compositional simulations were performed
using Cirrus and CMG, and the two simulators produced closely
consistent results. Further methodological details and validation
benchmarks are provided in Refs. [45,56].

2.4. Spatial discretization

In prior simulation studies, some employ simplified models [50,51,
53], whereas others use realistic reservoir-scale models [30,52,57]. In
this study, we adopt a two-stage modelling strategy: a simplified model
is first used to develop generalizable insights and to isolate key mech-
anisms, and the main findings are then verified in a more realistic
geological model to demonstrate their robustness under reservoir-scale
conditions.

The simplified model represents a reservoir with a top depth of 2000
m and dimensions of 1000 x 1000 x 66 m3. The grid size is 20 m x 20 m
in the horizontal direction and 3 m in the vertical direction. The reser-
voir is composed of four homogeneous sandstone layers, each 15 m
thick, separated by interlayers (Fig. 1). It is bound by no-flow conditions
on all six faces. A sensitivity study on grid size is presented in Supple-
mentary Material, which indicates that the current grid resolution is
sufficient to accurately capture both Darcy-scale advective transport and
the diffusion-driven transport analyzed in this study.

2.5. Initialization

The permeability and porosity of sandstone layers are 100 mD and
15 %, respectively, while those of interlayers are 10> mD and 10 %.
These parameters are consistent with sandstones sampled from the
Ahuroa natural gas field in New Zealand [57]. The initial reservoir
temperature and pressure are 70 °C and 17 MPa. A single well located at
the center of the reservoir is considered in the simulation. The well is
perforated across all sandstone layers, while the interlayers remain
unperforated.

The relative permeability curves were calculated using the Brooks-
Corey functions, with the specific parameters detailed in Table 1.
Additional parameters used in the simulation are also detailed in
Table 1.

2.6. Simulation setup

The first step of the simulation was injecting natural gas as cushion
gas. During this stage, gas was injected at a rate of 5 x 105 Sm®/day for
160 days (Sm?: standard cubic meters at 15 °C and 1 atm). Following
cushion gas injection, ten consecutive injection-withdrawal cycles were
performed. Each cycle comprised a 90-day injection stage followed by a
90-day withdrawal stage. Injection and withdrawal rates are 1 x 10°
Sm°®/day (Fig. 2). During the injection stage, pure hydrogen was injected
into the reservoir. During the withdrawal stage, the withdrawn gas
consisted of a mixture of hydrogen and natural gas, with its composition
varying temporally based on the hydrogen recovery and the extent of gas
mixing in the reservoir.

Through the injection-withdrawal cycles, bottomhole pressure (BHP)
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Fig. 1. Schematic diagram of multi-layer box model. Model regions are schematic and not drawn to scale.
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Fig. 2. Injection and withdrawal rates at different stages in the baseline model (Gas rate >0: Injection, Gas rate <0: Withdrawal).

was maintained between 16 and 24 MPa. The injection rate would be
reduced when the BHP approached the maximum allowable pressure
(24 MPa), while the withdrawal rate would be adjusted downward
during the withdrawal stage as the BHP approached the minimum
allowable pressure (16 MPa).

To investigate the impact of interlayers on hydrogen migration and
recovery efficiency in UHS, various comparison models were developed.
In these models, all parameters remain identical to those of the baseline
model, except for those under investigation. Investigated variables are
described in Table 2.

3. Results
In this section, we present the simulation results from the baseline

and comparison models. By comparing these models, we investigate the
influence of interlayer characteristics on hydrogen recovery efficiency.

3.1. Impact of interlayer permeability and thickness

To evaluate the impact of interlayer permeability on UHS perfor-
mance, comparison models were established with interlayer perme-
abilities ranging from 10~*to 1 mD (10_4, 10_3, 10_2, 10_1, and 1 mD),
while maintaining all other parameters consistent with the baseline.
Fig. 3 illustrates the relationship between interlayer permeability and
final hydrogen recovery efficiency. When interlayer permeability is
greater than 1072 mD, hydrogen recovery efficiency decreases as
permeability increases. Conversely, below it, recovery efficiency re-
mains relatively stable.

This phenomenon can be attributed to the fundamental mechanisms
governing hydrogen migration within the reservoir. When interlayer
permeability is relatively high (approximately 1 mD), hydrogen pref-
erentially migrates upward through permeable interlayers as a result of
its buoyancy. This vertical movement can result in non-uniform gas
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Table 2
Summary of simulation parameters and scenarios.
Parameter Description
Interlayer The interlayer permeability was assigned values of 1, 10~ %,
permeability 1072, 1073, and 10~* mD to evaluate its effect on UHS.

Molecular diffusion For interlayer permeability values of 107}, 1073, and 10~°
mbD, the influence of molecular diffusion was evaluated by
comparing simulation results with and without molecular
diffusion.

For interlayer permeability values of 10 1,107%,107° mD,
the influence of interlayer thickness was assessed by
comparing simulation results for 0.5, 2, and 5 m thick
interlayers.

The lateral extents of the interlayers on one side are 30, 70,
130, 190, and 240 m beyond which the interlayers pinch
out.

Two well configuration scenarios were considered: (1)
selective perforation of the top layer only, and (2) full
perforation of all layers.

Interlayer lateral
extent

Well configuration
design

distribution and reduced sweep efficiency during withdrawal. As inter-
layer permeability decreases, vertical hydrogen migration becomes
increasingly restricted, thereby promoting lateral flow within individual
layers (Fig. 4). Fig. 5 illustrates hydrogen purity in each layer across
cycles under varying interlayer permeabilities. Hydrogen purity repre-
sents the amount of withdrawal hydrogen out of the total withdrawal
gas [16]. With decreasing interlayer permeability, the difference in
hydrogen purity between the first and the fourth layer decreases, indi-
cating a more uniform vertical distribution of hydrogen.

Fig. 6 illustrates the hydrogen distribution and recovery efficiency
under varying interlayer thicknesses and permeabilities at the end of
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simulation. Hydrogen volume includes both mobile hydrogen and
hydrogen trapped as residual gas. Under varying interlayer thickness,
hydrogen recovery efficiency consistently improves with decreasing
interlayer permeability. However, the overall influence of permeability
diminishes as interlayer thickness increases. Specifically, the efficiency
difference between the 1 mD and 10~* mD cases decreases from 11 % to
7 % as the interlayer thickness increases from 0.5 m to 5 m. By contrast,
the efficiency difference between the 1072 mD and 10~* mD cases re-
mains negligible across all interlayer thicknesses considered, indicating
that once the interlayer permeability is sufficiently low, further re-
ductions have little additional impact on hydrogen recovery efficiency.
Furthermore, at the end of the simulation, increasing interlayer thick-
ness leads to a larger hydrogen volume within the interlayers and a
higher proportion of this interlayer hydrogen relative to the total re-
sidual hydrogen in the main reservoir layers. These results indicate that
even in low-permeability interlayers, the hydrogen volume in the
interlayer becomes non-negligible when the interlayer is sufficiently
thick.

3.2. Impact of molecular diffusion

Hydrogen enters the interlayer through two primary mechanisms:
advection (Darcy flow) and molecular diffusion (Fig. 7). In this study,
hydrogen solubility in the brine is not considered. Therefore, only
gas-gas diffusion is taken into account. Fig. 8 presents the standard
volumes (in Sm®) of hydrogen and natural gas within the interlayer
under varying interlayer permeability conditions (101, 1073, and 10~°
mD). The 10~° mD interlayer permeability is treated as a limiting case in
which advective flow is extremely slow. While Darcy's law may be less

Hydrogen recovery efficiency (%)

5

6 7 8 9

10

Injection-withdrawal cycle number

Fig. 3. Hydrogen recovery efficiency under varying interlayer permeability: Black: 1 mD; Red: 10~! mD; Blue: 10~2 mD; Green: 10~3 mD; Purple: 10~* mD. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

H, mole
fraction

1.00
0.80 (c)
0.60
0.40
0.20
0.00

Fig. 4. Distribution of hydrogen mole fraction in the gas phase under varying interlayer permeabilities: (a) k = 1 mD; (b) k = 10~ mD; (c) k = 102mD; (d) k =

10~ mD.



J. Liu et al.

—_
[
-

Hydrogen Purity (%)

1 2 -] 4 -} B8 ; § 8 g 10
Injection-withdrawal cycle number

—_
3)
-

Hydrogen Purity (%)

Injection-withdrawal cycle number

International Journal of Hydrogen Energy 211 (2026) 153704

—
k=2
-

100

80

60

40

20

Hydrogen Purity (%)

Injection-withdrawal cycle number

A
o
-

100

80

60

40

20

Hydrogen Purity (%)

Injection-withdrawal cycle number

Fig. 5. Hydrogen purity in each layer across cycles under varying interlayer permeability: (a): 1 mD; (b): 10~! mD; (c): 10->mD; (d): 10~ mD. The four bars
represent layers arranged vertically from top to bottom. Red represents natural gas, blue represents hydrogen. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

400 100
= 83% 83% 82% 83% 80% 82%
2 72% °740//0——40 W Ls0
o 300 ; g ~
= 1 =
£ o e 11% Leo 8%
= 2004 . 12% c §
g 20, 20, 6% 7% 12% L 40 % G
= e E
S 100 2°
o N T
e - 20
>
2
0 0
1 | 001 | 0.0001 1 | 001 | 0.0001 1 | 001 | 0.0001
0.5m 2m 5m

Hydrogen volume: ] Reservoir (1 mD) [[_] Reservoir (102 mD) [__] Reservoir (10 mD)
Interlayer (1 mD) Interlayer (102 mD) Interlayer (10 mD)

Hydrogen recovery efficiency: 4@-0.5m -@-2m —@-5m

Fig. 6. Hydrogen volumes in the reservoir (excluding interlayers) and in the interlayer, and the corresponding recovery efficiency, for varying interlayer thicknesses
and permeabilities at the end of the simulation. Orange, green, and purple bars represent interlayer permeabilities of 1, 1072, and 10~* mD. Solid bars indicate
hydrogen in the reservoir, and hatched bars indicate hydrogen in interlayers. Labels above the bars indicate the ratio of hydrogen volume in interlayers to that
remaining in the reservoir. Lines with markers represent hydrogen recovery efficiency, with line color indicating interlayer thickness: red for 0.5 m, blue for 2 m, and
green for 5 m. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

accurate at ultra-low permeabilities, it is sufficient here because this
scenario is used only to suppress advection, whereas molecular diffusion
is still allowed. Fig. 8a presents the combined effects of both advection
and molecular diffusion, while Fig. 8b presents the results considering
advection alone.

At an interlayer permeability of 10~! mD, Darcy flow dominated the
migration process, with molecular diffusion playing a secondary role.
During injection-withdrawal cycles, regardless of whether molecular
diffusion is considered, the volumes of natural gas and hydrogen in the
interlayer show similar fluctuation characteristics in both amplitude and
trend. During the injection stage, elevated layer pressure induced gas
migration into the interlayer, resulting in increased gas accumulation
within it. Conversely, during withdrawal stage, the reversed pressure
gradient facilitated gas migration from the interlayer to the adjacent

layer, leading to decreased gas volumes. Over the long term, consistent
trends were observed: hydrogen volume in the interlayer showed a
progressive increase, while natural gas volume exhibited a steady
decline.

At an interlayer permeability of 10~3 mD, advective transport is
suppressed, and molecular diffusion becomes the dominant transport
mechanism across the interlayer. The rates of hydrogen volume increase
and natural gas volume decrease are both lower than when the inter-
layer permeability is 10-! mD. Compared with the interlayer perme-
ability of 10! mbD, the influence of molecular diffusion is more
pronounced. Without considering molecular diffusion, hydrogen vol-
ume accumulation in the interlayers is 4.3 x 10° Sm®, accounting for
2.8 % of the remaining hydrogen in the formation. When molecular
diffusion is included, hydrogen accumulation increases to
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10.7 x 10® Sm®, representing 6.8 % of the remaining hydrogen.

At an interlayer permeability of 10~° mD, advective transport be-
comes insignificant while molecular diffusion remains effective. In the
absence of molecular diffusion, gas exchange between the interlayer and
adjacent layers is negligible, leading to a stable natural gas volume
within the interlayer. When molecular diffusion is considered, hydrogen
from adjacent layers gradually replaces natural gas in the interlayer,
leading to an increase in hydrogen volume while decreasing natural gas
volume. When molecular diffusion is considered, hydrogen accumula-
tion in the interlayers reaches 10.9 x 10° Sm>, accounting for 6.8 % of
the remaining hydrogen.

The Peclet number (Pe) is a dimensionless parameter that charac-
terizes the ratio of advective to diffusive transport [40]. It is commonly

(b) With advection only. (For interpretation of the references to colour in this figure

defined as Pe = uL/D, where u is the characteristic velocity, L is the
characteristic length, and D is the effective diffusion coefficient [40]. In
reservoir simulation studies, it is commonly used to quantify the relative
importance of advection to diffusion [58,59]. In this study, when the
interlayer permeability decreases from 107! to 10~* mD, the average Pe
of the upper interlayer over the entire simulation period decreases from
1.8 to 4 x 10~* (Fig. 9). This indicates a shift from advection-dominated
transport (Pe>>1) to diffusion-dominated transport (Pe<1).

The baseline model was initialized on the basis of a depleted gas
reservoir where interlayers were assumed to be gas saturated. However,
in a depleted oil reservoir, interlayers could be expected to contain
minimal gas. Even with substantial cushion gas injection into the
reservoir, there may not be enough time for the gas to migrate into the
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Fig. 9. Distribution of Peclet number (Pe) within the interlayer for different interlayer permeabilities.

low permeability interlayers. In the following simulation, the impact of
water saturation on the interlayers is investigated. Simulations were
conducted using water-saturated interlayers with a permeability of 10~>
mD. As illustrated in Fig. 10, in the water-saturated interlayer, only a
slight increase in hydrogen volume is observed in the interlayer. This is
primarily due to the low gas relative permeability under high water
saturation, which limits gas mobility. This study did not consider liquid-
phase molecular diffusion. However, its coefficient is much lower than
that of gas-phase diffusion, so gas is difficult to migrate into water-rich
interlayers through diffusion. This phenomenon is also relevant to
hydrogen leakage through caprock [60].

3.3. Impact of interlayer pinch-out

Interlayer identification in the formation mainly relies on well log-
ging data, which makes it challenging to evaluate interlayer continuity
between wells. Notably, in some cases, interlayer features are clearly
visible in the logging curves of one well but are difficult to identify in the
logging data of adjacent wells. These lateral variations in interlayer
signatures likely indicate the presence of stratigraphic pinch-outs be-
tween wells.

To investigate the influence of interlayer pinch-out on UHS perfor-
mance, multiple scenarios were simulated by varying the lateral extent
of the first and third interlayers while maintaining the second interlayer
as continuous (Fig. 1la—e). All other parameters in these scenarios
remain identical to those in the baseline model. Fig. 11f-j illustrate the
spatial distribution of hydrogen mole fraction in the gas phase. Taking
the first two layers as an example: when hydrogen is injected into the
second layer, hydrogen initially forms an inverted cone-shaped plume
confined by the middle interlayer. However, once it extends beyond the
interlayer's lateral extent, buoyancy forces drive its upward migration
into the first layer. The extent of this upward migration is related to the
lateral continuity of the mudstone interlayer.

As illustrated in Fig. 12, the hydrogen recovery efficiency varies with
different interlayer extents. Hydrogen recovery efficiency increases from
77.7 % to 82.1 % as interlayer extent extends from 30 to 250 m from the
wellbore. On the other hand, the influence of interlayer extent is within
arange. When the interlayer extent is less than 70 m or greater than 190
m, its influence is minimal in the box model.

3.4. Impact of interlayer on well configuration design

Because of the gravity override generated by relatively low hydrogen
density, well configurations that prioritize top-layer perforation are
commonly recommended in UHS [61]. In this section, to study the
impact of the interlayer on well configuration design, two types of well
configurations were considered. In the first, perforation was applied
only in the top layer; in the second, all layers were perforated. Each
configuration was simulated under three interlayer permeability con-
ditions: 1, 102 and 10~* mD.

For the same interlayer permeability, well configurations with per-
forations only in the top layer led to higher hydrogen recovery than that
achieved with full-layer perforation (Fig. 13a). Under full-layer perfo-
ration, there is small variation in BHP across different interlayer per-
meabilities (Fig. S3). In contrast, for the well configuration with
perforation only in the top layer, the pressure fluctuation range in-
creases as interlayer permeability decreases. This is primarily due to the
low permeability of the interlayer, which traps the injected hydrogen in
the top layer and prevents its downward migration.

When the interlayer permeability is 10~ mD, BHP in the top-layer-
only perforation configuration reaches the specified maximum pressure
of 24 MPa during the first hydrogen injection stage (Fig. 13b). This
constrains the injection rate and weakens the viscous fingering effect
[19], resulting in higher hydrogen recovery efficiency during the first
cycle (Fig. 13a).
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Fig. 10. Volume of natural gas (red) and hydrogen (blue) in water-saturated (dashed) and gas-saturated (solid) interlayers. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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4. Case study data from the Ahuroa gas storage site. This site has been previously

studied from an aquifer incursion perspective [62].
While the simplified box model illustrates fundamental mechanisms

in a generic sense, it can also be useful to consider its application in a
real-world scenario. Here, such a scenario was constructed using field
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4.1. Geological model

The Ahuroa gas field is situated onshore in the Taranaki region of
New Zealand, approximately 14 km northeast of the town of Stratford.

Cell Results:
PERMX

75
12

2
0.4

0.06
0.01

The field is characterized by a narrow, north-south oriented structural
closure located at the crest of the Tarata thrust fault [62].The primary
reservoir, the Tariki Sandstone Member, lies at a depth of 2 km at the
crest of an anticline above the Tarata Thrust. This reservoir unit exhibits

Fig. 14. Side view (x-z plane) of the permeability distribution in the simulation grid. The colour bar indicates the horizontal permeability in the x-direction (ky),
where the x-axis is the horizontal in-plane direction. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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a gross thickness of 200 m, providing substantial storage capacity. More
information about it can be found in Ref. [63].

The Ahuroa field was discovered in November 1986 and exploited
until 2008. During this time, it produced 1.22 x 10° Sm® of gas, 1.73x
10° m® of oil and 6.1 x 10* m® of water. In 2008, the Ahuroa gas field
was converted into a natural gas storage facility, which remains in
operation today. Our study considers a hypothetical hydrogen storage
project at this site.

Fig. 14 presents a structural model based on an Eclipse grid, gener-
ated using the OGS software, illustrating the facies groups of the reser-
voir formation. The reservoir is primarily divided into four primary
facies (ATK, TK, TN, and HPM). Detailed characteristics of each facies
are presented in Table 3. In these four facies, the permeability of ATK
and TK facies is high, so they are considered as the primary storage
layers. HPM facies have the lowest permeability but exist as a single
thick layer. TN facies exhibit relatively low permeability and thin
reservoir thickness, with multiple vertical distributions. The properties
of these two kinds of interlayers are similar to the interlayers considered
in the box model.

4.2. Reservoir model

In this reservoir-scale numerical simulation study, the fundamental
assumptions align with those established in the previous box model
analysis. The simulation domain encompasses dimensions of 1.1 km in
length, 1.05 km in width, and the vertical distance between the top and
bottom model boundaries is 879 m. Within this domain, the target
reservoir interval is 130 m thick, and is discretized into a grid system of
50 x 50 x 32 cells along the x, y, and z directions, respectively. The
model implements no-flow boundary conditions at the top and lateral
boundaries, while maintaining constant pressure at the bottom bound-
ary due to aquifer support.

The Ahuroa reservoir, which has transitioned from a production field
to a UGS facility, operates within a pressure range of 16-24 MPa. For
simulation purposes, the initial reservoir pressure was set at 16 MPa.
The initial gas-water contact was established at a depth of 2500 m. The
gas-water relative permeability relationships implemented in this study
were identical to those utilized in the box model (Fig. 2).

Well logging interpretation revealed significant heterogeneity in
permeability values within the TN and HPM facies, with maximum
values exceeding minimum values by a factor of fifty. The following
study primarily focuses on analyzing the impact of TN and HPM facies
distribution on hydrogen recovery efficiency. For ATK and TK facies,
median permeability and porosity values derived from log interpretation
were implemented. For the TN and HPM facies, porosity values were
taken as the median from well log interpretation, while permeability
values were selected directly from the minimum, median, and maximum
values observed in the log interpretation results (as shown in Table 3).

Table 3
Summary of petrophysical properties and sedimentary characteristics of the four
reservoir facies.

Code  Dominant
Lithology from

logs

Average porosity (%) Average permeability (mD)

Low Median High Low Median  High

ATK
TK

14
14

16.5
15.5

17
16

25
10

75
20

150
50

Sandstone
Sandstone with
less
Argillaceous
and Mudstone/
Siltstone
Argillaceous 6 9
and Mudstone/

Siltstone, rare

Sandstone

Mudstone/ 8
Siltstone

TN 12 0.5 1 10

HPM <0.01 0.01 0.5
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Additionally, for the thin TN facies, a scenario neglecting interlayer
permeability (with permeability set to 75 mD) was also tested to eval-
uate the impact of ignoring the interlayers. Additionally, we tested a
case in which the TN permeability was set equal to the permeability of
the adjacent reservoir layers (75 mD). This effectively removes the low-
permeability interlayer barrier, thereby allowing us to evaluate the
impact of neglecting interlayer effects.

The operational scenario in the Ahuroa model follows the same setup
as the box model, starting with cushion gas injection and followed by
cyclic injection and withdrawal. The specific operational parameters can
be found in Section 2.3.

4.3. Simulation results

Fig. 15 illustrates the hydrogen recovery efficiency under varying
reservoir permeabilities in HPM and TN facies. For the HPM facies, the
effect of permeability variation on hydrogen recovery efficiency was
minimal. By the end of the simulation, the maximum deviation in
hydrogen recovery efficiency was only 0.1 %. This is mainly because the
HPM facies has ultra-low permeability and is relatively thick. As a result,
hydrogen can hardly migrate through it, leading to a limited impact on
hydrogen recovery. For the TN facies, hydrogen recovery at the end of
the first injection-withdrawal cycle reached 66.0, 64.1, 61.2 % and 56.8
% for permeability values of 0.5, 1, 10 and 75 mD, respectively. Un-
certainty in interlayer permeability introduces a 9.2 % range in pre-
dicted hydrogen recovery efficiency. By the end of the simulation, the
final hydrogen recovery values were 77.7, 77.0, 75.4, and 73.4 %.
Neglecting thin interlayers or misestimating their permeability may
result in inaccuracies in evaluating hydrogen recovery efficiency. On the
other hand, the reduced hydrogen recovery efficiency among the cases
at the end of the simulation is primarily attributed to the co-production
of cushion gas along with hydrogen. In the four cases, the volumes of
cushion gas co-produced with hydrogen were 2.0 x 108, 2.07 x 108,
2.2 x 108, and 2.4 x 108 Sm®. As more cushion gas is produced, a larger
fraction of hydrogen remains in the reservoir to replace the pressure-
support role of the cushion gas. If the withdrawn cushion gas were
reinjected into the reservoir, it would better maintain reservoir pressure
and enable greater hydrogen withdrawal in subsequent cycles, thereby
increasing hydrogen recovery efficiency.

Fig. 16 presents the hydrogen mole fraction in the gas phase at the
end of the simulation for different TN facies permeabilities. It can be
observed that when the permeability of the TN facies is 10 mD, the
resistance to downward hydrogen flow during the injection stage is
relatively low. As a result, more hydrogen migrates downward, leading
to increased hydrogen trapping in the deeper layers.

Fig. 17a illustrates the amount of hydrogen in the interlayer of HPM
facies under varying permeability scenarios. Hydrogen volume in the
interlayer increases over successive injection-withdrawal cycles. When
interlayer permeability decreases from 0.5 to 10~* mD, the hydrogen
volume in the interlayer still increases over successive cycles, with
relatively small fluctuations. Additionally, the influence of gas diffusion
increases with the decrease of interlayer permeability. When the inter-
layer permeability is 0.5 mD, the hydrogen volume in the interlayers
reaches 2.3 x 107 Sm® with molecular diffusion, which is approximately
0.8 % higher than that without diffusion. When the interlayer perme-
ability is 10~* mD, hydrogen volume in the interlayer by diffusion alone
is 6.69 x 10 Sm®, about two times as much than when diffusion is not
considered. The lower the interlayer permeability, the greater the rela-
tive error when molecular diffusion effects are neglected.

Fig. 17b illustrates the ratio of hydrogen volume in the interlayer to
the total hydrogen volume in the reservoir at the end of simulation.
When the interlayer permeability is 0.5 mD and diffusion is not
considered, approximately 10.3 % of the hydrogen is trapped in the
interlayer. The proportion increases only by 0.2 % when diffusion is
included. In contrast, when the interlayer permeability decreases to
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10~*mD, only 1.6 % of the hydrogen is trapped in the interlayer without
considering diffusion. However, when diffusion is included, the trapped
hydrogen increases to 3 %, representing a nearly twofold increase.
Although the permeability of the HPM facies interlayer has a minimal
influence on hydrogen recovery efficiency, uncertain permeability may
result in error about hydrogen volume trapped in the interlayer. The
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influence of perforating the HPM facies on hydrogen migration is pre-
sented in Fig. S3 (Supplementary Material).

To investigate the impact of interlayer permeability on well config-
uration design, two types of well configurations were evaluated. One
configuration involved perforating only the top layer above the HPM
facies, while the other perforated all layers. The simulation results are
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presented in Fig. 18. The trends of hydrogen recovery efficiency and
BHP are consistent with those observed in the box model, suggesting
they might be usefully applied to other fields.

5. Discussion
5.1. Site assessment implication

In multi-layered reservoirs, if the permeabilities of layers are uni-
form, interlayer permeability does not affect well production capacity.
This is why, in previous studies on underground storage of natural gas
and carbon dioxide, researchers primarily focused on the impact of
various production layer permeability [11,25,64]. However, in UHS, the
total gas production rate is not the only concern, hydrogen recovery
efficiency is equally important. Interlayers affect hydrogen distribution
within the reservoir and should be carefully considered in system design.

In UGS, if a layer's permeability is much lower than that of the
principal production layer, it is often classified as an interlayer and
simply left unperforated [65,66]. For example, at the Ahuroa storage
site, the permeability of primary production layers is approximately 75
mD, while the permeability of the TN facies ranges from 0.5 to 10 mD
and is not perforated. During its operation as UGS, these
low-permeability interlayers have no significant impact on well pro-
duction capacity. However, in UHS, uncertainty in the permeability of
TN facies can lead to a total hydrogen recovery difference of up to 4.3 %.
This occurs because, despite its much lower permeability compared to
the primary production layer, the interlayer still allows gas migration.
Driven by gravity, hydrogen can migrate upward through the interlayer
and displace cushion gas which moves downward, altering the distri-
bution of both hydrogen and natural gas, and ultimately affecting
overall recovery efficiency. During site assessment, the influence of in-
terlayers on hydrogen recovery efficiency cannot be neglected.
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Advective flow is governed by permeability, whereas molecular
diffusion is largely independent of it [33]. Since hydrogen is initially
absent from the interlayers, molecular diffusion driven by the concen-
tration gradient between interlayers and adjacent layers leads to
hydrogen migration into the interlayers [67]. If the interlayer is
gas-saturated, hydrogen can penetrate it by exchanging natural gas in it.
During the withdrawal stage, hydrogen that has diffused into the
interlayer will not generally flow out, hence this represents a potential
hydrogen loss. In contrast, if the interlayer is water-saturated, it func-
tions as an effective barrier, preventing hydrogen migration [68]. For
the ultra-low-permeability interlayer considered in this study (k = 10~°
mD), Darcy-scale advective flow is negligible, which is consistent with
the sealing behaviour typically associated with caprock. With respect to
molecular diffusion through caprock, Ghaedi et al. [69] reported that
hydrogen loss through caprock increases with increasing gas saturation
within the caprock. For water-saturated caprock, the associated
hydrogen loss is expected to be negligible over typical UHS timescales.
These findings are consistent with the behaviour observed for the
ultra-low-permeability interlayer in this study. Nevertheless, the sealing
capacity of a caprock is generally supported by evidence of long-term
containment of buoyant fluids at field scale. In contrast, the sealing
performance of internal interlayers is often more difficult to verify
directly from field observations. Therefore, laboratory experiments are
desirable to evaluate the sealing behaviour of such interlayers.

Well configuration design is an important factor in UHS. In prior
studies, it has been recommended that placing wells in the top layer
enhances hydrogen recovery [12,61]. However, the influence of in-
terlayers was not considered in their studies. Variations in interlayer
properties can affect the hydrogen recovery efficiency of a given well
configuration. For a homogeneous reservoir without interlayer, perfo-
rating only the top layer can achieve high hydrogen recovery [61].
However, if the interlayer permeability is sufficiently low to act as a
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barrier to vertical flow and gravity segregation, then perforating only
the top layer can lead to larger pressure fluctuations in the cyclic in-
jection and withdrawal stage, which may affect injection and with-
drawal capacity, and increase the risk of geomechanical hazards [70,
71]. On the other hand, for a reservoir with lower permeability in-
terlayers, only perforating the top layer results in the lower reservoir
space not being fully utilized. During site assessment of UHS, both well
configuration and interlayer properties should be considered together to
evaluate their combined impact on storage performance.

5.2. Limitation of this study and practical challenges

In this study, interlayers are assumed to differ from the principal
productive layer only in terms of permeability and porosity. Previous
research has shown that variations in mineral composition can lead to
differences in pore structure, thereby affecting gas-liquid two-phase
flow behaviour [72,73]. To improve the accuracy of the simulations,
interlayer properties, such as permeability, porosity, relative perme-
ability, capillary pressure, and effective diffusivity, should be charac-
terised through detailed measurements [74-76]. In addition, for an
ultra-low-permeability interlayer, the applicability of the conventional
Darcy formulation should be evaluated to ensure a more accurate
assessment.

In addition to affecting physical flow, variations in lithological
composition may also give rise to distinct chemical and biological re-
actions within the interlayers [77]. Based on this study, hydrogen can
still migrate into interlayers with extremely low permeability through
molecular diffusion. If methanation occurs within the interlayer, the
local hydrogen concentration decreases while methane concentration
increases, thereby enhancing the driving force for molecular diffusion
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[78]. If sulfate reduction occurs within the interlayer, it may consume
hydrogen and reduce its concentration. More importantly, it can pro-
duce hydrogen sulfide (H»S), which may pose serious safety concerns
[35]. Chemical reactions in the interlayer may alter its permeability and
porosity, thus influencing hydrogen migration and the volume of
hydrogen within the interlayer [37]. Interlayers should be evaluated
independently when accounting for chemical and biological reactions,
as their geochemical behavior may differ significantly from that of the
main reservoir formations.

Core experiments only provide information limited to the wellbore,
while well logging is also restricted to the near wellbore environment.
Seismic interpretation generally suffers from relatively low spatial res-
olution and so its utility in determining interlayer extent is limited.
Instead, cross-well profile and interzonal pressure tests may be needed
to determine whether interlayers truly isolate reservoir units or whether
they pinch out [38]. Collectively, these limitations increase the difficulty
of assessing the impact of interlayers on hydrogen recovery efficiency.
One of the advantages of using depleted gas reservoirs for UHS is the
potential to reduce drilling costs, as existing wells and infrastructure
might be repurposed [11]. However, due to technological limitations,
the resolution of historical logging data is low, which presents chal-
lenges in understanding interlayer characteristics. As the well has
already been cased and cemented, it is difficult to re-evaluate interlayer
properties using high-resolution logging tools [39]. On the other hand,
because interlayers typically exhibit much lower permeability than the
principal production layers, thick mudstone interlayers are commonly
excluded from coring programs due to their limited production poten-
tial. As a result, their petrophysical properties are rarely measured in
laboratory tests. This lack of data results in uncertainty in predicting
hydrogen recovery efficiency and assessing potential hydrogen losses
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during site evaluation.
6. Conclusions

In this study, a series of simulations were performed on both box
models and realistic geological models to study the impact of interlayers
on the performance of UHS. Based on the simulation results, the major
conclusions are as follows.

1. Under full-layer perforation, lower interlayer permeability increases
resistance to vertical hydrogen migration, thereby reducing the
impact of gravity override and improving hydrogen recovery
efficiency.

2. The dominant mechanism of hydrogen migration into interlayers
depends on the interlayer permeability regime. As permeability de-
creases, molecular diffusion progressively contributes more to
hydrogen transport into the interlayer.

3. Interlayer pinch-out has an impact on hydrogen recovery efficiency.
If pinch-out structure is situated within the area of upward hydrogen
migration, more hydrogen migrates into overlying area, resulting in
vertical containment loss and lower hydrogen recovery efficiency.

4. Interlayer properties influence the performance of a given well
configuration. When the interlayer can effectively prevent upward
hydrogen migration, perforating all layers leads to higher hydrogen
recovery, whereas perforating only the upper layer becomes more
effective when the interlayer fails to provide sufficient containment.

5. Broad agreement is observed between the box model and the realistic
geological model. The key mechanisms and trends observed in the
box model simulations are consistent with those in the realistic
geological model, demonstrating the applicability of the simplified
box model insights to more complex reservoir conditions.
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