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Abstract

The depleted gas reservoirs can serve not only as
sites for CO, sequestration but also as potential
spaces for hydrogen storage. However, this process
remains insufficiently understood, limiting the
availability of reliable technical guidance for
injection operations. In this study, a mathematical
model for simulating hydrogen storage in depleted
gas reservoirs was developed and numerically
solved. Meanwhile, the applicability was
then verified through comparison with results
from previous studies. Based on this model, a
detailed analysis was performed to investigate
the evolution of key parameters under specific
injection conditions. Finally, the effects of
various factors on parameters such as hydrogen
distribution and maximum pore pressure during
the hydrogen injection process were thoroughly
discussed. It was found that hydrogen gradually
drives the CH,; and CO; outward from the
near-wellbore region, leading to increases in
both bottom-hole pressure and pore pressure
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during hydrogen injection. Furthermore, as
the injection progresses, the spatial extent of
hydrogen distribution expands nonlinearly, and
the buffering effects of CH; and CO; become
prominent. Sensitivity analysis further reveals
that, although low permeability-induced high pore
pressure poses sealing challenges, limited hydrogen
storage space within reservoir is beneficial for
further hydrogen recovery. Meanwhile, a moderate
increase in the injection rate can enhance storage
efficiency without compromising reservoir sealing
integrity. In contrast, extending the length of
wellbore section used for hydrogen injection does
not lead to a significant improvement in storage
performance.

Keywords: hydrogen storage, CO, sequestration, depleted
gas reservoir, CCUS, Hy injection, clean energy.

1 Introduction

As the world transitions to low-carbon energy systems,
hydrogen (Hz) is gaining recognition as an essential
element of clean energy infrastructure, attributable
to its high energy density and zero-emission
combustion [1, 2]. However, hydrogen produced
via major current pathways, such as fossil fuel
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reforming, often faces temporal and volumetric
mismatches with demand, which limits its efficient
and continuous utilization [3, 4].  Accordingly,
large-scale underground hydrogen storage is
emerging as a strategic infrastructure for supporting
modern energy systems [5, 6]. It plays a critical
role in enhancing the stability and flexibility of
energy systems by mitigating this mismatch through
effective peak shaving. In parallel, the geological
storage of carbon dioxide (CO;) has emerged
as a complementary strategy for climate change
mitigation, and the synergistic combination of these
two approaches offers a promising pathway toward
sustainable energy management.

Meanwhile, geological CO, sequestration has been
extensively studied and is increasingly implemented
worldwide [7-9]. Among various geological
formations, depleted gas reservoirs are preferred
sites for CO; sequestration due to their favorable
geological conditions, reliable sealing capacity,
and comprehensive existing infrastructure.  As
these reservoirs are progressively repurposed for
CO; sequestration, the emergence of “composite
reservoirs” comprising injected CO, and residual
methane (CH,) becomes inevitable [10, 11]. This type
of reservoir not only contributes to carbon reduction
objectives but also holds significant potential as a
high-quality site for future hydrogen storage. This
is because the injected carbon dioxide and residual
methane within the reservoir can act as buffer gases.
These gases can stabilize reservoir pressure during
hydrogen storage and facilitate the regulation of
injection—production dynamics [12-14]. Accordingly,
hydrogen recovered after short-term geological
storage exhibits high purity in the extracted gas
mixture as well as high recovery efficiency. Conversely,
without the buffering effect of methane and carbon
dioxide, the injected hydrogen would rapidly fill the
entire reservoir space [15]. In this case, the recovery
of the injected hydrogen during Hy recovery after
short-term storage will be significantly reduced.
Figure 1 clearly illustrates the utilization of depleted
gas reservoirs in CO; sequestration and further
hydrogen storage. A synergistic integration of carbon
management and clean energy storage can be achieved
through engineering operations based on the concepts
illustrated in Figure 1, with this study specifically
focusing on the process represented by the transition
from subgraph (b) to subgraph (c).

Numerous researchers have conducted extensive
investigations on hydrogen storage in depleted
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gas reservoirs, which has resulted in substantial
progress in this field. Representative examples
include the work of Liu et al. [16], who performed
numerical simulations to evaluate the feasibility of
hydrogen storage in depleted shale gas reservoirs
in the Fuling region, China. Although the findings
revealed the significant potential for both injection
and extraction, the lower hydrogen purity in the
produced gas increases the complexity and cost
of subsequent separation processes. Muhammed
et al. [17] experimentally investigated the role of
methane as a buffer gas for hydrogen storage in
depleted gas reservoirs. The findings indicate that a
methane proportion of 30% to 40% in the depleted
reservoirs optimizes the storage and extraction
efficiency of hydrogen. Kanaani et al. [ 18], numerically
investigated the efficacy of various buffer gases in
hydrogen storage within the depleted oil reservoirs. It
was demonstrated that methane outperforms nitrogen
and carbon dioxide as a buffer gas, enhancing
the efficiency of hydrogen storage and extraction
in these reservoirs. He et al. [19] developed a
novel model to estimate the capacity of hydrogen
storage in depleted gas reservoirs using CO, and
CHj4 as a buffer gas. The findings demonstrate that
employing CO, or CHy as a buffer gas enhances
the storage capacity and the recovery, and a 16%
reduction of CO; resulting in a 7% increase in the
hydrogen in reservoir. Zeng et al. [20] conducted
a comprehensive review of the primary challenges
associated with integrity during hydrogen storage in
depleted gas reservoirs. Based on this analysis, they
developed a methodology to evaluate integrity-related
risks and uncertainties during hydrogen storage,
facilitating informed decision-making for selecting
optimal underground hydrogen storage pilot projects
in these reservoirs. Undoubtedly, these studies provide
valuable insights for estimating storage capacity,
selecting suitable sites, and evaluating associated risks
in hydrogen storage within depleted gas reservoirs.
However, current research on this topic still exhibits
several limitations and gaps that require further
investigation. Firstly, most of these investigations
frequently employ a single gas, such as methane or
COy, as a buffer gas for hydrogen storage in depleted
gas reservoirs. In other words, studies specifically
addressing hydrogen injection behavior in depleted
gas reservoirs previously used for CO, sequestration
remain scarce. Secondly, the majority of current
research is based on vertical well models, whereas
fluid flow dynamics during hydrogen injection via
horizontal wells have received little attention [21,
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Figure 1. Utilization process of depleted gas reservoirs in CO, sequestration and further hydrogen storage.

22]. These research gaps provide the foundation for
conducting pertinent studies in the present work.

Inspired by the previous investigations, an
investigation model for hydrogen injection into
depleted gas reservoirs pre-stored with CO,
using a dual-horizontal-well configuration, was
developed. Based on the model, the flow behavior
of multi-component gases in the depleted reservoir
during hydrogen injection process was analyzed.
Meanwhile, a sensitivity analysis was performed to
investigate the behavior of the hydrogen diffusion
front. This study aims to establish a theoretical
foundation for the engineering design and operational
control of hydrogen injection into CO3-sequestered
depleted reservoirs.

To better facilitate comprehension, the principal
highlights of this study are outlined as follows:

1. The feasibility of utilizing depleted gas reservoirs
previously employed for CO; sequestration
as sites for hydrogen storage was explored
through comparative analysis, with attention to
both engineering considerations and sustainable
development.

2. The behavior of different gas-phase components
(i.e., CO2, CH4 and Hy) during hydrogen injection
into depleted gas reservoirs that had been
pre-sequestered with CO; was investigated.

3. The influence of various factors on hydrogen
storage and the stability of the storage formation
was analyzed.

2 Numerical model

In this section, a systematic modeling framework is
presented, encompassing the governing equations, the
equations of state, and the specification of well control
parameters. Furthermore, the model implementation
and validation of its applicability are also discussed.
The following assumptions were adopted in the
development of the mathematical model for this study.
(1) It was assumed that water and gas coexist within
the reservoir, neglecting complex thermodynamic
effects, such as gas dissolution into the oil phase. (2)
Parameters such as the density and viscosity of the
water phase are assumed to be constant, independent
of factors such as pressure and temperature. (3) The
reservoir in the model is a closed system in which
mass exchange occurs solely through the wells. (4)
The physical properties of the sediment within the
model are assumed to be homogeneous and isotropic.
(5) It was assumed that the sediment temperature
remains constant, neglecting thermal effects induced
by operations such as hydrogen injection. All these
represent the primary assumptions, though they do
not encompass all assumptions considered. However,
these assumptions are deemed sufficient for the
purposes of the simulation conducted in the present
work.

2.1 Governing and Auxiliary Equations

In the present work, the injection dynamics of
two-phase (water and gas) and three-component
gas mixture (Hp, CH4, and COp) within a
three-dimensional depleted reservoir was simulated.
For such a fluid system, the mass conservation
equation for each component is formulated as

21



Reservoir Science

ICJK

follows [23]:

% <¢§O;xi,apa5a) +V (ZO; xi,aPa“a) =q + 1}

L = kia (¢, = ¢}")

(1)
where ¢ is the porosity of reservoir in %, z; o is the
mole fraction of component ¢ in phase « in %, p,, is the
density of phase « in kg/m3, S, is the saturation of
phase « in %, v,, is the Darcy flow velocity of phase o in
m/s, g; is the source and/or sink term of component i in
kg/ (m3.s), I'; is the mass transfer term between phases
in mol/(m?3.s), k; is the mass transfer rate constant in
m/s, a is phase interface area density in 1/m, C;"“? is
the equilibrium concentration of water.

The flow of each phase follows Darcy’s law, and the
flow velocity v, can be expressed as

kra
Ha

K (Vpa — payg) (2)

Vo =— —

where k, is the relative permeability of phase «, jiq
is the viscosity of phase « in Pa-s, K is the absolute
permeability in mD, p,, is the pressure of phase a in
Pa, g is the gravity acceleration vector in m/s?.

The relative permeability is defined using the Corey
model, and the relative permeability of gas and water
can be expressed as

Sw Swr
=

- Swr - Sg7‘>
Sy — Sr

g
Swr)

krg: <1_Sgr_

where Sy, and S, are the residual water saturation
and residual gas saturation, respectively. n, and
ng are the Corey exponents for water and gas,
respectively. These functions account for the nonlinear
variation of relative permeability with saturation while
incorporating the effects of residual saturation. These
functions account for the nonlinear variation of relative
permeability with saturation while incorporating the
effects of residual saturation.

(3)

The distribution of each component in the gas phase
is closely related to the thermodynamic conditions
of the reservoir, including pressure, temperature,
and fluid properties such as solubility and capillary
effects [24, 25]. To capture these phase behaviors,
phase equilibrium calculations are performed using
an Equation of State (i.e., EOS). Herein, an enhanced

22

Peng-Robinson Equation of State (PR-EOS) was
employed, which was written as the following form as

_ RT a(T)
PV 0 T VIV by b(V —b)
R*T?
a(T) = 045722 o(T)
RT,
b=0. ¢ (4)
0.0787
o(T) = [1 + (0.37464 + 1.54226w
T\ 0.5\ 12
— 2 . — —
0.269920,%) - (1 (T) )]

where V is molar volume in m3/mol, R is the universal
gas constant (8.314 J/(mol-K)), T is temperature in
°C, p is the critical pressure in Pa, T is the critical
temperature in °C, w is the acentric factor.

The development of the numerical model necessitates
the incorporation of some additional auxiliary
equations. The aforementioned assumption posits that
the pores of the investigation model are fully saturated
with water and gas. This two-phase configuration is
consistent with observed wettability characteristics
of hydrogen/brine/rock systems and field evidence
from depleted gas reservoirs where water and
gas coexist as the primary pore-filling fluids [26,
27]. Consequently, the following relationship exists
between the saturation of the water and gas phases:

Sg+ Sw=1 (5)
Furthermore, the gas phase comprises three
components: Hy, CO,, and CHy. Consequently,

the relationship of volume fraction among these three
gas components satisfies the following equation:

me =1 Va (6)

2.2 Initial and boundary conditions

To facilitate the definition of boundary and initial
conditions, Figure 2 illustrates the geometric model
employed for numerical simulations of Hy injection
and storage. As depicted in Figure 2, the geometric
model is a three-dimensional one with dimensions of
800 m in length, 800 m in width, and 600 m in height.
In the simulation, hydrogen is continuously injected
at a constant rate into the depleted reservoir model
through two horizontal wells. Due to the buffering
effect of residual CH, and previously stored CO; in
reservoir, the injected hydrogen (Hy) is constrained
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to a confined region around the wellbore. To facilitate
numerical simulation, the numerical model depicted
in Figure 2 is discretized into 40, 40, and 30 elements
along the three respective spatial directions. That is to
say, there are a total of 48000 elements in the model.

 —
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Figure 2. Geometric model for numerical simulation of Hy
injection and storage in depleted reservoir.

The Neumann boundary conditions (i.e., no-flow
conditions) were applied in the model, ensuring that
no mass transfer occurs across any of its boundaries,
which can be expressed as

n=0 on 0 (7)

Vg *
where n is the normal vector of the element boundary,
Q is the outer boundaries of the numerical model
(including the top, bottom, front, back, left and right
sides).

The simulation conducted in this study is the pure
multi-component seepage analysis occurring between
two phases. Therefore, the initial conditions primarily
encompass the spatial distribution definitions for pore
pressure, temperature, and phase saturation. For the
initial pore pressure, it is assumed to vary linearly with
depth and can be expressed as follows:

D = Dref + ,og(z - Zref) (8)
where prf and z.s are the reference pressure and
reference depth respectively, corresponding to the
pressure and depth at the top boundary.

Correspondingly, the temperature distribution can be
represented as

T =Tret + dT(Z - Zref) (9)

where T, is the reference temperature, dT is the
geothermal gradient in °C/m.

The initial distribution of gas and water saturation
throughout the entire model is defined as

S = [Swi, Sgi] (10)

where S,; and Sy are the initial water and gas
saturation respectively.

The initial molar fractions of Hy, CH,4, and COs in the
gas phase are specified as

r = [ajHQiy LCHyis xCOzi] (11)

where xm,;, xcH,i, and xco,; are the initial molar
fractions of Hy, CHy, and CO; respectively.

During the injection phase, fluid flow is primarily
governed by the well control conditions imposed in
the model. Herein, the injection of Hj is implemented
through a constant rate, which is written as

{Qinj :
Qi,inj = 0

where ¢; inj is the injection rate of component i, ; in;
is the molar fraction of component i in injection fluid,
and ¢ is the total injection rate.

Wellbore
Other element

(12)

2.3 Model implementation and

verification

applicability

In this study, the finite volume method was utilized to
numerically solve the proposed mathematical model.
In this section, the mass conservation equation, the
Darcy’s law, and the corresponding boundary and
initial conditions are discretized in detail across the
temporal and spatial domains.

For the mass conservation equation, the discretized
form is:

(¢ Ea TiaPaSa

)n+1

— (¢ Za xi,apasa)n
At

(13)
+1 n+1, nt+l | _ +1 +1
(Z RN ) g+ Ty

where At is the time increment in days, and n is the
number of time steps.

For any investigated element the
volume-integrated form of the mass conservation
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Figure 3. The implementation workflow.

equation can be expressed as follows:

0
o iaaad . i,afaVa
/Qkat<¢§x7pS)V—|—/ﬂkV <;:p7pv>

/ (¢ + ) dV
Q

(14)

After further organization, the discretized form in the
spatial domain is expressed as follows:

Vi n
+1 n+1gn+l n n n
At Pk Zwi,a,kpa,k Sa,k — Pk Zmi,a,kpa,ksa,k
«

+Ap Y (B, gpasvas - 0g) = Vidin
(15)

where k is the number of the investigated element, V},
is the volume of element %, and A is the area of surface
[, ny is the normal vector of surface f.

The final discretized form of Darcy’s law can be
expressed as

n+1

va,f Ty =
kn-i—l ALK
_ Mo TSR (( n+l n+1) _ ntl _ )
tiordpy Dy Dok Pa,f 9 (Zl 2k)

(16)

where d}; is the distance between the centers of element
k and element [, z; and zj, are the depth coordinates of
element k£ and element [.

Based on the above-mentioned mathematical
model and its discrete form, Figure 3 presents
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JHat tapers toward the edges.

the corresponding implementation workflow and
methodology. As illustrated in Figure 3, the solution
and implementation of the mathematical model
involves a multi-step computational process. The
teasibility of the investigation methodology proposed
in this study was assessed by verifying its applicability
against results from previous simulation studies. In
this study, the investigation conducted by Lu et al. [28]
was used as a reference for comparison. According to
the investigation model and injection strategy used in
Lu et al. [28], H; injection simulation was conducted,
and the comparison of simulation results is shown in
Figure 4.

As depicted in Figure 4, the hydrogen saturation
distributions obtained from the two simulations
exhibit a high degree of similarity, both in spatial
patterns and in overall range. In both cases, the
injected hydrogen is mainly confined within a reservoir
approximately 300 m thick located in the upper part of
the model. The storage region shows a characteristic
pancake-like geometry, with a thicker central zone
The radial extent
of the hydrogen saturation front reaches 897 m in
the reference study [28], whereas the methodology
proposed here yields a slightly smaller extent of 821
m. This discrepancy can be attributed primarily
to the simplified assumption of homogeneous and
isotropic sediments in our model, in contrast to
the normally distributed permeability considered
in the referenced work. Furthermore, the slightly
smaller element size adopted in this study may
also contribute to the observed difference shown in
Figure 4. Nevertheless, the high similarity between
the two results in Figure 4 can still confirm the
applicability of the proposed mathematical model and
methodology for simulation of hydrogen storage in
depleted gas reservoir. The relative deviation in the
radial extent of the hydrogen saturation front between
the two methods is approximately 8.5% (897 m
vs. 821 m), which falls within an acceptable range
for engineering applications given the differences in
model assumptions.

3 Injection Behavior During the H; Injection
Process

3.1 Basic data for simulation

Appropriate basic data serve as the foundation and
prerequisite for numerical simulations of hydrogen
storage. The parameters required for hydrogen
storage in depleted gas reservoirs primarily include
those related to reservoir properties, pore fluid
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Figure 4. Comparison of Hj saturation distribution obtained by Lu et al. [28] and that obtained by the investigation
method in this study.

Table 1. Basic parameters used for simulation (default case).

Parameter Unit Value Parameter Unit Value
Water viscosity mPa-s 1.0 Initial water saturation % 0
Water density kg/m3 1030 Initial gas saturation Y% 100
Gas viscosity mPa-s 8x10~3 Initial xg,Ho - 0
Gas density kg/m®  Determined by EOS Initial xg,CO2 - 0.9
Permeability mD 5.0 Initial xg,CHy4 - 0.1
Porosity Y% 10 Injected xg,Ha - 1
Model geometry m 800x800x600 Initial pore pressure Pa Equation (8)
Element assignment 40x40x30 Initial temperature °C Equation (9)
Total time Year 0.5 Injection rate m3/ day 2.25x106
Residual gas saturation Y% 10 Time increment Day 10
CHy: 4.599 CHy: 190.56
Critical pressure, Pc MPa COs: 7.377 Critical temperature, Tc K COs: 304.13
Ho: 1.297 H»: 33.19
Model depth m 1000 Injection style Equal devised by 2 wells
Length of wellbore m 400 Wellbore depth m 300

characteristics, and injection engineering, which were
listed in Table 1. Notably, sensitivity analysis can be
performed by appropriately modifying the relevant
parameters listed in Table 1.

In this study, a case in which hydrogen, produced
but not immediately required, can only be stored by
injection into a depleted gas reservoir was investigated.
Therefore, the simulation duration was 0.5 year herein,
without employing a mode of alternating injection and
extraction.

3.2 Dynamic analysis during hydrogen injection

The injection of hydrogen into depleted reservoir
inevitably induces a continuous variation in
bottom-hole pressure and pore pressure. Thus,
Figure 5 illustrates the variations in pore pressure
within the model and bottom-hole pressure over a
six-month period of hydrogen injection. As depicted
in Figure 5(a), the pore pressure in the near-wellbore
region increases instantaneously at the beginning of
injection operation. At this stage, the pore pressure
disturbance induced by hydrogen injection is primarily
confined to the area around wellbore. As the injection

operation proceeds, the disturbance caused by
hydrogen injection on the pore pressure within the
model becomes increasingly pronounced. After 135
days of injection, the pore pressure within the model
had essentially reached a state of equilibrium. Even
with continued hydrogen injection beyond this time,
the pore pressure within the model exhibits negligible
variation. Based on mechanical analysis, the fracture
pressure of the reservoir is 20 MPa. It can also be
seen from Figure 5(a) that the maximum pressure
within the model reaches 5.78 MPa throughout the
simulation, which remains within the safe operational
limits for the reservoir. This is attributed to the fact
that the maximum pore pressure remains well below
the reservoir’s fracture pressure. It can be inferred that,
from the perspective of reservoir integrity/stability,
further increases in the hydrogen injection rate are
teasible, and this will be analyzed in detail later in
this manuscript. During hydrogen injection, the
bottom-hole pressure will also increase accordingly.
As observed in Figure 5(b), the bottom-hole pressure
in both horizontal wells gradually increases during
H> injection operation, but the increasing trend of
bottom-hole pressure gradually slows down. The
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Figure 5. Variation of (a) pore pressure and (b) bottom-hole pressure during H injection over 0.5 year.

final bottom-hole pressures of the two injection
wells reached 5.99 MPa and 5.96 MPa, respectively,
which are still lower than the fracture pressure of
the reservoir. This indicates that the integrity of
both wellbore can also be maintained at this default
injection rate.

Figure 6 presents the evolution of mole fraction
distributions for Hs;, CO,;, and CH4; within the
investigation model during the injection operation. As
illustrated in Figure 6, with the injection of hydrogen,
the CO2 and CHy that were originally distributed
around the wellbore are gradually displaced outward,
away from the injection point. The sediment pores
in the near-wellbore region are primarily occupied
by injected hydrogen. During this process, the mole
fraction of hydrogen increases progressively, while
those of methane and carbon dioxide decrease rapidly

26

until they approach zero. Due to the presence
of CH; and CO; in the depleted gas reservoirs,
the diffusion of hydrogen is markedly inhibited.
After 135 days of injection, the hydrogen injected
through the two horizontal wells begins to converge
and continues to expand within the reservoir. By
the end of the injection operation, the injected
hydrogen had nearly reached the lateral boundaries
of the investigation model but was still far from
the vertical boundaries. This is attributed to the
reservoir’s vertical permeability being lower than its
horizontal permeability, a characteristic rooted in the
depositional fabric and petrophysical properties of
reservoir sandstones [21, 29, 30]. Although high
reservoir permeability facilitates hydrogen injection
and storage, it can negatively affect the purity of
hydrogen during subsequent recovery.
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Figure 6. Evolution of mole fractions of Hy, CH4 and CO, during H injection.

Vr

otal

(a) Schematic diagram of hydrogen diffusion

% === Original grid information===

X_H2 = state{end}.components(:, 1); % H2 mole fraction
cell_volumes = G.cells.volumes; % Volume of each grid cell
total_cells = G.cells.num; % Total number of elements
total_volume = sum(cell_volumes); % Total volume of the model

% === Find out the hydrogen diffusion area===

idx_H2 = find(X_H2 > thresh); % Index of cells with volume
fraction above the concentration threshold

num_cells_H2 = numel(idx_H2); % Number of elements
percent_cells_H2 = num_cells_H2 / total_cells * 100;

% === Calculate the actual H. filling volume===

% Perform volume accumulation for units that meet the condition of
X_H2 being higher than the threshold

volume_H2 = sum(cell_volumes(idx_H2) .* X_H2(idx_H2)); % H2 Actual
filling volume (m3)

percent_volume_H2 = volume_H2 / total_volume * 100; % Storage ratio

(b) Key code for determining the parameter of "Storage Ratio"

Figure 7. Determination of the parameter "Storage Ratio".

For the purpose of quantitative analysis, a new
evaluation parameter termed “storage ratio”
(represented as ¢) is introduced in this study
and defined as the ratio of the hydrogen-occupied
volume to the total reservoir volume. Figure 7
presents a schematic diagram of the diffusion of

injected hydrogen and the code for solving the
"Storage ratio". For the same injection volume of
hydrogen, a lower storage ratio indicates a more
significant buffering effect for CO, and CHy. The
evolution curve of storage ratio during the injection
process was presented as Figure 8. As can be seen in
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Figure 8, the diffusion of injected hydrogen, which
predominantly occurs during the early stage, results
in a rapid increase in the storage ratio. After 90 days

of injection operation, the storage ratio reached 9.62%.

This indicates that the reservoir volume occupied by
the injected hydrogen has accounted for 9.62% of the
total reservoir volume. It should be noted that the final
storage ratio is only 11.82%, with 81.39% of this total
being achieved during the first half of the injection
period. This also implies that hydrogen injection
during the latter half of the operation contributed to

only a modest increase of 2.20% in the storage ratio.

This is because, in the later stages of the injection
operation, the pore pressure within the reservoir
is high, and additional hydrogen injection must
overcome greater resistance to further diffuse into
the reservoir. For comparison, the case where there
is no CO, sequestration in the reservoir before its
use for hydrogen storage was also simulated. The
simulation results indicated that the final storage ratio
(denoted as ) could reach as high as 24.05% in the
absence of prior CO; sequestration in the reservoir
(see Figure 8). As previously discussed, the strategy
of carbon sequestration before using depleted gas
reservoirs for hydrogen storage is advantageous
for hydrogen recovery (both in terms of purity and
production) following short-term storage.
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Figure 8. Evolution of parameter ¢ in the Hj injection
operation when the depleted gas reservoirs was pre-stored
with CO5 or not.

To highlight the buffering effect of carbon dioxide
on hydrogen storage in depleted gas reservoirs with
pre-stored carbon dioxide, the evolution curve of the
storage ratio in the absence of CO; is also presented
in Figure 8. As shown in Figure 8, in the absence
of pre-stored carbon dioxide in the depleted gas
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reservoir, the final storage ratio exceeds twice that
observed when carbon dioxide is pre-stored. The
storage ratio of hydrogen was 24.05% when CO,
sequestration was not performed prior to Hy injection,
but it decreased to 11.82% when COy had been
previously stored in the depleted gas reservoir. It is
well established that a lower storage ratio corresponds
to reduced diffusion of hydrogen injected into the
gas reservoir. Therefore, the comparison results
presented in Figure 8 demonstrate that prior CO,
sequestration in depleted gas reservoirs significantly
enhances the containment of injected hydrogen by
mitigating its diffusion. In other words, the stored CO;
in depleted gas reservoirs exerts a clear buffering effect
on the diffusion of injected hydrogen. The buffering
effect of CO; can be attributed to the following two
aspects. For one thing, CO; dissolves in water
and undergoes mineralization during the long-term
sequestration, resulting in reduced permeability of the
gas reservoir. Consequently, the hydrogen injected into
the gas reservoir faces more challenges or resistance
in diffusing into the sediment located far from the
wellbore. For another, the filling of CO; into the gas
reservoir elevates pore pressure to varying extents.
During hydrogen injection, this pressure generates a
resistive force that impedes the diffusion and migration
of hydrogen [31]. From this perspective, the presence
of CO», caused by presequestration of COs, is critical
for enhancing the purity of hydrogen in subsequent
hydrogen recovery initiatives.

4 Sensitivity analysis

In this section, the ratio of hydrogen storage volume
to total reservoir volume (i.e., €) was employed as an
evaluation parameter to assess the influence of factors
such as reservoir permeability and wellbore length.
Meanwhile, the mechanisms by which these factors
influence the effectiveness of hydrogen sequestration
were also discussed. Notably, sensitivity analysis can
be implemented by changing the default parameters in
the simulation code corresponding to the investigated
factors.

4.1 Effect of reservoir permeability

Reservoir permeability plays a crucial role in
controlling the migration and diffusion behavior
of injected hydrogen, thereby directly affecting
underground storage efficiency and reservoir
stability. The storage ratios under different reservoir
permeability conditions are presented in Figure 9. The
results show that the storage ratio gradually decreases
with decreasing permeability of the depleted reservoir.
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Figure 9. Evolution of parameter ¢ in the Hj injection operation.

The storage ratio is 11.82% when the reservoir
permeability is 10mD. However, when the depleted
gas reservoir exhibits low permeability, the storage
ratio decreases sharply, following a logarithmic trend.
When the permeability is 0.1 mD, the final storage
ratio reaches 5.17%. The relationship between the
final storage ratio and reservoir permeability can be
expressed through the following fitted equation:

e = 1.46791 In(k) + 8.596 (17)
This phenomenon can be attributed to the fact that the
CH4 and CO; originally occupying these pore spaces
and throats are progressively driven further away from
the injection point during hydrogen injection. In a
gas reservoir with lower permeability, the seepage
pathways are fewer and narrower. Then, these CO,
and CHj exert significant counterforce on the injected
hydrogen, thereby impeding its further diffusion
within the reservoir. In such case, the injected
hydrogen tends to be "locked" within a limited spatial
region, and the buffering effects exerted by the
pre-existing CH4 and CO; are pronounced. However,
in high-permeability reservoirs, the internal seepage
paths are more extensively developed and possess
larger apertures. The injected hydrogen can easily
“push” the CH,4 and COs, initially occupying the pore
spaces or throats, driving them toward more distal
regions of the reservoir. In addition, as shown in
Figure 9, the simulation results also indicate that
variations in reservoir permeability lead to more
pronounced changes in the storage ratio within the
low-permeability range. As the reservoir permeability
increases from 0.1 mD to 2.0 mD, the storage ratio
increases from 5.17% to 9.72%, representing a relative
enhancement of approximately 88.01%. However, if

the reservoir permeability was increased from 2.0 mD
to 10.0 mD, the storage ratio rose from 9.72% to 11.82%,
corresponding to a relative increase of only 21.60%.
Moreover, it can be inferred that if the permeability of
the reservoir continues to increase on the basis of the
default permeability, the increase in storage ratio will
continue to decrease.
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Figure 10. The maximum pore pressure when reservoir
permeability is different.

The above analysis clearly demonstrates that CHy
and CO; exhibit a pronounced buffering effect in
low-permeability gas reservoirs. However, the increase
in pore pressure during gas injection may pose
significant risks to the integrity of reservoir and
wellbore. Fractures may develop once the reservoir
pressure exceeds the fracture pressure, potentially
compromising the buffering effects of CO; and CHy
and impairing the reservoir’s sealing integrity. In
other words, the maximum pore pressure during
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injection must remain below the fracture pressure.
Therefore, the reservoir pressure distribution under
different permeability conditions was investigated, and
the results are presented in Figure 10. The results
show that, with increasing reservoir permeability,
the maximum reservoir pressure initially decreases
rapidly in the low-permeability range and then
gradually stabilizes in the high-permeability range.
In this study, the permeability threshold at which
notable changes in maximum pore pressure occur
is approximately 1.0 mD. However, this finding
has limited practical relevance to the design and
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operational control of hydrogen storage projects.
To illustrate this constraint, a horizontal dashed
line representing the fracture pressure is plotted in
Figure 10. The results show that this dashed line
intersects with the corresponding curve (i.e., the
purple solid line), and the permeability value at the
intersection point is 0.2 mD. This indicates that, for
the parameter configuration of the current injection
project, hydrogen storage is not feasible if the reservoir
permeability is below 0.2 mD. If hydrogen injection
is to be implemented, alternative strategies—such
as reducing the injection rate and extending the
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injection section length—must be adopted to mitigate
the maximum pore pressure within the reservoir.
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Figure 12. Effect of injection rate on maximum pore
pressure.

4.2 Effect of injection rate

The injection rate is also a critical factor influencing
the performance of hydrogen storage. An optimized
injection rate contributes to improved storage
performance without compromising the sustainability
of injection operations. This section, therefore, focuses
on evaluating the impact of injection rate on hydrogen
storage and identifying an optimal rate that ensures
reservoir integrity. Herein, the effect of injection
rates, varying from 0.75x10° to 2.75x10% m?/day, was
investigated.

Figure 11 presents the reservoir’s hydrogen-filled
boundary contours and associated storage ratios at
various injection rates. From Figure 11(a), it can
be clearly observed that an increase in the hydrogen
injection rate leads to a substantial expansion in
the volume of the reservoir occupied by injected
hydrogen. The quantitative relationship between
the injection rate and storage efficiency, as shown in
Figure 11(b), further confirms this pattern. When
the injection rate of hydrogen is 0.75x10° m?3/day,
distribution of the injected hydrogen within the
reservoir is largely restricted to the vicinity of the
two horizontal boreholes. At this injection rate,
the corresponding storage ratio is only 4.24%. The
boundary of the hydrogen distribution area has not
extended to any boundaries of the investigation model.
When the injection rate is increased to 1.55x10% m?/day,
the boundary of the hydrogen distribution region
extends to the left boundary of the model. The
storage ratio corresponding to this injection rate is

8.78%. As the injection rate continues to increase,
the hydrogen distribution region extends beyond the
model boundary, with the injected hydrogen diffusing
into areas outside the model (see Figure 11(a)).
When the injection rate reaches 2.75x10° m3/day,
the front, left, right, and bottom boundaries of
the hydrogen distribution region extend beyond the
model boundaries, and the storage ratio is as high
as 12.86%. This storage ratio is more than 3 times
as large as that achieved at an injection rate of
0.75x10° m3/day. This simulation result can be
attributed to the fact that higher injection rates lead
to elevated bottom-hole pressures, which provide
a greater driving force for hydrogen diffusion and
migration into the reservoir [22, 32, 33]. As observed
in Figure 11(b), the trends of bottom-hole pressure
and storage ratio with respect to injection rate exhibit
a remarkably similar pattern.

Nevertheless, the effect of injection rate on hydrogen
storage exhibits considerable variation across different
injection rate ranges, which can be clearly seen in
Figure 11(b). The shift in this effect occurs at an
injection rate of 2.3x10° m?/day, which serves as a
critical threshold. For injection rates below this value,
the storage ratio demonstrates a near-linear growth
trend as the injection rate increases, with a slope
of about 4.98 %/(10°m3/day). However, when the
injection rate surpasses this value, the rate of increase
in the storage ratio slows significantly. This is primarily
due to the fact that at low injection rates, the volume of
hydrogen injected is small, and the existing CH4 and
CO, in the reservoir do not exert a significant buffering
effect. As the hydrogen injection rate rises, the amount
of hydrogen entering the reservoir increases markedly,
thereby enhancing the compression of the pre-existing
CO; and CHy. The compressed CO; and CHy in the
reservoir behave like a balloon shell, restricting the
diffusion of subsequently injected hydrogen.

Figure 12 illustrates the maximum pore pressure
corresponding to different injection rates. As observed
in Figure 12, the maximum pore pressure in the model
increases rapidly when the injection rate exceeds
1.75x10% m3/day. In any case, the maximum pore
pressure observed across all cases is consistently lower
than the fracture pressure, indicating a safe operational
margin. Given the default investigation conditions, it
remains feasible to moderately increase the injection
rate to further improve the effectiveness of hydrogen
storage.

31



Reservoir Science

ICJK

100 100
200 | 200
300 300
400 - 400
500 - 500
‘900 ‘900
209> 0o ~ 800
00 200 400 600 800 00 200 400 600
250 m ‘ 400 m
550 m ‘ 700 m
100 100
200 2001
300 300
400 400
500 500
8 Sor
00 200 400 600 800 00 200 400 600 800
135 r (b) 1 75
£ 115 02
. J ]
S o5t 6.5 E%
o 160 £ &
g = —— Storage ratio 55 % 6
= = &
“* 55 ' ——Bottom-hole pressure 150 =
3.5 L L L L L L L L L 4.5
200 250 300 350 400 450 500 550 600 650 700
Wellbore length/m
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4.3 Effect of wellbore length

As mentioned above, when the total injection rate
remains constant, the maximum pore pressure can
be regulated by adjusting the wellbore length of the
injection section. This adjustment helps ensure the
safety of the injection operation and the stability
of hydrogen storage. For this purpose, the storage
behavior of hydrogen was analyzed for injection
section lengths of 250 m, 400 m, 550 m, and 700 m.

Figure 13 illustrates the effect of injection section
length (i.e. wellbore length) on storage ratio of the
depleted reservoir. As can be seen in Figure 13, when
the wellbore length is short, the injected hydrogen
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must diffuse into the formation through a limited
contact area, thereby constraining its distribution. In
this case, the injected hydrogen accumulates near the
front boundary of the model and exhibits a wide
distribution along the longitudinal direction. The
limited injection volume per unit time concentrated
over a small injection area inevitably results in
elevated bottom-hole pressure. When the section
length for hydrogen injection is only 250m, the
bottom-hole pressure is 6.97MPa, and the storage ratio
is 11.5%. As the wellbore length used for hydrogen
injection increases, the injected hydrogen penetrates
the reservoir across a large surface area of wellbore.
As a result, the amount of hydrogen injected per
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unit area of the wellbore is reduced, and the final
hydrogen distribution area becomes elongated and
flat. As a consequence, the injection pressure at
the bottom of the wellbore decreases accordingly.
When the section length for hydrogen injection is 700
m, the hydrogen injection section almost traverses
the full horizontal dimension of the model. Under
this operating condition, the bottom-hole pressure
decreases to 5.47 MPa, while the storage ratio increases
only slightly to 11.98% (see Figure 13(b)). The limited
impact of wellbore length on storage ratio can be
attributed to the fact that an extended wellbore alters
the hydrogen distribution pattern from a wide, circular
region to an elongated, flattened configuration. Due to
the homogeneous and isotropic nature of sediment
permeability in the model, the spatial volume of
hydrogen distribution remains largely unchanged with
varying wellbore lengths.

Figure 14 illustrates the relationship between wellbore
length and the maximum pore pressure within the
investigation model. As observed in Figure 14, an
increase in wellbore length for hydrogen injection
results in a gradual decrease in the maximum pore
pressure within the model. Moreover, this decreasing
trend in maximum pore pressure is significantly
amplified when the wellbore length is shorter than
400 m. For wellbore lengths greater than 400 m, the
maximum pore pressure exhibits minimal variation
with further increases in length. However, the primary
purpose of Figure 14 is to support the design of
hydrogen injection operations. From Figure 14, it
can be observed that the maximum pore pressure in
the model exceeds the fracture pressure only when
the wellbore length used for hydrogen injection is
shorter than 220 m. Such operation conditions pose
environmental risks, as they may cause fracturing
within the reservoir, thereby leading to the potential
leakage of stored Hy, COy, and CHy. Accordingly,
it is advisable to avoid designing the hydrogen
injection wellbore section with a length less than
220 m. Furthermore, to enhance the efficiency of
future hydrogen recovery, it is recommended to avoid
designing an excessively short wellbore section for
injection.

5 Conclusions and future works

In this study, a mathematical model was developed
to simulate hydrogen injection into a depleted gas
reservoir with a certain amount of pre-stored COx.
Based on this model, the evolution characteristics
of parameters such as pore pressure and the mole
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Figure 14. Variation curve of the maximum pore pressure
with wellbore length.

fractions of various components (i.e. Hy, CO; and
CH4) were analyzed. Subsequently, the effects of
injection rate, reservoir permeability, and wellbore
length on the hydrogen injection process were
systematically discussed. The main conclusions are as
follows:

(1) The simulation results obtained in this study
show strong consistency with those reported by Lu
et al. [28]. This consistency verifies the reliability and
applicability of the developed model and methodology
for simulations of hydrogen injection and storage in
depleted gas reservoir.

(2) The buffering capacity of CH4 and COs initially
present in the depleted gas reservoir becomes
increasingly evident as hydrogen injection proceeds,
reaching a more significant level during the later stages.
As a result of this buffering effect, the expansion of
the hydrogen distribution volume within the reservoir
gradually slows down.

(3) For low-permeability reservoirs, it is imperative
to meticulously balance hydrogen injection efficiency
with reservoir stability to optimize hydrogen storage
operations. For the default investigation conditions in
this study, when reservoir permeability falls below 0.2
mD, it is essential to appropriately adjust the injection
rate or the wellbore length to mitigate the risk of gas
leakage.

(4) Compared to wellbore length, the injection
rate exerts a greater influence on hydrogen storage,
primarily because higher rates result in greater
volumes of hydrogen being injected, necessitating
more available pore space. However, the wellbore
length poses a greater risk to reservoir sealing.

The present work represents a foundational study, and
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further comprehensive investigations are encouraged
to validate and extend these results. Two potential
research directions are proposed to guide future
studies, with the aim of supporting hydrogen
storage projects and contributing to the sustainable
development of human society.

(1) The simulation of the alternating hydrogen
injection and extraction process is designed to
reproduce the peak-shaving behavior of hydrogen
production and demand. Such a simulation may better
reflect the purpose and intended function of hydrogen
storage.

(2) Although the injection of hydrogen plays a key
role, the capacity to effectively develop and exploit
stored hydrogen is of greater significance. Another
idea identified by the authors is the exploration of how
different factors affect the purity of hydrogen recovered
from storage reservoir. In addition, optimizing the
coordination between injection project and recovery
project is also essential to maximize the purity of the
extracted hydrogen.
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