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Investigating the primary drive mechanisms in underground hydrogen storage (UHS) is crucial for optimizing
hydrogen recovery from geological formations. In this study, we used a 3D heterogeneous geological model to
assess the dynamics of hydrogen storage in an aquifer under various hydrodynamic and geological conditions,
using material balance to quantify the contribution of different production mechanisms including gas expansion,
water influx, exsolution, and the compressibility of rock and water. Our findings indicate that gas expansion and
rock compressibility are the predominant mechanisms driving hydrogen recovery for closed boundary conditions
with minimal aquifer support, whereas water influx dominates when there is substantial aquifer connectivity.
Exsolution as a driving force has a negligible impact on hydrogen recovery, simplifying the modelling of storage
dynamics. Furthermore, cushion gas injection was found to notably improve gas expansion under open boundary
conditions, optimizing hydrogen recovery during the initial production phases. The study underscores the in-
fluence of uncertain parameters and processes on hydrogen storage efficiency, offering critical insights for the

design of UHS and identifying key reservoir and fluid properties necessary for robust management.

1. Introduction

The global energy transition is driven by the urgent need to address
climate change. This shift requires a significant reduction in reliance on
traditional fossil fuels and a rapid increase in the adoption of renewable
energy sources. However, this transition presents challenges in main-
taining grid stability and ensuring a reliable energy supply. A promising
solution to these challenges is the use of hydrogen, produced from sur-
plus renewable energy, as an energy carrier. Hydrogen can be stored in
large quantities in aquifers and depleted hydrocarbon reservoirs, mak-
ing underground hydrogen storage (UHS) a critical component of a
sustainable energy future. UHS addresses the intermittency of renewable
energy sources and supports global efforts to mitigate climate change.

Despite the potential of UHS, our understanding of hydrogen
behaviour and interactions within subsurface porous media remains
limited [1-4]. Given hydrogen’s distinct characteristics compared to
methane and COs, as well as reservoir properties and the cyclic opera-
tions inherent in UHS, several challenges must be addressed. These
involve accounting for multiphase fluid flow in porous media, including
trapping, mixing with other gases, and biogeochemical reactions. Ac-
cording to Ref. [4], understanding the complex multiphase displacement

patterns, which are influenced by fluid and rock properties, and the
relationships between fluid saturation and relative permeability, are
crucial for UHS operations. Hydrogen’s low viscosity and high diffu-
sivity in brine-filled porous media create uncertainties in flow behav-
iour, as high mobility can cause viscous fingering and trap hydrogen in
unrecoverable pockets [4,5]. The works referenced in Refs. [6-8]
discuss the mixing of gaseous components influenced by factors such as
mobility ratio, density difference, molecular diffusion, and mechanical
dispersion. According to Refs. [1,4], biogeochemical reactions may lead
to contamination of stored hydrogen by other gases (e.g., hydrogen
sulphide), changes in injectivity due to mineral dissolution or precipi-
tation, formation of migration pathways through the caprock, and al-
terations in the mechanical properties of the reservoir and caprock.
Recently, several simulation studies have delved into evaluating the
feasibility of UHS. These studies, as summarized in Table 1, have
considered depleted hydrocarbon reservoirs and aquifers, exploring
various aspects crucial for effective implementation. They have studied
four main areas: geological parameters (depth, thickness, porosity,
geothermal gradient, structural shape, and dip angle); operational pa-
rameters (injection and withdrawal rates, cycling frequency, well con-
figurations, cushion gas injection strategies); flow behaviour
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(permeability, relative permeability hysteresis and wettability); and gas
mixing (types of cushion gas, effect of temperature, solubility, diffu-
sivity, hydrogen purity and reactions). Traditional reservoir engineering
principles initially developed for hydrocarbon fields have been adapted
to manage and evaluate storage performance. Nevertheless, the limited
availability of representative core- and field-scale data is a recurring
challenge that could potentially constrain the broader applicability of
the findings.

In contrast, the study of drive mechanisms in the context of UHS has
received very little attention. Drive mechanisms refer to the physical
processes that provide the energy required for moving fluids within a
reservoir towards production wells. Investigating these mechanisms is
essential for developing effective management strategies to optimize
storage performance. In conventional oil and gas fields, drive mecha-
nisms—such as gas expansion, water influx, and solution gas driv-
e—have been extensively studied and characterized in the literature
[9-11]. While UHS draws on this foundational understanding, the
behaviour of hydrogen introduces new complexities due to its distinct
physical and chemical characteristics. Nevertheless, several drive
mechanisms are expected to be active in UHS, namely: gas expansion,
water influx, exsolution, and the compressibility of both rock and water.
These are identified from established reservoir engineering principles
and illustrated in Fig. 1. These mechanisms govern pressure support,
hydrogen recovery, and overall storage performance. A key operational
difference, however, is that hydrogen needs to be both injected and
produced, while the timescales are shorter: injection and retrieval need
to be on a seasonal basis, rather than having slow pressure decline over
decades.

Gas expansion (GE) serves as a primary drive mechanism for the
recovery of subsurface fluids, especially in high-quality, high-perme-
ability reservoirs with limited water influx. The expansion process re-
sults from either an increase in temperature or a decrease in pressure,
causing the gas volume to expand. During production, gas expands,
displacing resident fluids and driving them towards production wells.
This effect can be significant since hydrogen has a higher compressibility
compared to other gases under similar conditions. According to
Ref. [12], at the pore-scale, hydrogen accesses more of the larger pores
by expansion than by injection. This characteristic presents an oppor-
tunity to enhance hydrogen recovery in UHS through gas expansion,
which could increase the average gas saturation by approximately 20 %
as pressure declines [12].
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Another important mechanism is water influx (WI) from an adjacent
aquifer, which could effectively moderate pressure fluctuations during
storage and retrieval [10,11]. During injection, the aquifer can facilitate
water displacement from the storage zone and enable its return during
production to maintain stable pressure levels. The extent to which water
influx enhances gas recovery depends on the aquifer’s size, the degree of
connectivity between the aquifer and the storage volume, and the vol-
ume of water encroaching on the storage zone [10]. Analytical aquifer
models such as Carter-Tracy [13] or Fetkovich [14] can be used to model
water influx and outflow from the storage zone.

Other effects include exsolution (EX), rock compressibility (RC), and
water compressibility (WC). Exsolution refers to the process in which
gas dissolved in formation water is released as reservoir pressure de-
clines, once the pressure falls below the gas’s solubility limit. This
behaviour is well established in conventional reservoirs, where pressure
depletion leads to the emergence of a separate gas phase from the liquid
[10,11]. Although hydrogen’s solubility in pure water is relatively low
[15], this mechanism could still contribute to recovery when hydrogen
is stored in aquifers or water-saturated gas reservoirs. As pressure de-
creases, dissolved hydrogen is liberated from the aqueous phase and
transitions into a free gas phase. The newly liberated hydrogen then
joins the existing free gas in the storage zone, effectively increasing the
total hydrogen volume available for recovery.

Rock compressibility refers to the slight expansion or contraction of
the formation rock itself as fluid pressure decreases or increases,
respectively. While generally small, this effect can impact gas recovery,
particularly in tight reservoirs where other drive mechanisms are less
effective. Rock compressibility becomes significant over large reservoir
volumes and contributes to reservoir drive, especially at high pressures
[10,11].

On the other hand, water compressibility within the storage forma-
tion usually makes only a small contribution to recovery. This is more
significant for large storage volumes with a high initial water saturation
[10,11].

The primary aim of this study is to evaluate the contributions of
various drive mechanisms to hydrogen recovery from underground
storage within an aquifer, using material balance and numerical simu-
lations. This helps identify key controlling parameters, supporting
effective reservoir appraisal and production management. We utilize a
3D heterogeneous geological model [16] and incorporate representative
fluid and rock properties from the literature [17]. Two contrasting

Table 1
A summary of recent field-scale UHS simulation studies and key information.
Ref. Storage type Simulator Equation of Relative permeability, k, Consider k, Consider Cushion gas
state hysteresis? solubility?

[18] Saline aquifer CMG GEM SRK Hy-water [19] No No

[20] Depleted gas reservoir ECLIPSE E300 PR H,-water [19] No Yes CH4

[21] Depleted oil reservoir CMG GEM Oil-water and gas-oil No Yes CHy, COo,
Nz

[22] Depleted oil reservoir and saline CMG GEM PR Oil-water and gas-oil No Yes CHy4

aquifer
[23]  Depleted gas reservoir Tough + SRK The modified Stone’s model No Yes N3, CO2
RealGasBrine [24]

[25] Aquifer CMG GEM PR H,-water [19] Yes Yes

[26] Aquifer CMG GEM PR Hj-water [27] Yes No Ny

[8] Aquifer DARSim GERG-2008 Hy-water [19] No Yes CH,4, COg,

[28] Ny

[29] Offshore aquifer ECLIPSE E100 Hy-water [17] Yes No H,

[30] Depleted gas reservoir CMG GEM PR Hy-water [31] Yes H,

[32] Aquifer CMG GEM PR Hy-water [19] Yes Yes CHy, CO4y

[33] Aquifer CMG IMEX H,-water [19] Yes No

[34] Aquifer CMG GEM PR H,-water [19] Yes Yes CHy, COo,
Nz

[35] Saline aquifer PetraSim + H,-water [17,31] Yes

TOUGH3

" SRK: Soave-Redlich-Kowng (1972) [36].
" PR: Peng-Robinson (1976) [37].
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Fig. 1. Conceptual schematic illustrating the drive mechanisms involved in hydrogen recovery from underground storage. As pressure declines during production,
hydrogen expands and flows toward the well, water influx from surrounding formations displaces hydrogen upwards, dissolved hydrogen exsolves from formation
water, and both rock and water compressibility contribute to pressure support. These processes act simultaneously within the storage formation and collectively

influence hydrogen recovery.

scenarios were selected to represent a realistic range of subsurface
conditions affecting hydrogen recovery: closed boundaries with no
active aquifer support (Case A) and open boundaries with active aquifer
support (Case B). Case A reflects a fully confined storage configuration,
such as one bounded by impermeable faults, while Case B represents a
setting with strong water influx from a well-connected aquifer.
Together, they define the operational extremes for evaluating hydrogen
recovery performance. A material balance equation tailored for UHS will
be derived, validated against simulation results, and applied to quantify
recovery contributions across multiple storage cycles using dimension-
less recovery indices. Sensitivity analyses will then be conducted to
evaluate the impact of key processes and uncertain parameters on re-
covery mechanisms, specifically examining the effects of solubility, rock
compressibility, cushion gas and hysteresis. The findings will provide
guidelines to identify the critical parameters and uncertainties for the
assessment of hydrogen storage, dependent on the dominant recovery
processes.

2. Material balance

Traditionally, contributions from various drive mechanisms are
assessed through material balance, a fundamental principle in reservoir
engineering that focuses on tracking mass and converting between
reservoir and surface conditions [9]. This robust approach not only aids
in identifying primary drive mechanisms but also serves as a predictive
tool for recovery potential, using production and pressure data as key
inputs. Each of these mechanisms is integral to deriving the material
balance equation (MBE) and contributes to the overall hydrogen pro-
duction. The general form of the MBE for gas production, G,, from un-
derground storage can be expressed as:

Each term, representing a surface gas volume contributing to the
overall production, is derived based on the established material balance
approach used in reservoir engineering [9,10]. The gas expansion term,
Ggp, represents the volume of hydrogen produced due to gas expansion:

Gor=G; (1 - i—gl) 2

g

where G; [m?] is the initial free gas in place before production measured
at surface conditions, Bg; is the initial gas formation volume factor (the
ratio of reservoir to surface volumes) and By is the gas formation volume

factor at any given time during production.
The term Gy; accounts for the aquifer water influx, W,, from an
adjacent aquifer, displacing hydrogen towards the production well:

G = We _GiBa (1 —i) 3)

Bg Bg Sgi

where S; is the initial gas saturation before production in the storage
zone and S, is the gas saturation at any given time during production.

Additionally, exsolution of dissolved hydrogen from the formation
water increases hydrogen availability. The exsolved gas term, Ggx, ac-
counts for the hydrogen released from the aqueous phase:

RT;
Grx =4~ (1 —y) @

where R [J/K.mol] is the ideal gas constant, T; [K] and P [Pa] are the
temperature and pressure at surface conditions, ng [mol] is the initial
amount of hydrogen dissolved in the aqueous phase and n; [mol] is the
remaining amount of hydrogen dissolved in the aqueous phase at any
given time that can be calculated by
Xy

T1-x,

)

ng

assuming that hydrogen is an ideal gas, where X, is the hydrogen mole
fraction and n,, [mol] is the amount of water in the aqueous phase, given
by

(Vi + We) X p,,

M, ©

ny, =

where V,,; [mg] is the initial volume of water in the storage, p,, [kg/ m3]
is the water density and M,, [kg/mol] is the water molar mass. With a
small amount of hydrogen gas (solute) dissolved in a large volume of
water (solvent), the mixture forms a dilute aqueous solution. In this case,
the solute concentration is approximately proportional to its mole
fraction x,, which can be determined using Henry’s law as:

Xg=—" @
where P, [Pa] is the reservoir pressure and H [Pa] is the pressure

dependent Henry’s law constant.
The rock compressibility affects the pore space available for gas
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storage. This factor, represented by Ggc, describes the gas produced
because of rock expansion or contraction.

7Gi Bgi Cr

G,
RC Sq Be

(Pr.i - Pr) (8)

where c; [1/Pa] is the rock compressibility.
Water compressibility also contributes to gas production as the water
volume adjusts to changes in pressure, captured in the term, Gyc:

G = S 08 oS (p _p) ©

where ¢, [1/Pa] is the water compressibility, and S,; is the initial water
saturation.

The recovery contributions can be further classified into dimen-
sionless indices, facilitating comparative analysis:

Gas Expansion Index:

_ Geg
Ior= G (10)

P

Water Influx Index:

Gwr
Iy =—2
"G,

(1)

Exsolution Index:

_ Ggx
Iex= G 12)

P
Rock Compressibility Index:

Gre
Ipc=—— 13
RC G, 13)

Water Compressibility Index:

Iwe = GG—V;C 14)

This derivation of the material balance equation for hydrogen gas
production accounts for multiple reservoir parameters and processes,
providing a comprehensive framework to analyse hydrogen recovery
from underground storage.

3. Numerical simulation

We used CMG-GEM™, a compositional reservoir simulator based on
the equation of state (EoS), to model the multiphase flow of hydrogen
and water in UHS and to evaluate field-scale storage performance. This
simulator has been used in numerous UHS simulation studies, including
those referenced in Table 1. In this study, we used a sector of the PUNQ-
S3 model, a 3D heterogeneous geological model based on North Sea field
observations. The model was originally developed by the Elf Exploration
and Production Company for oil production forecasting under uncer-
tainty [16], but it has since been used as a test case in studies of fluid
flow and mass transport for UHS and CCS [32,33,38].

The model features a central dome structure and comprises five
layers of fluvial sand and shale, discretized into a grid of 19 x 28 x 5
blocks, totalling 1761 active cells with cell dimensions of 180 x 180 x 3
m [16]. For this study, we used a sector model containing only 11 x 11
x 5 grid blocks as shown in Fig. 2, to ensure an appropriate aquifer
volume relative to the intended gas storage volume. Grid refinement was
applied to enhance resolution, resulting in 16,335 active cells measuring
60 x 60 x 1 m each. The average formation thickness is 15 m, with an
average porosity of 0.15 and an average horizontal permeability of 270
mD, and an anisotropy ratio of 0.3. Fig. 2 displays the porosity distri-
butions in the sector model, while Table 2 summarizes the sector model
parameters used in the simulation.
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Fig. 2. The porosity distribution of the aquifer sector model showing the in-
jection/production well.

Table 2

Sector model parameters.
Property Unit Value
No. of active grid cells 16,335
Discretization m 60 x 60 x 1
Depth to surface m 840
Thickness, h m 15
Average porosity, @ 0.15
Average horizontal permeability, k mD 270
Pressure, P kPa 9000
Temperature, T C 40
Rock compressibility, ¢, 1/kPa 7.04 x 1077
Vertical anisotropy - K, /Kp 0.3
Total dissolved solids 0%
Water compressibility, c,, 1/kPa 4.07 x 1077
Water density, p,, kg/m® 992.22
Water molar mass, M, kg/mol 0.018
Water viscosity, u,, mPa.s 0.653

Modifications to the original model included adjustments to forma-
tion depth, well location, flow rates, relative permeability, and fluid
properties. These adjustments were essential to adapt the model for UHS
evaluations. The top of the formation was positioned at a depth of 840
m, with initial conditions set at a pressure of 9 MPa and a temperature of
40 °C, as recommended by Ref. [38]. The single well was strategically
placed at the highest structural point and perforated across the top layer
of the aquifer, enabling effective hydrogen storage and withdrawal with
minimum water production. The primary drainage hydrogen-water
relative permeability obtained from Ref. [17] in Fig. 3 was used. For
gas hysteresis, the maximum residual gas saturation after imbibition was
used to calculate the Land trapping parameter that is needed for the
Carlson hysteresis model [39]. Capillary pressure effects can typically be
neglected when numerically simulating field-scale displacements [38].

For fluid properties, the Peng-Robinson EOS [37] was used to esti-
mate the phase behaviour between hydrogen and water, with
CMG-WinProp quantifying phase-equilibrium compositions and ther-
modynamic properties. Henry’s Law, Eq. (7) [40] was used to model the
solubility of hydrogen in water. The density and viscosity of the cushion
gas were determined using correlations from Jossi (1965) [41] and
Peng-Robinson (1976) [37], respectively. The aquifer was initially
saturated with water, and its properties were obtained from the litera-
ture as detailed in Table 2.

Two base scenarios were considered: Case A - closed boundary
conditions with no active aquifer support, and Case B - open boundary
conditions with water influx from a well-connected aquifer. In each
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Fig. 3. Primary drainage and imbibition relative permeabilities for hydrogen-
water obtained from Ref. [17].

scenario, five injection-withdrawal cycles were performed. Each cycle
involved using the well for both injecting and withdrawing hydrogen at
a rate of 200,000 sm®/day. Hydrogen was injected into the aquifer for
six months, followed by a six-month withdrawal period. The well
operated under minimum wellhead pressure of 5 MPa during with-
drawal. The production well had a diameter of 0.1524 m, and a skin
factor of zero was applied, indicating no alterations to the formation
properties around the wellbore. To simulate aquifer support in Case B,
the sector model was linked to a bottom-drive, infinite-acting aquifer,
modelled using the Carter-Tracy analytical approach [13]. Table 3
presents the operational parameters and Table 4 shows a summary of the
simulation scenarios considered.

4. Results and discussion

Fig. 4 shows the hydrogen distributions, comparing Case A (no active
aquifer) and Case B (infinite-acting aquifer) over five injection-
withdrawal cycles. Although the amount of dissolved hydrogen is very
low due to hydrogen’s low solubility, it increased steadily with each
cycle in both cases. The presence of an infinite-acting aquifer support in
Case B did not significantly alter the amount of hydrogen that dissolved
compared to Case A. The residually trapped and mobile gas represents
the hydrogen that remained in the reservoir as a free gas phase. At the
end of each production cycle, Case B showed a higher volume of free gas,
suggesting that the stable pressure maintained by the aquifer leads to
less effective displacement of hydrogen towards production wells, thus
retaining more hydrogen within the reservoir (the hydrogen is at a
higher pressure and hence has a larger density). Conversely, Case A
exhibited lower volumes of free gas, due to more significant pressure
reductions enhancing hydrogen migration toward production wells.
Additionally, in Case A, the aquifer water remains confined within the

Table 3

Operational parameters for all simulation scenarios.
Parameter Unit Value
Working gas (WG) Hy
Injection & production rate sm®/day 200,000
Production well diameter m 0.1524
Skin factor 0
Min well-head pressure kPa 5000
Injection period per cycle Days 183
Production period per cycle Days 182
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storage zone during hydrogen injection. This causes the injected
hydrogen to compress, occupying less pore volume compared to the
aquifer water. This effect is clearly illustrated in Fig. 5, which shows the
spatial extent of the hydrogen plume across the aquifer at the start of the
production cycles. Therefore, Case A and its variants exhibit signifi-
cantly higher water-to-gas ratios than Case B and its variants in the
underground storage as illustrated in Fig. 6. In this study, this design was
purposefully used to study drive mechanism contributions in these two
extreme scenarios.

Fig. 7 illustrates gas recovery across all the scenarios presented in
Table 4. Recovery generally improves or stabilizes over time, though
early cycles exhibit significant variability, highlighting differing initial
efficiencies. Case A5 and Case B5 with no hysteresis consistently
outperform other cases. The impact of cyclic operations on storage
performance are clearly demonstrated in the simulation results. Conse-
quently, the analysis focuses on both the 1st and 5th production cycles to
better understand the various drive mechanisms.

Fig. 8 shows the cumulative hydrogen production, G;,i’“, as directly
determined from the simulator and the calculated Gl’,"be from material
balance Eq. (1) considering the various drive mechanisms. The simula-
tion data used for the calculation included initial gas and water volumes,
gas formation volume factor, average saturation, average pressure, and
model parameters listed in Table 2. The maximum percentage errors
observed between GI‘}"’ and sz were 5.4 % for Case A and 5.7 % for

Case B, indicating a high level of reliability in using the material balance
approach, which assumes averaged properties, to calculate the dimen-
sionless drive indices.

4.1. Closed boundary conditions

Case A serves as a benchmark for comparing other simulation sce-
narios, providing insights into the fundamental drive mechanisms under
typical storage conditions without active aquifer support. This case in-
cludes the effects of solubility, compressibility, and hysteresis. Fig. 9
presents the simulation results for Case A and its variations (A1-A5 as
described in Table 4), including the calculated drive mechanism
contribution indices (Egs. (10)-(14)) and the corresponding pressure
trends as a function of cumulative gas production. The pressure trends
indicate a steady decline in Case A, reflecting depletion-driven behav-
iour where pressure support is governed by internal processes within the
storage formation.

e Gas Expansion: The gas expansion contribution denoted I remains
stable and consistently dominant across both the 1st and the 5th
production cycles. This stability indicates that the expansion of
hydrogen gas due to changes in pressure is the main driving force for
production. The nearly unchanged pattern between the 1st and 5th
cycles suggests that the system reaches a stable state relatively
quickly, where the dynamics of gas expansion are well-established
and predictable. This behaviour is crucial for ensuring reliable
hydrogen output over multiple production cycles.
Gas Exsolution: The contribution from gas exsolution Igx is negligible
throughout both cycles. This observation implies that under base
conditions, there is little to no phase separation occurring where
hydrogen gas would be released from a dissolved state in the for-
mation water. The absence of significant gas exsolution can be also
attributed to the relatively small amount of hydrogen dissolved in
the water as shown in Fig. 4(a). This simplifies the dynamics of gas
storage and reduces the complexity of predicting gas behaviour
based on phase changes.

e Rock Compressibility: The initial increase in the rock compressibility
index Irc suggests that the rock within the formation has some ca-
pacity to compress under pressure changes: the porosity increases
with fluid pressure during injection and decreases during produc-
tion. Although this effect quickly stabilizes indicating that any
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Table 4

A summary of simulation scenarios.
Case A (Base) Al A2 A3 A4 A5 B (Base) B1 B2 B3 B4 B5
Aquifer support v v v v v 4
Solubility v 4 v v v v v 4
High ¢, v v
Cushion gas H, CH4 H, CHy
Hysteresis v v 4 v v v v v v v

(a) 8

7

6

Gas moles (x10° mol)
S

0 365 730 1095 1460 1825

Time (days)

mmm Dissolved

mmm Trapped + Mobile

(b)

Gas moles (x10° mol)

0 365 730 1095 1460 1825
Time (days)

mmm Produced

Fig. 4. Hydrogen distribution across different phases over five injection/production cycles: (a) Case A — closed boundary conditions without aquifer support; (b) Case

B - open boundary conditions with infinite-acting aquifer support.

(a) (b)

1980 m

1980 m

(d)

Gas Saturation
e  — |

0 0.1 0.2 0.3

0.5 0.6 0.7 0.8 0.85

Fig. 5. 2D maps of gas saturation illustrating the spatial extent of the hydrogen plume across the aquifer: (a) Case A and (b) Case B at the start of the 1st production

cycle; (c) Case A and (d) Case B at the start of the 5th production cycle.

deformation of the rock matrix is limited, it significantly contributes
to the overall gas recovery under closed boundary conditions with a
magnitude similar to the gas expansion effect.

Water Compressibility: Iyc shows almost no deviation across the
cycles, indicating that the low water compressibility has less
contribution to hydrogen recovery in this scenario. This stability
suggests that formation water within the reservoir has little impact
on the behaviour.

Overall, Case A establishes a baseline understanding where gas
expansion and rock compressibility are the critical drivers for hydrogen
recovery under closed boundary conditions, with the other mechanisms,

gas exsolution and water compressibility playing minimal roles. In Case
Al, A2, A3, A4 and AS5, the sensitivity to different processes and pa-
rameters are investigated.

In Case A1, since it considers a scenario with no solubility, there is no
gas exsolution as shown in Fig. 9(b). This allows more of the injected
hydrogen to remain in the free gas phase, further increasing the volume
of gas available to expand as pressure declines during production, as
observed in the first cycle. In contrast, when solubility is present (Case
A), a portion of the hydrogen dissolves into the formation water,
reducing the initial free gas volume. This lowers the gas expansion po-
tential since only the free gas phase contributes directly to this mecha-
nism. As a result, Iz continues to be the primary driving force. Both Ir¢
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(b)
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Fig. 6. Water-to-gas ratio at the start of each production cycle: (a) Closed boundary conditions without aquifer support; (b) Open boundary conditions with infinite-

acting aquifer support.

—
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Fig. 7. Gas recovery at the end of each production cycle: (a) Closed boundary conditions without aquifer support; (b) Open boundary conditions with infinite-acting

aquifer support.

and Iy contribute similarly to the base scenario, confirming that the
lack of solubility primarily affects gas exsolution and, to a lesser extent,
gas expansion, without significantly impacting other mechanisms.

Case A2, characterized by high rock compressibility of 1.408 x 10~°
1/Pa, shows a marked increase in Irc, especially noticeable in the initial
days as shown in Fig. 9(c). This indicates that the storage capacity and
dynamics are significantly influenced by the rock’s physical response to
pressure changes. The behaviours of Iz and Igx are similar to those in
Case A, with no significant changes. However, Iy slightly decreased.

Case A3 highlighted the effects of initial cushion gas injection.
Cushion gas is often used to maintain pressure, ensure operational
integrity, and prevent hydrogen from being trapped by water
encroachment [1,2]. In Case A3, hydrogen was used as a cushion gas to
reduce gas mixing effects. Extended production periods in early cycles
were observed due to the increased amount of mobile gas available for
production. In terms of recovery contributions, no significant changes
were observed as shown in Fig. 9(d).

In Case A4, methane (CH4) was used as cushion gas. The solubility of
both hydrogen and methane in water was disregarded in this case, as
previous scenarios showed that hydrogen exsolution had a negligible
effect on overall recovery. While methane is slightly more soluble than
hydrogen, both gases have low solubility in water under the conditions
considered [15,42]. This simplification allows the analysis to focus on

gas-phase mechanisms. Similar to Case A3, extended production periods
in the early cycles were observed due to the increased amount of mobile
gas available for production. Fig. 9(e) shows a slight decrease in Igg,
which could be attributed to the lower compressibility of CHy. In prac-
tical terms, hydrogen, owing to its lower molecular weight and higher
compressibility, expands more significantly than a mixture of hydrogen
and methane when subjected to decreasing pressure. The expansion of
the gas mixture is less pronounced than that of pure hydrogen but
greater than that of pure methane under the same conditions observed in
Case A3. Regarding other drive mechanisms, no significant changes
were observed.

In Case A5, the hysteresis effect was removed, allowing all residually
trapped gas to become mobile and be produced. We observed a more
efficient response to pressure changes that enhanced overall gas recov-
ery, especially in the early cycles. Fig. 9(f) shows that Case A5 exhibits
behaviours similar to that of Igg, Irc, Iwc, and Igx in Case A.

Across different scenarios, the analysis consistently identifies gas
expansion as the primary and most stable drive mechanism within UHS,
exerting significant influence across all cases. Additionally, the type of
cushion gas used has a slight impact on the expansion process. Under
closed boundary conditions with no aquifer support, rock compress-
ibility plays a crucial role in hydrogen recovery, where high compress-
ibility markedly affects storage dynamics. The contributions of gas
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exsolution and water compressibility are notably minor in all the sce-
narios considered, underscoring their limited influence under the con-
ditions studied.

This analysis suggests that in assessing hydrogen storage in closed
reservoirs, the most important parameters to measure are gas and rock
compressibility. In particular, it is necessary to have an accurate un-
derstanding of the response of the formation to pressure fluctuations,
including hysteresis in mechanical properties and the fracture pressure,
which lies beyond the scope of the work presented here.

4.2. Open boundary conditions

Fig. 10 presents the results for Case B and its variations (B1-B5),
showing the relative contribution indices of each drive mechanism
alongside the corresponding pressure trends as a function of cumulative
gas production. In Case B, pressure remains high across cycles, indi-
cating minimal depletion due to strong aquifer support, unlike the
depletion-driven behaviour observed in Case A. The dominant processes
differ significantly between the two cases, particularly due to the in-
fluence of external factors acting on the storage formation. Fig. 10(a)
shows how each mechanism contributes to hydrogen recovery in Case B.

e Gas Expansion: Unlike Case A, where gas expansion was a significant
driver, this mechanism plays a more limited role in Case B. Despite
the initial gas volume being the same, the reduced impact of gas
expansion is due to a limited pressure decline, which does not sup-
port substantial expansion of hydrogen. Over time, this results in
minimal contributions from Igg, indicating a reliance on the
displacement of hydrogen by incoming water rather than its
expansion.

e Water Influx: Iy; emerges as the dominant factor in Case B, with a
steep increase early in the 1st cycle and to a lesser extent in the 5th
cycles. This pronounced effect suggests that the geological setting
such as the strong connectivity of the reservoir to surrounding water-
bearing formations, significantly facilitates water movement into the
storage zone. The steep rise indicates a high hydraulic gradient that
drives water into the reservoir, compensating for the pressure drop as
hydrogen is withdrawn. As the cycle progress, this influx starts to

stabilize due to the equalization of pressure differentials between the
storage zone and the adjacent aquifer.

Rock and Water Compressibility: Izc and Iy show negligible effects
throughout the cycles. With the properties of the rock and water
remaining the same as in Case A, this minimal impact suggests that
the changes in pressure do not significantly alter their volumes. This
stability is advantageous for maintaining the structural integrity of
the reservoir but also indicates that these factors do not aid in
hydrogen recovery under the current conditions.

Gas Exsolution: there is no significant gas exsolution. Although the
amount of hydrogen dissolved is similar to Case A, the limited
pressure fluctuation prevents hydrogen from being released from
water. The absence of Igx simplifies the dynamics within the storage.

Overall, Case B indicates a scenario where the effect of hydraulic
factors overrides the effect of thermodynamic properties of hydrogen,
leading to a drive mechanism primarily influenced by water movement
rather than gas dynamics. In Case B1, B2, B3 and B4, the sensitivity to
different processes and parameters are investigated.

Case B1, characterized by an absence of hydrogen solubility, shows
behaviour similar to the base scenario as shown in Fig. 10(b). The
improvement in Igg over time is attributed to the larger volume of
hydrogen available in free gas phase compared to the base scenario.
Despite this, Iyy; remains the dominant drive mechanism. Irc and Iy are
negligible. This consistency across cases where solubility is altered
suggests that the storage dynamics are more influenced by physical
rather than chemical properties of the system.

The high rock compressibility scenario (Case B2) highlights the
rock’s capacity to compress under pressure, evidenced by a pronounced
Igc, particularly in the early phase across cycles as shown in Fig. 10(c).
This suggests that the additional pore space created by rock deformation
may temporarily enhance storage capacity but quickly stabilizes,
affecting storage dynamics only initially. Other mechanisms follow
patterns similar to Case B.

Case B3 and Case B4 showcase the effectiveness of cushion gas in-
jection in enhancing the contribution of gas expansion by increasing the
free gas phase available in the storage, especially in the early cycles as
shown in Fig. 10(d and e). This also leads to an increase in recovery by
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extending the production period. Nevertheless, Iy, remains the domi-
nant drive mechanism over time as pressure declines. Irc, Iwc, along
with Igx, remain minimal. Case B3 and Case B4 demonstrate the role of
cushion gas in enhancing gas recovery and highlight the added benefit of
using a more compressible gas, such as hydrogen, in further increasing
the contribution of gas expansion.

In Case B5 (no hysteresis), key distinctions are observed in the
behaviour of gas expansion and water influx, both of which exhibit more
rapid and pronounced responses near the end of each production cycle.
The calculated drive indices Iy and Igg fall outside the range of 0-1, as
shown in Fig. 10(f). Both simulation and material balance results display
similar patterns of water influx, suggesting an increase in water entering
the storage domain. This appears to prevent gas expansion and instead
compresses the gas. This indicates that the absence of hysteresis facili-
tates immediate pressure adjustments from the infinite-acting aquifer.
Conversely, Irc, Iyc, along with Igx remain unaffected by the presence or
absence of hysteresis.

Across the different scenarios in Case B, water influx emerges as the
primary drive mechanism, highlighting its critical role under specific
geological and operational conditions. The scenarios also demonstrate
that uncertainty regarding rock compressibility has little influence on
the dominant drive mechanism, unlike in Case A. However, operational
strategies such as cushion gas injection prove to be effective in
enhancing gas expansion. This strategy streamlines the storage process
in early cycles by reducing reliance on less controllable mechanisms,
such as water influx and rock compressibility.

The key consideration in a case with an active aquifer drive is the
degree of relative permeability hysteresis and capillary trapping with
multiple cycles of injection and withdrawal. This is a likely a major
uncertainty: a careful assessment of residual gas saturation is required to
manage the field appropriately. This requires a quantification of the
behaviour for continuous injection and withdrawal cycles that includes
the effect of transport of gas in the aqueous phase to rearrange the gas in
the pore space, leading to reduced trapping [43].

5. Conclusions

We evaluated the drive mechanisms contributing to hydrogen re-
covery in UHS through numerical simulations in a putative storage fa-
cility interpreted using material balance analysis. The study analysed
both closed and open boundary conditions. Our analysis provides the
following insights into the dynamics of hydrogen storage.

e For closed boundary conditions, gas expansion and rock compress-
ibility are the predominant mechanisms driving hydrogen recovery.
These mechanisms are always the most significant, followed by
water compressibility.

e Water influx, which is controlled by geological connectivity and
hydraulic gradients, emerges as the primary driver of hydrogen re-
covery with open boundary conditions.

e Exsolution has minimal influence on hydrogen recovery under both
open and closed boundary conditions, thereby simplifying the pre-
dictive modelling of storage dynamics.

Nomenclature
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e Cushion gas injection has been observed to enhance gas expansion,
particularly critical in open boundary scenarios, optimizing
hydrogen recovery during initial production cycles.

This work provides a framework for quantifying the mechanisms
responsible for hydrogen production that can be applied to proposed
storage projects. It also identifies the key uncertainties and properties
that need to be measured to obtain accurate predictions of performance.
In cases with no active aquifer, rock compressibility controls the pres-
sure response in the formation. This property must be accurately
assessed, and formations with high compressibility are preferred, as
highlighted in Case A2, where rock compressibility significantly influ-
enced pressure support and recovery, as evidenced by the increased
contribution of the rock compressibility index. In contrast, if an active
aquifer is present, compressibility becomes less important. Instead,
relative permeability characteristics, such as trapping and hysteresis
across multiple injection and withdrawal cycles, control the behaviour.
As seen in Case B5, the removal of hysteresis altered the pressure
response, leading to gas compression rather than expansion due to the
rapid influx of water from the aquifer. Accurate characterisation of fluid
and rock properties under representative conditions is essential for
effective storage management.

These findings also support practical decision-making for UHS
planning. For example, identifying whether a storage setting behaves
under closed or open boundary conditions can inform whether to pri-
oritize rock compressibility or multiphase flow properties in site
assessment. Cushion gas strategies, particularly using hydrogen, offer a
controllable way to enhance early-cycle recovery. Tailoring injection
and withdrawal strategies to match dominant drive mechanisms can
improve both performance and predictability.

Future work should focus on applying this material balance meth-
odology to proposed field sites, as well as inputting multiphase flow
characteristics measured under conditions of both displacement and
pressure increase and decline [12]. These conditions are distinct from
those traditionally imposed for flow measurements for oilfield applica-
tions and may require a different formulation for relative permeability
and capillary pressure, including trapping and hysteresis.
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Symbol Description

Gy Gas produced from the storage at surface conditions, m®

G; Initial free gas in place before production at surface conditions, m®
B, Gas formation volume factor

P Average reservoir pressure, Pa

(continued on next page)
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(continued)
Symbol Description
T Reservoir temperature, K
Sg Gas saturation
Sw Water saturation
cr Rock compressibility, 1/Pa
Cw Water compressibility, 1/Pa
Pw Water density, kg/m>
M,, Water molar mass, kg/mol
Z Mole fraction of free hydrogen gas in reservoir
Vi Initial volume of water in the reservoir, m>
H Pressure-dependent Henry’s law constant
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