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This study investigates the impact of methane, carbon dioxide, nitrogen, and their mixtures on hydrogen
storage and recovery in depleted oil and gas reservoirs, with a focus on gas mixing and diffusion
behaviour. Using the MATLAB Reservoir Simulation Toolbox (MRST), this research evaluates the effects of
geological parameters such as permeability and porosity on hydrogen recovery and purity. Our results
indicate a significant decline in hydrogen purity after 250 days of withdrawal, with methane providing the
highest recovery rates but also exhibiting the greatest mixing with hydrogen. Permeability and porosity
distributions were found to influence recovery and mixing dynamics in distinct and contrasting ways.
While hydrogen purity and recovery were more sensitive to permeability, the computed mixing zone
showed a marked sensitivity to the formation's porosity. By applying various control strategies for well
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for maximizing hydrogen recovery while minimizing gas mixing were identified. This study provides

DOI: 10.1035/d4se01400f valuable insights into the optimization of hydrogen storage in subsurface geological formations,

Open Access Article. Published on 17 2025. Downloaded on 09.6.2026 14:14:23.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/sustainable-energy

1 Introduction

The increasing global demand for sustainable energy sources is
driven by the urgent need to address environmental challenges,
particularly those related to carbon emissions and energy
security. Hydrogen, as an energy carrier is considered one of the
most promising alternatives, as its combustion produces only
water, offering a clean and sustainable solution for various
energy needs." Despite these advantages, the widespread
adoption of hydrogen energy has been hindered by challenges
related to hydrogen storage, primarily due to hydrogen's low
molecular weight.”

Hydrogen can be stored in different forms—solid, liquid, or
gas—through either surface or subsurface facilities. Gaseous
hydrogen storage can be classified into two main types:
compressed hydrogen storage and underground hydrogen
storage (UHS). In compressed hydrogen storage, hydrogen is
kept in its gaseous form under high pressure within specially
designed high-pressure cylinders or large storage vessels
capable of withstanding the elevated pressures. In contrast,
UHS involves storing hydrogen gas in subsurface geological
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contributing to the advancement of sustainable energy solutions.

formations. Liquid storage involves cooling and converting
hydrogen gas into a liquid state at extremely low temperatures.
The liquefied hydrogen is then stored in insulated cryogenic
tanks that are designed to maintain these low temperatures and
safely contain the hydrogen. This method provides a higher
energy density compared to gaseous storage. Solid-state storage,
on the other hand, involves storing hydrogen within solid
materials such as metal hydrides, and chemical hydrides, or by
adsorption onto porous materials like carbon. This approach
allows for hydrogen to be stored at lower pressures and
temperatures compared to gaseous or liquid forms, potentially
increasing energy density while reducing infrastructure
demands.*”

Among these methods, UHS is particularly advantageous
(compared to compressed gaseous form, liquid and solid forms)
due to its superior safety, large storage capacity (giga to tera watt
scale), stable temperature and pressure conditions, compati-
bility with existing infrastructure, minimal environmental
impact, long-term seasonal storage potential, versatility in
accommodating multiple gases, cost-effectiveness, and the
benefit of ongoing technological advancements.*** UHS lever-
ages natural underground formations such as salt caverns,
aquifers, and depleted gas reservoirs to store hydrogen safely
and efficiently. Each UHS option has its unique advantages and
challenges." Salt caverns, for instance, offer high security due
to the impermeability and mechanical strength of salt rocks,
allowing rapid hydrogen injection and withdrawal. However,
they are geographically limited and require significant initial
investment due to complex construction and maintenance
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requirements.>* Aquifer storage is another option, using the
voids in underground aquifers to store hydrogen. Aquifers are
widely distributed across the Earth's surface, making this
method more accessible and cost-effective in many regions.
However, aquifer storage faces challenges related to hydrogen
leakage, water contamination, and ecosystem disruption. There
is also a lack of standardized procedures and regulatory support
for this method, contributing to negative perceptions and legal
uncertainties.” Depleted gas reservoirs offer a more economical
and reliable option for hydrogen storage, as they already
possess existing infrastructure from previous natural gas
extraction operations. These reservoirs provide large storage
capacities and geological stability, making them ideal for large-
scale hydrogen storage. However, hydrogen storage in depleted
reservoirs requires careful management of injection and
production processes to prevent excessive mixing with cushion
gases (base gas), and the residual oil and gas fluids, which can
affect the purity of the recovered hydrogen.**

The cushion gas serves as the foundational gas typically
injected before hydrogen. Its key functions include (i) acting as
a pressure buffer within the storage reservoir, (ii) enhancing
safety by reducing the risk of hydrogen loss via residual trap-
ping, and (iii) facilitating the controlled production and with-
drawal of hydrogen from the reservoir.”®*® The choice of
cushion gas type plays a crucial role in depleted gas reservoirs as
the remaining base gas makes it the most preferred option
currently for UHS. Nitrogen (N,), methane (CH,), and carbon
dioxide (CO,) are commonly used, based on their distinct
impacts on storage capacity, pressure maintenance, and
hydrogen purity. For instance, nitrogen offers excellent pressure
support due to its low molecular weight and high compress-
ibility, while methane and carbon dioxide provide varying
degrees of hydrogen recovery efficiency depending on their
solubility and diffusivity in the reservoir.'”**

As a result, recent investigations have focused on different
criteria for the evaluation of cushion gas mixing for depleted gas
reservoirs.'*? For example, a CMG GEM reservoir simulator was
used by Terstappen® to analyse hydrogen mixing with CH,
cushion gas in Dutch sandstone gas fields. The study revealed that
molecular diffusion had a negligible impact on mixing compared
to mechanical dispersion at typical reservoir flow rates. Kanaani
et al.”® used CMG GEM to investigate the role of different cushion
gases (N,, CH,, and CO,) in depleted oil reservoirs. The study
focused on the type and cushion gas composition. Additionally,
the research examined the behaviour of hydrogen under various
hydrodynamic reservoir phenomena, such as gravity segregation
and overriding, across different scenarios. Their findings demon-
strated that the injection of cushion gas mitigates the gravity
segregation mechanism and reduces its negative impacts, with
CH, being the most effective cushion gas, yielding a hydrogen
recovery of 89.7%. Bo et al.* also utilized the CMG GEM to explore
the impact of geological heterogeneity on gas mixing in braided-
fluvial reservoirs, using a mixture of 10% H, and 90% CH, as
cushion gas. Due to the lateral continuity of these reservoirs, their
study revealed that macro-scale geological heterogeneity signifi-
cantly intensifies gas mixing, reducing the hydrogen fraction in the
produced stream. Moreover, the study found that reservoir
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structure, particularly dip angle, and closure area, plays a more
critical role than facies heterogeneity in determining CH, break-
through and gas mixing behaviour across the tested conditions. In
a more recent study, Ghaedi et al** employed Eclipse 300 to
investigate the mixing dynamics of hydrogen with cushion gases
(CH, and N,) and its impact on the recovery factor (RF). Their study
evaluated the effects of reservoir permeability, well perforation
length, intelligent completion, and fractures on RF. They found
that initiating hydrogen storage at higher hydrocarbon gas
recovery factors led to improved RF. Additionally, hydrogen storage
in lower-permeability reservoirs resulted in higher RF, provided
that well pressure limits were not a concern. Shorter perforation
lengths at the top of the formation yielded optimal RFs, while
intelligent completions enhanced hydrogen recovery by enabling
purer hydrogen production. However, the presence of natural
fractures notably reduced hydrogen recovery, particularly during
the initial storage cycles. Kobeissi et al.>* recently utilized nuclear
magnetic resonance (NMR) (an experimental approach) to inves-
tigate the dispersion of hydrogen in various potential cushion
gases, including CH,, N,, and CO,. This study builds on their
previous work,* where they measured the dispersion coefficient of
hydrogen with N, as the sole cushion gas in Berea sandstone. The
findings of their recent research provided valuable experimental
data on dispersion coefficients, which serve as critical inputs for
reservoir simulation models.

The majority of recent studies'®>***** via numerical simulation
(for evaluating the effect of mixing hydrogen with cushion gases
in depleted gas reservoirs) have utilized commercial simulators
such as CMG-GEM and Eclipse 300, which are well-established
tools for multiphase flow and compositional simulations.
However, for this study, the MATLAB Reservoir Simulation
Toolbox (MRST) was selected due to its open-source nature, its
flexibility and modularity via add-on modules (e.g., for composi-
tional simulation and CO, storage), flow diagnostics and
enhanced visualisation capabilities***® (also see Section 2.1). Also,
the use of MRST in this study offers the flexibility to explore novel
approaches peculiar to the objectives of the research for
a comprehensive investigation.

Therefore, this study's simulations examined the effects of
geological factors, operational strategies, and numerical configu-
rations on hydrogen storage efficiency, focusing on hydrogen
purity, recovery, and the extent of mixing with cushion gases as the
primary parameters for efficiency assessment. Previous simulation
studies lack the quantification of the degree of mixing, without due
consideration to the impact of injection and bottom hole pressure
(BHP) profiles on the purity and recovery rates of hydrogen. The
impact of permeability and porosity distribution on the effective-
ness of hydrogen storage and withdrawal has also been largely
overlooked. We account for these complexities, while also mini-
mizing numerical dispersion to obtain a realistic indication of
hydrogen's mixing tendencies during the storage and withdrawal
phases.

2 Methodology

In this study, numerical simulations were conducted to evaluate
the effects of geological, numerical, and operational parameters

This journal is © The Royal Society of Chemistry 2025
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on the performance of underground hydrogen storage. The
simulations followed a default configuration involving one year
of hydrogen injection and one year of production for comparison.
The injection was carried out at a base rate of 0.85 x 10° mega m®
per year, with different injection rates over time: 25% of the base
rate during the first 0.3 years, the base rate from 0.3 to 0.65 years,
and 175% of the base rate after 0.65 years. During the production
phase, BHP was used to control production, with a maximum
allowable pressure (maxP) of 50 bar. The BHP was set to 90% of
maxP during the first 0.3 years, 80% from 0.3 to 0.65 years, and
60% after 0.65 years. Our reasoning here was to account for the
decline in reservoir pressure during the production phase, thus
necessitating a reduction in the bottom hole pressure (BHP) to
ensure continuous hydrogen production at a reasonably high rate
- the reference case. However, BHP control in practice could be
for reasons other than this; hence other BHP control scenarios
are explored as presented in Table 1. Tables 1 and 2 provide
details of the simulation parameters.

2.1 Simulation tool and platforms

This study utilized the MATLAB Reservoir Simulation Toolbox
(MRST) due to its robust capabilities for simulating fluid flow in
porous media, which is essential for accurately modelling
hydrogen storage in depleted gas reservoirs.>”*®* MRST is an
open-source platform that can be customized with specific
features tailored to the requirements of hydrogen storage
simulations. Originally designed for simulating oil and gas
recovery and carbon capture, MRST was extensively modified in
this study to accommodate hydrogen storage scenarios. Addi-
tionally, MRST offers powerful visualization tools that allow for
detailed analysis of simulation outcomes, enhancing under-
standing and facilitating informed decision-making.>>*®

More specifically, the simulations were conducted using
MRST's compositional module, which is based on Peng-
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Robinson's equation of state."” The cushion gases tested in the
simulations included methane, nitrogen, carbon dioxide, and
various mixtures of these gases. Additionally, n-undecane and n-
dodecane were employed to simulate the residual oil phase
within the reservoir.

2.2 Modelling process

The compositional module in MRST employs the Peng-Rob-
inson (P-R) equation of state, with the binary interaction coef-
ficients sourced from the Unisim® process simulator. A
simulation grid with a resolution of 15 x 15 x 15 cells was
constructed (after a grid sensitivity study — Section 3.1), upon
which different permeability and porosity distributions were
applied to represent varying geological factors. Additionally, the
grid resolution was adjusted to account for changes in numer-
ical factors, allowing for a comprehensive analysis of the impact
of these variables on the simulation results. The distribution of
porosity differs somewhat from that of permeability. We
specifically tested normal, uniform, and bimodal porosity
distributions for porosity; whereas lognormal, uniform, and
bimodal distributions were utilized for permeability (Fig. 1).
The choice of bimodal and uniform permeability distributions
was made to explore the sensitivity of hydrogen recovery and
mixing behaviour to permeability variations across contrasting
scenarios. The uniform distribution represents an idealized,
homogeneous reservoir, while the bimodal distribution reflects
a simplified model for reservoirs with two dominant perme-
ability regimes, potentially mimicking high-permeability layers
or zones interspersed with lower-permeability regions. It is
worth mentioning that irrespective of the distribution type
employed, the same average permeability and porosity values
were maintained for comparability. It is also necessary to define
the relative permeability function for the oil, gas and water
phases as shown in Table 2.>>*° The cubic model used herein

Table 1 Independent and dependent variables involved in this study

Category Independent variable Range Dependent variable

Numerical factors Grid size 5X5x5 Mixing zone
10 x 10 x 10 Computing time
15 x 15 x 15
20 x 20 x 20

Geological factors Average absolute permeability 10-50 mD H, purity

Average porosity 0.1-0.3 H, recovery

Permeability distribution
Porosity distribution
Injection method

Operational factors

Production method

Cushion gas

This journal is © The Royal Society of Chemistry 2025

Lognormal, uniform, bimodal
Normal, uniform, bimodal
Step-accelerating (case A)
Intermittent (case B)
Constant rate (case C)
Step-decelerating (case D)
Step pressurisation (case E)
Intermittent (case F)
Constant pressure (case G)
Step depressurisation (case H)
100% CO,

100% CH,

100% N,

33% each

Mixing zone
Injection well BHP
H, purity

H, recovery

Mixing zone
Component flow rate
Phase flow rate

Sustainable Energy Fuels, 2025, 9, 1353-1370 | 1355
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Table 2 Default configuration of gas—oil model
Category Name Configuration
Grid Resolution 15 x 15 x 15
Reservoir size 1000 m x 1000 m x 1000 m
Rock Horizontal permeability (k) 30 mD
Vertical permeability (k) 3 mD
Porosity (¢) 0.2
Permeability distribution Lognormal
Porosity distribution Normal
Porosity error 0.02
Black oil fluid Residual oil saturation (S,,) 0.2
Residual gas saturation (Sg;) 0.05
0Oil Corey exponent for (1,) 2.5
Gas Corey exponent (1) 2.5
Operating strategy Injection Case A
Production Case H
Cushion gas CH,
Initial mixture components Gas-oil CH,: 0.94
n-Undecane: 0.03
n-Dodecane: 0.03
Two-phase contact Gas-oil contact 500 m
Basic reservoir conditions Temperature (Tx) 50 °C
Pressure (Pg) 50 bar
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Fig. 1 Permeability and porosity distributions of the numerical model. Property distributions were selected to enable a controlled sensitivity

analysis rather than to replicate a particular sedimentary environment.
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provides a neutral framework, which can be adapted to more
complex scenarios that incorporate specific geological
heterogeneity.

Since the compositional module in MRST assumes that two
phases are miscible, implementing three-phase splitting would
require a three-phase flash calculation, which was not pursued
here. Therefore, the model was configured for oil and gas (as
the miscible phases), with the water phase treated as immis-
cible. In setting the boundary conditions, the boundary fluid
flow rate at the top of the reservoir was set to 0, as described by
eqn (1) to simulate hydrogen trapping. Additionally, gravity
effects were included in MRST, as well as vertical equilibration
of the fluids (see included code). The reservoir depth in the z-
direction was set to 1000 m, which is reasonable for depleted
gas reservoirs.

Boundary condition = Flux,, = 0 (1)

It was important to quantify the degree of mixing between
hydrogen and the cushion gas during the injection phase,
necessitating the definition of a mixing zone. The hydrogen
concentration was used as the primary metric to determine
whether a cell block was included in the mixing zone, with the
hydrogen concentration needing to satisfy eqn (2)

0.1 <cn, <09 @)

The hydrogen recovery and purity are calculated based on
eqn (3) and (4), respectively during the production phase.
Where Qy, is the hydrogen flow rate from the well, and Qg ; is the
flow rate of each gas component in the mixture. N represents
the total number of gas components in the mixture.

cumulative H, produced

H, recovery(%) = total H, injected

x 100 (3)
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H, purity = NQHz (4)

; Qg.i

2.3 Hydrogen injection/production strategy cases

During the hydrogen injection phase, four simulation scenarios
are tested to compare the effects of different injection strategies:
intermittent injection (case B), constant rate injection (case C),
and step-deceleration injection (case D), using step-acceleration
mode (case A) as the baseline (Fig. 2). The objective is to analyze
how these injection modes influence the mixing zone ratio, (as
this directly impacts the quality of subsequent hydrogen produc-
tion), as well as the BHP, which affects both the safety of a project
and hydrogen recovery efficiency. Similarly, during the hydrogen
extraction phase, where production is controlled by BHP, the
simulation evaluates four scenarios: intermittent production (case
F), constant pressure (case G), and step pressurization (case E),
with step depressurization mode (case H) serving as the baseline
(Fig. 2). The injection and production strategies were designed to
ensure that the integrals of the curves were equivalent across all
cases. For the injection rate curves, this means that the area under
all curves is the same, ensuring that the total amount of hydrogen
injected remains constant. In the production phase, the integrals
of the BHP curves were also kept consistent. This approach
facilitates accurate comparisons across the different scenarios.

2.4 Sensitivity analysis

In this study, a sensitivity analysis was conducted on key vari-
ables of interest, and the independent and dependent variables
involved are shown in Table 1. The adopted ranges are based on
existing simulation- and experimental studies on hydrogen
storage.

x—;‘,l\—,i 15
1 10
5 35 EES
R 230

n BHP (bar)

0 50 100 150 200 250 300 350 400 0 50 100
Time (Days)

5 200 250 300 350 400
Time (Days)

= Case G & Case H

Production BHP (bar)

0 5 100 150 200 250 300 350 400 0 5 100 150 200 250 300 350 400

Time (Days) Time (Days)

Injection strategies tested include; case A: step-accelerating injection, case B: intermittent injection, case C: constant rate injection, case

D: step-decelerating injection. Production strategies tested include; case E: step pressurization, case F: intermittent production, case G: constant

pressure production, and case H: step depressurization.
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Table 2 highlights the simulation setup used for the base
case. Except for the varied parameters in the sensitivity analyses
(Table 1), all other simulation parameters are maintained at the
values shown in Table 2.

3 Results & discussion
3.1 Numerical factors

It was necessary to find a balance between simulation accuracy
and computational cost. By performing the simulations with
multiple grid resolutions, the sensitivity of the results to the
total number of cells in the model could be ascertained. It is
worth mentioning that numerical dispersion in coarser grids
amplifies non-physical mixing due to discretization errors,
making the simulated mixing zone appear larger than it would
with finer grids (Fig. 3). Additionally, coarser grids fail to
capture fine details of fluid fronts and interfaces, resulting in
a blurred transition zone/smoothed concentration gradient and
an apparent increase in the mixing zone. However, higher-
resolution grids can better capture the subtle heterogeneities
in the reservoir, thereby providing more accurate simulation
results. Fig. 3a shows that, as the grid resolution increases, the
mixing zone gradually decreases. While the difference in the
mixing zone is more prominent between N = 5 and N = 10, this
difference is minimised between N = 15 and N = 20. However,
increasing N from 15 to 20 shows an explosive increase in
computation time, because of the higher resolution mesh that
needs to handle more data points and complex calculations and
the simulation configuration itself (Fig. 3b). It was realised that
at higher mesh resolutions, some computational time steps
require significantly more iterations to converge. This was
addressed by adjusting the injection rate and the time step size.
Based on the comparison in Fig. 3, the 15 x 15 x 15 grid was
determined as the best choice in terms of stability, accuracy,
and computational time. Table 3 illustrates the computer
specifications utilized in generating the computational results
shown in Fig. 3.

(@)

Mixing Zone Percentage (%)

N=5 N=10 N=15
NXNXN

N=20

Fig. 3
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Table 3 Software and hardware configuration
Software and
hardware Configuration
CPU Intel i7-9750H
GPU NVIDIA GeForce
1660Ti
Memory 16 GB
MATLAB version 2019a
MRST version 2023b

3.2 Default configuration

3.2.1 Hydrogen spatial distribution in the injection phase.
The hydrogen concentration contour plots are presented in
Fig. 4. During the early stage (day 1 to day 100), hydrogen is
primarily concentrated near the injection point, with concen-
trations rising from 0.35 to 0.8 in this area. In contrast,
hydrogen concentrations in regions further from the injection
port remain below 0.1, forming a clear concentration gradient.
As time progresses, hydrogen spreads deeper into the reservoir,
and the concentration distribution becomes more uniform. By
the middle stage (day 100 to day 200), the high-concentration
region expands significantly, covering a larger portion of the
reservoir. The transition zone of hydrogen concentration also
extends throughout the reservoir.

By day 200, hydrogen concentrations near the injection point
reached approximately 0.9, while concentrations in areas
further away ranged from 0.2 to 0.3. In the later stage (day 200 to
day 365), hydrogen concentration stabilizes, and the high-
concentration region encompasses most of the reservoir.
Hydrogen is distributed more evenly, and the concentration
gradient decreases. By the end of the simulation, hydrogen
concentrations near the injection port remained around 0.9,
while concentrations in distant areas ranged from 0.4 to 0.5.
The final mixing zone percentage, calculated from eqn (2), was
determined to be 12.1%. The pore space and hydrodynamic

100000 5 =0T81
(b)
10000
1839. 2
1000
301. 7
161. 7
100
10 T T T T T g T
N=5 N=10 N=15 N=20
NXNXN

The effect of grid resolution on the (a) mixing zone; and (b) computational time in the hydrogen production phase.
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Fig. 4 Reservoir hydrogen concentration distribution on days 1, 50, 100, 200, 280, and 365 during the hydrogen injection phase.

properties allow hydrogen to accumulate rapidly near the
injection site and eventually, over injection and diffusion
periods, allowing the hydrogen phase to reach a dynamic
equilibrium state within the reservoir.

3.2.2 Hydrogen spatial distribution in the production
phase. The hydrogen production phase is initialized using the
state variables of the last injection time step. During the initial
stages of extraction, the pressure decreases rapidly in the
vicinity of the production well (Prod), creating a low-pressure
zone with pressure values around 48 bar (Fig. 5). The pressure
in the zone away from the production well is relatively higher
and uniform and is maintained at 50 bar. The low-pressure zone
then gradually expands, and the pressure continues to drop in
the region near the production well. In the middle stage, the
low-pressure zone near the production wells further expands,
and the pressure continues to decrease to 44 bar. The pressure
in the high-pressure zone also begins to decrease gradually,
indicating the expanding effect of hydrogen extraction on the
reservoir pressure. Finally, the low-pressure zone covers almost
the entire reservoir, and the pressure near the production wells
reaches a minimum value of 36 bar (see Fig. 5).

In Fig. 6, it can be observed that the area of high hydrogen
concentration diminishes during the production process. As
hydrogen is extracted from the lower section of the reservoir,
the high concentration of hydrogen near the production well is
maintained. However, by the end of the production phase,
a considerable amount of hydrogen remains unextracted within
the reservoir. During the early and middle stages of hydrogen
production, hydrogen purity remains high. After approximately
200 days, a more significant decrease in the concentration can
be observed. This decline occurs because the initial flow
composition through the production well consists almost
entirely of pure hydrogen. As the area of high hydrogen

This journal is © The Royal Society of Chemistry 2025

concentration continues to shrink (as depicted in Fig. 6), the
lower concentration regions gradually encroach upon the
production well. These regions are part of the original mixing
zone, and lead to a decrease in hydrogen purity. Afterwards,
more cushion gas is extracted, leading to an increase in cushion
gas concentration in the produced gas (as shown in Fig. 7a).

3.2.3 Species concentration, fluxes, and phase flow rates.
The default production strategy is case H (as shown in Fig. 2). As
the BHP reduces, hydrogen is produced by a pressure gradient,
(each BHP reduction step yields a higher-pressure gradient
between the production well and the reservoir), and more
hydrogen is produced (as shown in Fig. 7b); i.e., two decreases in
BHP result in two hydrogen flow rate surges (Fig. 7b). After some
time, the well approaches a steady state.

Fig. 7c shows that the total amount of gas in the early and
middle stages of the production process is consistent with the
hydrogen flux as shown in Fig. 7b. This is because the hydrogen
produced in the early and middle stages is of high purity, while
a considerable amount of methane is produced in the later stages;
thus, the hydrogen flow rate decreases, and the total gas flow rate
increases (Fig. 7c). A small amount of oil is also produced during
the entire production process, maintaining the same trend as the
hydrogen flow profile. The above (Fig. 4-7) are the test results
using the default configuration (Table 2). Next, the reservoir
geological conditions and operating parameters are varied to
observe their impacts on the storage and withdrawal performance.

3.3 Sensitivity analyses

3.3.1 Geological factors

3.3.1.1 Effect of permeability on hydrogen recovery, hydrogen
purity, and well BHP. 1t can be observed that regardless of the
permeability distribution, increasing the permeability can
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improve the hydrogen recovery, but the accompanying negative
consequence is the considerable reduction in hydrogen purity
in the later stages of production (Fig. 8). At lower permeabilities,
the lognormal and uniform distributions show similar perfor-
mance (Fig. 9b); however, at higher permeabilities, the
lognormal distribution maintains a higher purity because of its
long tail (as captured in Fig. 1), i.e., some reservoir regions with
very high permeability provide more efficient flow channels,

1360 | Sustainable Energy Fuels, 2025, 9, 1353-1370

aiding in high-purity hydrogen extraction. At the same time, the
many regions of relatively lower permeability in the lognormal
distribution help maintain the purity. The purity and cumula-
tive recovery values reported in Fig. 8 are those at each time
point; whereas, the time average values calculated over the
entire production period are subsequently reported in Fig. 9.
Among the tested distributions, hydrogen purity was
consistently highest under the lognormal distribution, followed

This journal is © The Royal Society of Chemistry 2025
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by the uniform distribution, with the bimodal distribution
resulting in the lowest purity. At lower permeability levels (10
mD and 20 mD), hydrogen purity was relatively higher than at
higher permeability values. At low permeability levels, the flow
of both gases (hydrogen and cushion gas) is significantly
restricted, reducing the fluid mobility and the extent of molec-
ular diffusion and convective mixing between the two gases.

In our study, hydrogen recovery increases with increasing
permeability, which is in contrast with the findings of Ghaedi
et al.,” where very high permeability leads to easier lateral
diffusion of hydrogen, making recovery more difficult. This
discrepancy may be attributable to the permeability range in
their study (50 mD and 750 mD), whereas the present study
focuses on a much narrower and lower range of 10 mD to 50
mbD. This may suggest that within the lower permeability range,
increasing permeability enhances recovery by facilitating gas
flow. However, at higher permeability levels, hydrogen diffuses
more easily in the lateral direction, ultimately leading to
a decrease in recovery.

The BHP is another crucial parameter in underground gas
storage, affecting many aspects such as pressure management,
reservoir protection, fluid dynamics, economic benefits and
safety. By effectively controlling and managing the BHP, the
production process can be optimized to ensure safe and
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efficient storage. Under all distribution types, a lower perme-
ability results in a significant increase in the BHP (Fig. 10). Low
permeability results in restricted gas flow and rapid pressure
build-up. The higher the permeability, the better the gas
mobility and the slower the pressure increase. Importantly,
pressure fluctuations may be more pronounced under bimodal
distributions due to the complication of gas flow paths resulting
from the mixing/fluid interactions in the high and low perme-
ability regions. However, as the gas injection time increases, the
BHP under all distribution types and permeabilities shows
a gradually increasing trend and finally reaches dynamic equi-
librium. The pressure increase under the lognormal distribu-
tion is higher than that of the unform distribution, and this may
be again due to the high permeability regions associated with
the lognormal distribution.

3.3.1.2 Effect of porosity on hydrogen recovery, hydrogen
purity, and well BHP. Next, the change in porosity is studied. The
hydrogen recovery rate under different porosity conditions
changes minimally, and the curves almost overlap (Fig. 11). The
hydrogen recovery rate gradually increases over time, eventually
reaching nearly 36%. Similarly, the hydrogen purity under
different porosity conditions does not change significantly, but
this is limited to the first 200 days. In the later period (>200
days), the hydrogen purity is considerably affected by porosity

(c) Bimodal
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Fig. 8 Hydrogen recovery and purity under different mean permeabilities using different distributions (a) lognormal distribution, (b) uniform
distribution, and (c) bimodal distribution in the hydrogen production phase.
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hydrogen production phase.

changes. Lower porosity results in a reduced storage capacity
per unit volume of the reservoir, which can extend the duration
of high-purity hydrogen. This occurs because less mixing with
cushion gas maintains higher purity for a longer period as
shown in Fig. 11. Although increased porosity enhances the
storage capacity of the reservoir, its influence on fluid flow
resistance remains insignificant. Thus, the indicators of
hydrogen storage efficiency are more sensitive to permeability
than porosity - since the permeability remains constant under
the different porosity conditions illustrated in Fig. 11 and 12.
While Fig. 11 captures hydrogen recovery and purity variation
with time, Fig. 12 represents the time-averaged values. Thus, the
fluid diffusion and convection behaviour, remain similar across
different porosity conditions.

Next, we analyse the effect of porosity on the BHP (Fig. 13).
Again, all porosity distribution patterns follow the same trend,
with an increase in porosity only leading to a slight decrease in

(a) Final hydrogen recovery and (b) mean hydrogen purity at different mean permeability values employing 3 key distributions in the

BHP. The stepwise increase in BHP corresponds to different
phases of gas injection (ie., the different injection rates
employed at different periods - see Tables 1 and 2). BHP is
primarily influenced by the gas injection rate and volume, with
changes in porosity having minimal effect at a constant perme-
ability. Additionally, reservoir heterogeneity due to porosity
variations has a limited effect on the hydrogen flow paths; an
increase in porosity does not significantly alter these flow paths.
Although a higher porosity increases the reservoir's total pore
volume, the fluid compressibility is more critical as determined
by gas expansion within the pores.

3.3.1.3  Effect on permeability and porosity on the mixing zone.
Again, a lower permeability implies that the gases (hydrogen
and cushion gas) will have limited mobility in the storage
medium. This slows down the mixing of hydrogen and cushion
gas because gas migration between different regions of the
reservoir is restricted, as shown in Fig. 14a. At mean
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permeabilities of 10 mD to 30 mD, the size of the mixing zone
for the bimodal distribution is higher than that of other
distributions. However, at higher permeabilities (= 40 mD), the
size of the mixing zone for the bimodal distribution begins to
decrease compared to other distributions. This is because the
hydrogen dispersion reaches the boundary of the high-
permeability area, and part of the hydrogen enters the lower-
permeability zone. During extraction, this portion of hydrogen
responds more slowly because it is located in the lower part of
the reservoir, while most activity occurs in the high-
permeability zone. This explains the reversal in the size of the
mixing zone displayed by the bimodally distributed reservoir.
By examining Fig. 14b, it can be observed that as porosity
increases, the percentage of the mixing zone gradually
decreases. This suggests that higher porosity may reduce the

complexity of gas mixing, leading to a decrease in the propor-
tion of the mixing zone. Interestingly, the influence of porosity
on the mixing zone appears to be more significant than that of
permeability for the tested ranges. With reduced porosity, the
available void space for advective transport (bulk flow) is
smaller. This could slow down the overall movement of gases,
allowing diffusion to play a more dominant role in mixing.
Additionally, in lower-porosity media, there is a more tortuous
fluid motion, and dead-end pores can trap gases temporarily,
further promoting mixing when these trapped gases slowly
diffuse into adjacent flow paths. This increases the contact time
between hydrogen and cushion gases, leading to more extensive
mixing. Higher porosity facilitates advective flow (transporting
the gas in bulk while limiting dispersion and mixing), which in
turn is a function of the respective gas mobilities. Thus, in high-
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porosity scenarios, fluids may flow more rapidly along the main
flow paths rather than diffusing broadly across the reservoir,
leading to a reduction in the proportion of the mixing zone.
Across the porosity conditions (Fig. 13b), the normal distribu-
tion mostly exhibits the highest percentage of the mixing zone,
followed by the uniform distribution, while the bimodal
distribution has the lowest percentage.

3.3.2 Operational parameters

3.3.2.1 Effect of injection schedule on hydrogen recovery,
purity, mixing zone, and BHP. By properly adjusting the oper-
ating parameters, the hydrogen storage process can be opti-
mized, storage efficiency and safety improved, and costs and
environmental impacts, reduced. This requires comprehensive
consideration of reservoir characteristics, and equipment
performance, to develop an optimized operating strategy. We
first study the injection method.

It can be observed in Fig. 15a that while case D has a higher
recovery rate, case B has the worst recovery ~30%j; however, the

1364 | Sustainable Energy Fuels, 2025, 9, 1353-1370

purity of hydrogen in case B supersedes all other methods. This
is because the periodic injection and cessation of case B causes
the flow of hydrogen in the reservoir to be discontinuous and
slowed down. This in turn may result in a change in the flow
paths of gas in the reservoir. In contrast, case D has the best
recovery performance, but the worst purity (Fig. 15b). This is
because, a gradual reduction in the injection causes a contin-
uous redistribution of the reservoir fluids, potentially
increasing the mixing area of different gas components, and
thus reducing the hydrogen purity. The gradual reduction of the
injection rate in case D provides a reasonable pressure
management system so that hydrogen can be recovered more
effectively.

As can be observed in Fig. 15¢, the mixing zone of case B is
the largest. This is because periodic injection and stoppage
causes frequent fluctuations in the pressure in the reservoir,
thus, promoting gas mixing and expanding the mixing zone. In
addition, during each stop of injection, the flow rate of the gas

This journal is © The Royal Society of Chemistry 2025
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phases.

in the reservoir slows down, increasing the role of diffusion, and
enabling the mixing between different gas species. When the
injection rate is restarted, the new hydrogen gas entering the
reservoir potentially disturbs the existing gas distribution,
causing further mixing of the gas and expanding the mixing
zone. Case D has the highest recovery rate, but due to the
enhanced diffusion effect during the gradual reduction of the
injection rate, the mixing zone is larger, and the hydrogen
purity is lower. Case C has a constant injection rate, which
reduces pressure fluctuations and gas mixing and maintains
a higher hydrogen purity and a smaller mixing zone. Case A
performs moderately; the gradual increase in the injection rate
helps to stabilize the flow path, and the mixing effect is
moderate, resulting in an intermediate recovery rate and purity.

The injection method changes the BHP signature as shown
in Fig. 15d. The BHP for case A gradually increases with the
injection rate. Case B's periodic injection and stoppage led to
large fluctuations in the BHP. The pressure rises rapidly at each
injection and drops rapidly when the injection stops. This
method leads to higher reservoir pressure fluctuations, which
may also affect the flow paths and mixing tendency of hydrogen.
Case C - constant injection rate leads to a steady increase in
BHP in the early stage and this is maintained at a relatively
stable level. This method can provide a stable pressure envi-
ronment, which helps maintain the purity of hydrogen and
a stable flow path. However, case C lacks practicality, as it is
difficult to maintain a stable injection rate for a prolonged
period. The gradual reduction of the injection rate in case D
results in a rapid increase in BHP at the beginning and then
a gradual decrease. The high injection rate at the early stages

This journal is © The Royal Society of Chemistry 2025

provides a large pressure driving force, but this decreases at the
later stages, affecting the flow and recovery of hydrogen as
earlier demonstrated in Fig. 15a.

3.3.2.2 Effect of production schedule on hydrogen recovery,
purity, mixing zone, and BHP. Next, the effect of the production
method on the hydrogen production properties is analysed. It
can be observed from Fig. 16a that the hydrogen purity of case E
(step pressurization) gradually decreases over time, from about
100% to about 92%. The hydrogen purity of case F (intermit-
tent) decreases the fastest, from about 100% to about 84%
(particularly in the latter stages). The hydrogen purity of case G
decreases rather slowly, from about 100% to about 94%,
throughout the production duration; whereas, the hydrogen
purity of case H (step dpressurisation) decreases more rapidly,
from about 100% to about 90%. Constant production pressure
(case G) performs best in terms of hydrogen purity, as this
provides a stable flow path, reduces gas mixing, and main-
taining high hydrogen purity and a relatively stable recovery.
The hydrogen and methane flow rate curves (Fig. 16¢ and d),
generally follow the same observations with the rate-controlled
injection wells in Fig. 15d. Although Case F performs best in
terms of hydrogen recovery, the latter stages of production
(>250 days) is associated with a significant recovery of the
cushion gas.

3.3.2.3 Effect of cushion gas type on hydrogen recovery, purity,
and flowrates. As can be observed in Fig. 17, nitrogen performs
best in terms of hydrogen purity and is suitable as a cushion gas
for hydrogen storage. Carbon dioxide is not as favourable for
hydrogen recovery compared to methane (Fig. 17b). The 1:1:1
mixture performs moderately well, combining the positive
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attributes of the other cushion gases and may be practical in
hydrogen storage projects, depending on gas availability.
However, it should be noted that the performance of the
cushion gas mixture (Fig. 17b) is closer to that of methane,
indicating gravity separation effects in the mixture over time
(given the density differences). Additionally, the results of the
present study (Fig. 17b) are in good agreement with that of
Kanaani et al.*® In their study, different production cycles were
implemented, and the highest hydrogen recovery was obtained
using methane, followed by nitrogen, and then carbon dioxide
(with the lowest recovery). However, our study additionally
places significant emphasis on hydrogen purity, as certain
industrial applications require hydrogen to meet strict purity
standards, and the separation and purification processes
cannot be overlooked. Among the various methods for sepa-
rating hydrogen, membrane separation technology is an effec-
tive approach relying on the selective permeability of
membranes and the diffusion coefficients of different gases.***

In general, hydrogen is more selectively separated from
carbon dioxide and nitrogen but less selectively from methane.
As a result, separating hydrogen from a methane-containing

1366 | Sustainable Energy Fuels, 2025, 9, 1353-1370

mixture may incur higher costs, as it necessitates a larger
membrane area or more advanced materials to achieve the
desired purity. While carbon dioxide can be easily separated
from hydrogen, at higher pressures, CO, may dissolve into the
membrane material, affecting both membrane performance
and longevity, leading to increased long-term maintenance
costs. Nitrogen, having larger molecules than hydrogen, is
relatively easy to separate, often without requiring highly
selective membrane materials, which keeps the separation costs
lower. As shown in Fig. 17a, using methane as a cushion gas
results in the lowest hydrogen purity, and this is a crucial
consideration when using methane as a cushion gas. In
contrast, nitrogen produces inherently purer hydrogen poten-
tially lowering any separation costs. However, the source of
nitrogen for this purpose remains a source of concern. It is also
interesting to observe the difference in associated oil produc-
tion as a result of the different cushion gases. CO, leads to
a more significant residual oil production, and this may be
related to its higher miscibility (relative to other cushion gases)
with the residual oil phase at the reservoir's temperature and
pressure.

This journal is © The Royal Society of Chemistry 2025
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3.3.2.4  Effect of cushion gas type on hydrogen mixing zone and
reservoir pressure. As shown in Fig. 18a, the computed mixing
zone for the four types of cushion gases is considerably similar,
all hovering around 12%. However, methane shows the highest
mixing percentage, while nitrogen exhibits the lowest. This is
attributed to the fact that gases with lower molecular weights
possess higher diffusion coefficients, allowing them to diffuse
and mix with other gases more rapidly upon contact. Diffusion,
thus serves as a key driver of gas mixing. This finding aligns with
the work of Kobeissi et al.,** where the diffusion coefficients were
reported as ~0.48 cm”> min~* for nitrogen, ~0.53 cm> min~" for
methane, and ~0.44 cm*> min~' for CO,, measured at a fixed
interstitial velocity of 6 (uy,/cm min ") and a fixed reservoir
pressure of 50 bar. Similarly, Kanaani et al.,' utilising a more
complex geological model, noted that reducing the molecular
weight of the cushion gas mixture improves hydrogen recovery,
although this also promotes greater mixing and results in
reduced purity as indicated herein. This similarity in our obser-
vations suggests that the fundamental attributes of the hydrogen-
cushion gas interactions can be similar, irrespective of the

This journal is © The Royal Society of Chemistry 2025
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geological complexity incorporated into the model. Nonetheless,
it is worth mentioning that these observations are to be analysed
in conjunction with the geological conditions of the reservoir
(e.g., porosity, permeability) and the injection parameters (e.g,
injection rate and pressure) for optimal decision-making in
hydrogen storage projects. It is thus important that numerical
simulations should be designed to be robustly sensitive to phys-
ical phenomena, particularly when grid resolution and compu-
tational resources are constrained - thus, allowing accurate
distinction between the effects of different cushion gases.

Fig. 18b shows the average reservoir pressure over time when
different cushion gases are used during hydrogen production.
During the entire process, (when nitrogen is used), the reservoir
pressure drops the slowest, showing a strong pressure support
effect and this could lengthen the production period at a high
purity level. The performance of the mixed gas is between
nitrogen and other gases; the pressure is relatively well main-
tained compared to CO, and CH,. The reservoir pressure (when
methane is the cushion gas) drops the fastest. Methane gener-
ally has a lower compressibility, so its pressure support effect is
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weaker particularly where long-term production is required.
Kanaani et al.*® strongly support this observation (i.e., nitrogen
demonstrates the best ability to maintain pressure, while
carbon dioxide performs worst). Factors such as nitrogen's low
molecular weight, good compressibility, and chemical inertness
contribute to this outcome. Although methane is lighter, it is
less effective than nitrogen because it diffuses and leaks more
easily. Carbon dioxide, on the other hand, struggles to maintain
sufficient pressure over time due to its higher molecular weight
and greater solubility. Mixed gases, by combining the benefits
of different pure gases, offer a more balanced approach and
may be suitable for smaller-scale storage applications.

4  Study limitations

While we primarily aimed to isolate and analyse the hydrogen-
cushion gas mixing and diffusion dynamics under the influence
of key parameters (grid resolution, permeability, porosity, bot-
tomhole pressures and injection flow rates), using a simple cubic
model, this may not be fully representative/capture additional
complexities of a full-scale geological model. Furthermore, the
inclusion of geomechanical effects (which are important for
designing injection operations), robust relative permeability and
capillary pressure data (which are currently scarce in published
literature) could be pursued to extend the model's reliability.
Using Monte Carlo simulations for uncertainty quantification in
our model (through multiple realizations) would constitute
a more robust and generalizable approach, enabling more
confident inferences from our preliminary results.

5 Conclusions

This study investigates the effects of different cushion gases on
the mixing and diffusion characteristics of hydrogen in porous
media, particularly in depleted oil and gas reservoirs. Using
MRST, a comprehensive analysis of geological conditions,
operating parameters, and numerical factors was performed to
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gain insights into hydrogen's behaviour in underground storage
systems. While the computed mixing zone was primarily
employed to evaluate the injection phase, the hydrogen purity
and recovery were used principally to assess the production
phase. The findings provide key insights for advancing under-
ground hydrogen storage.

e Influence of cushion gas: the choice of cushion gas
significantly impacts hydrogen recovery and purity. Nitrogen
achieved the best balance between recovery and purity, out-
performing methane and carbon dioxide. Methane, with its low
molecular weight and lower solubility in the residual oil phase,
provided enhanced hydrogen recovery. However, the extracted
hydrogen had lower purity, potentially incurring higher sepa-
ration costs. Mixtures of methane and carbon dioxide also
demonstrated promising results, improving recovery while
maintaining high hydrogen purity.

e Influence of geological and reservoir properties: the
distribution of permeability and porosity played a crucial role in
hydrogen mixing and recovery. A lognormal permeability
distribution led to higher hydrogen purity. While a bimodal
distribution improved recovery in certain cases, the presence of
regions with very high permeability led to increased mixing
effects, reducing hydrogen purity. In contrast, porosity had
a lesser impact on recovery and purity but considerably influ-
enced the size of the mixing zone.

e Effect of operating strategy: injection and production
strategies are critical in optimizing storage and recovery
performance. Constant-rate injection and constant-pressure
production maintained steady hydrogen flow and high purity.
Staged injection and production methods improved recovery
but also widened the mixing zone, reducing hydrogen purity.
Stepwise accelerated injection and depressurized production
can be considered when constant injection and production are
not feasible.

This study underscores the importance of selecting the
appropriate cushion gas, understanding geological properties,

This journal is © The Royal Society of Chemistry 2025
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and optimizing operational strategies to enhance the perfor-
mance of underground hydrogen storage systems. These find-
ings offer valuable guidance for future hydrogen storage
projects for a potential transition to a hydrogen-based economy.
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