Energy Reports 13 (2025) 5815-5827

ELSEVIER

Contents lists available at ScienceDirect
Energy Reports

journal homepage: www.elsevier.com/locate/egyr

Research Paper

Check for

Investigating CO5 and hydrogen flow dynamics and efficiency optimization [
for underground storage and production: An experimental and

simulation-based study

Apoorv Verma @, Shankar Lal Dangi ®, Shruti Malik ®, Mayur Pal

Department of Mathematical Modeling, Kaunas University of Technology, Kaunas 51368, Lithuania

ARTICLE INFO ABSTRACT

Keywords:

Underground hydrogen storage and production
Experimental approach

Porous media

Simulation

Flow behavior

Sandbox

Optimization scenarios

This study uses an experimental and simulation-based approach to investigate hydrogen flow behavior and ef-
ficiency optimization during underground hydrogen storage and production (UHSP). Laboratory-scale sandbox
experiments were conducted under low pressure to assess the dynamics of Hz, Hp, and CO, mixtures in porous
sandstone media. The sandbox experiments revealed that sandstone formations, with high permeability, are
effective for both Hz and Hy and CO; mixtures for gas storage, showing minimal leakage when combined with
impermeable cap rocks, which were represented by a clay layer in the sandbox experiment. Further, a 2D
mechanistic model was developed and simulated using tNavigator to validate the experimental results, simu-

lating gas migration and reproducing the phenomenon seen in the sandbox modeling experiment. Subsequently,
a scaleup study was also conducted, where various optimization scenarios were explored to enhance UHSP ef-
ficiency, which includes optimization based on injection duration, injection rates, and model heterogeneity.

1. Introduction

Hydrogen (Hz) potential as an alternative fuel was recognized several
decades ago (Wallace and Ward, 1983). Excessive dependence on
non-renewable sources such as fossil fuels, coal, and natural gas in-
creases CO, emissions into the environment (Mubarak et al., 2024). The
annual global average concentrations of COy reached unprecedented
levels of 414.7 ppm in 2021, which accounts for 74.4 % of total
greenhouse gas (GHG) emissions (Akbar et al., 2024; Perone, 2024;
Shang et al., 2024).Therefore, transitioning to sustainable and renew-
able energy sources is essential to achieving global net-zero emissions by
2050 (Renné, 2022). While options like solar, wind, and hydroelectric
power are promising, they face supply fluctuations due to diurnal, sea-
sonal, and climate changes (Ichimura and Kimura, 2019; Maghami et al.,
2024). Hz has become increasingly important as a clean energy carrier in
achieving CO, neutrality. However, the challenge of large-scale H-
storage is a significant barrier to advancing Hz energy. Therefore, the
present study addresses underground hydrogen storage and production
(UHSP) aspects through mechanistic modeling and case optimization.

The geological formations like porous reservoirs, depleted oil and gas
fields, saline aquifers, and salt caverns are suitable for UHSP (Hogeweg
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et al., 2022a,b; Indro et al., 2024; Thaysen et al., 2023; Vialle and
Wolff-Boenisch, 2024). Dodangoda et al. (2024) noted that sandstone
formations are suitable due to their high porosity, well-graded pore
distribution, favorable pore connectivity, and minimal clay minerals and
carbonates presence. Jahanbani Veshareh et al. (2022) reported that
depleted hydrocarbon chalk reservoirs are technically suitable for H
storage, offering gas tightness with a leakage rate of 0.01 % per year.
Moreover, a British company has stored Hz (95 % Hy and 3 %4 % CO3)
at a depth of 400 m in salt caverns in Teesside, UK (Gielen et al., 2019),
which confirms the feasibility of UHSP. Similarly, in Germany, the Kiel
town gas project is a notable salt cavern H: storage facility with a ca-
pacity of 60 % (Liebscher et al., 2016). However, multiple risks are
associated with UHSP, including chemical and biochemical reactions,
H; loss and leakage, reservoir integrity, formation damage, geochemical
reactions, and microbial activity (Maury Fernandez et al., 2024). For
instance, Najafimarghmaleki and Dehghanpour (2024) reported that
brine-rock interactions can cause the dissolution of halite, calcite
(1.4 %-1.7 %), and dolomite (0.15 %-0.4 %), highlighting the impor-
tance of considering these effects in the safe design of underground
energy storage.

Simulation studies can play a vital role in advancing the
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understanding of UHSP. These studies provide critical insights into un-
derground processes and reservoir behavior, including flow dynamics,
storage capacity, interactions with reservoir rocks and fluids, etc.(Maury
Fernandez et al., 2024; Shang et al., 2024). This can help optimize and
successfully deploy UHSP, contributing to system performance and
supporting the global energy transition. For instance, the storage effi-
ciency attributed to Hj reactions with rock skeletons and fluids leads to
biological and nonbiological reactions (Wang, Wu, et al., 2023). The
wettability of rocks in the Hy—fluids—rock system varies with formation
conditions, impacting Hy permeation ability. Moreover, variations in
wettability caused by changes in temperature, pressure, and the pres-
ence of organic acid improve the dynamics of Hy injection and with-
drawal, optimizing the overall storage process (Iglauer et al., 2021). The
interfacial tension between Hy and brine is influenced by gas composi-
tion, with mixed gases like CH4 and CO5 reducing interfacial tension and
improving injection and withdrawal efficiency (Dehghani et al., 2024).

While previously reviewed research (Berta et al., 2018; Tarkowski,
2019; Pan et al.,, 2021a,b; Zivar et al.,, 2021; Tarkowski and
Uliasz-Misiak, 2022; Bahrami et al., 2023; Gomez Mendez et al., 2024;
Verma et al., 2024; Verma et al., 2025) has demonstrated the feasibility
of UHSP in geological formations such as porous reservoirs, salt caverns,
and depleted hydrocarbon fields, significant gaps remain in under-
standing the complex subsurface processes that affect storage efficiency.
Most studies are either simulation (Kolditz et al., 2012; Pfeiffer et al.,
2017; Rahbari et al., 2019; Cai et al., 2022; Hogeweg et al., 2022a,b;
Abdellatif et al., 2023) or pore-scale experimental studies (Lysyy et al.,
2022; Boon and Hajibeygi, 2022; Gao et al., 2023; Jangda et al., 2023;
Song et al., 2023; Wang, Yang, et al., 2023; Dokhon et al., 2024).
However, numerical modeling and simulations can complement labo-
ratory experiments to allow a greater range of research. Through an
integrated study, many questions can be answered, including factors
that affect reservoir and fluid properties within the storage zone and
what happens when a gas mixture (Hy and COg, in this study) is injected
into the reservoir. No such studies are presented in the literature where
both aspects are captured in an integrated manner. Additionally, the
field of H; storage lacks any pilot demonstration, which poses challenges
to understanding the flow behavior of Hs in real geological formations
(Verma et al., 2025). The study presented in this paper aims to bridge
these gaps. It is essential to conduct integrated experimental and
simulation studies to capture the dynamic interactions between
hydrogen, reservoir rocks, and fluids under realistic storage and pro-
duction conditions. This combined approach will enhance the accuracy
of predictive models and provide actionable insights for optimizing Hy
injection, withdrawal, and overall storage efficiency.

Therefore, this study aims a) to analyze hydrogen flow behavior
through experiment and simulation and b) to optimize efficiency using
the simulation-optimization technique of various production-to-
injection ratio scenarios. This study provides valuable insights into
hydrogen flow behavior in porous media formation and optimization of
hydrogen injection and production to identify the most efficient sce-
nario. The findings can aid in designing more effective Hy storage and
production systems, ensuring that the full potential of hydrogen as a
clean energy carrier is realized. The paper is organized as follows: 2
provides an overview of the governing flow equations for multiphase
flow. 3 presents the material and methodology used to construct the
experimental setup, corresponding simulation model, and optimization
scenarios. 4 presents result and discusses results related to optimization
scenarios. 5 presents some of this study’s limitations. 6 presents
conclusions.

2. Theory of governing equations

The present study uses the momentum equation that governs the
flow of different phases (such as gas and water) within a porous medium.
The equation is derived from Darcy’s law and considers the pressure,
viscosity, gravitational effects, and relative permeability of each phase
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(Whitaker, 1986; Dangi et al., 2023). The general form of the mo-
mentum equation is applied to both wetting and non-wetting phases,
such as water (wetting phase) and CO2 and H2 (non-wetting phase) in a
typical reservoir system (Liu and Smirnov, 2008). The governing equa-
tion for each phase is expressed as:
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Where p represents a phase (e.g., gas, water, etc.), ¢, is the porosity of
the medium for phase B, Sy is the saturation of phase f, k; is the absolute
permeability of the porous medium for phase f, 4, is the dynamic vis-
cosity of phase B, P is the pressure of phase f, p; is the density of phase f,
g is the gravitational acceleration, D is the vertical elevation (height),
Qg is the source term for phase p accounting for external fluxes like
injection or production. Further, the finite volume method (FVM) solves
the governing equation by discretizing the computational domain into
small control volumes. This method is advantageous because it ensures
mass conservation across control volume boundaries (Dangi et al.,
2023). First, we express the equation in its integral form over a control
volume Q; We integrate the Eq. (1) over the control volume to get the Eq.
(2).
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Now, applying the divergence theorem to the second term (the term
involving the flux) in Eq. (2), the volume integral converted into a
surface integral over the boundary 0Q; of the control volume, as shown
in Eq. (3).
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Where, n is the outward-pointing unit normal vector on the surface of
the control volume. Thus, the integral form of the governing equation
has become Eq. (4).
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Next, the approximation of the integral is performed by discretizing the
control volume Q; into smaller sub-volumes (often denoted as grid cells

in numerical simulations). Volume integrals are estimated based on

values at cell centers, and surface integrals (flow through control volume
as,

boundaries) are calculated based on values at cell mouths. The term
in Eq. 4 is the mass accumulation term. Now, this term is discretized
using a forward Euler method (Yang et al., 2018) for the time derivative
shown in Eq. (5).
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Where, Sy, is the saturation of phase p at the previous time step, and S;}+1
is the saturation at the current time step. Now, the pressure gradient
term is discretized over the boundary of the control volume i.e., d€;
shown in Eq. (6).
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Where, P/f,andP}; are the pressures at the face f and the center of control
volume i, respectively, Ax; is the distance between the cell centers along
the face f, As is the area of the face f (the surface area of the control
volume face). Now, the source term Qs Eq.(4)is discretized, as shown
in Eq. (7). This equation represents the total injection or production rate
within the control volume.
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Combining all the terms of Egs. (5), (6), and (7), the discretized form of
the Eq. (4) for each control volume i becomes Eq. (8).
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Finally, Eq. (8) is used to solve the problems in fluid flow in porous
media, which is based on FVM. Furthermore, a compositional model is
utilized for the study to simulate the thermodynamic behavior of
reservoir fluids consisting of CO, and Hj. The behavior of these com-
ponents is modelled using the Peng-Robinson (PR) equation of state
(EOS) (Peng and Robinson, 1976), which is shown as Eq. (9).
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Where the values of m; and my arel + v/2 and 1 — v/2, respectively, P is
the pressure, T is the temperature, v is the molar volume of the mixture,
and a and b are parameters that depend on its critical properties.

3. Material and methodology

The methodology to explore the Hy flow behavior and storage
feasibility has been divided into three parts: a) experimental work, b)
simulation work, and c) optimization scenarios. The experimental setup
was primarily designed to study the CO, and Hy+CO2 injection and
migration behavior in porous media under controlled conditions.
Further, a 2D mechanistic model was developed using tNavigator to
simulate the flow pattern in layered geological formations to verify the
experiment result. Next, various optimization scenarios were studied,
using cyclic injection and production strategies to enhance UHSP
efficiency.

3.1. Experimental design and execution

An experimental setup (sandbox model) was designed to study CO»
and Ha+ CO; migration behavior in porous media on a laboratory scale,
schematic layout is presented in Fig. 1a, and the actual tank setup is
shown in Fig. 1b. The tank was 15 x 15 x 5 in. in size, made of a 20 mm
thick acrylic sheet, which allowed visual monitoring of internal condi-
tions, and was airtight with a limit of low-pressure resistance to up to
1 bar, as shown in Fig. 1b. The top and bottom of the tank were made

Temperat
ure and
Pressure”
sensor
port Capping layer Clay L4
15 inch Fine sand L3
a. Fine sand L1

Length-15 inch

S inch
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from stainless steel because of its high tensile strength and durability
under pressure. The tank was equipped with pressure and temperature
monitoring sensors for data collection. A valve was installed at the top of
the tank to collect the sample and identify the leakage. An injection port
was provided to inject the gas and dye. Further, to mimic the subsurface
conditions in a layered form, we utilized a combination of materials with
varying grades and properties, including fine sand, sandstone, clay, and
gravel (pressure up to 1 bar). Detailed characteristics of materials used
in layered formation inside the tank before CO5 and Hy + CO; injection
are listed in Table 1. Bromothymol blue (BTB), a pH-sensitive dye
(sourced from Thomas Baker), was used to saturate the tank media
thoroughly and further to observe the movement and trapping of gas
inside the tank (Chauhan, 2018; Smith et al., 2020). The experimental
procedure comprised four steps: (1) material filling and compaction to
create heterogeneous geological formation of different grade material,
(2) saturating the media with brine and BTB dye to replicate subsurface
conditions, (3) gas injection phase, (4) data collection. The tank was
cleaned after each experiment to prevent contamination before the
following experiment. Fig. la illustrates a schematic design of an
experimental tank setup, while Fig. 1b depicts the actual tank setup
filled with varying permeability material.

3.2. Sandbox simulation model

A 2D mechanistic model was developed, replicating the sandbox
model using tNavigator (version 24.2). The model is not a replica but a
close representation of the sandbox experimental setup. Further, the
simulation model consists of five flow units. Each geological layer was
assigned a specific material type, as listed in Table 2, and grid properties
used in the present numerical simulation model are listed in Table 3. The
model represents gravel as a top layer, followed by a clay layer with a
permeability of 0.0005 mD, a fine sand layer with a permeability of
30.87 mD, a sandstone layer with a permeability of 83.08 mD, a final
fine sand layer, from top to bottom sequence, shown in Fig. 2a and

Table 1

Detailed characteristics of materials used in layer formation inside the tank.
Material Porosity Permeability Grain size Avg. grain

(in (Darcy) (mm) size (mm)
percentage)

Sand 39 3087 0.5 0.5
Sandstone 41 8308 0.8 0.8
Clay 48 492 0.18 0.18
Gravel 46 524357 5-7 6

L4
Clay

b

Fig. 1. Experimental tank setup a) schematic layout b) actual tank setup filled with varying permeability material.
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Table 2
Properties used in the present numerical simulation model.

Layer Thickness (inch) Porosity (%) Permeability (mD)
A (Gravel) 2 46 5243.57

B (Clay) 5 .05 .0005

C (Fine Sand) 1 39 30.87

D (Sandstone) 6 41 83.08

C (Fine Sand) 1 39 30.87

Table 3

Grid properties used in the present numerical simulation model.
Parameters Dx (m) Dy (m) Dz (m) Nx Ny Nz
Values 0.01 0.127 0.0254 100 1 15

boundary condition in Fig. 2b, see Table 2 for flow unit porosity and
permeability. The simulation model has 100 cells in the x-direction, 15
in the z-direction, and 1 in the y-direction, see Table 3. The model aims
to replicate Hp flow behavior to validate the experimental study. The
model has no-flow boundary conditions on all sides, with source and
sink conditions at the bottom and top of the model, see Fig. 2b. The
source and sink are represented by two wells: one for injection and one
for production. Injection of Hy and COs is through the 13th layer, and
production was from the top layer to replicate if there is any leakage
from the cap rock. The reservoir’s initial H, and CO, saturation are kept
at zero, and the model is initially fully saturated with brine. After that,
the flow behavior was observed when only CO2 was injected and when a
mixture of Hy and CO, was injected.

3.3. Optimization study

The experimental and simulation models described in Sections 3.1
and 3.2 represent small-scale setups. Scaling up the results is necessary
for the practical application of the findings obtained from experimental
and simulation models. Therefore, a scaleup study was conducted using

INJ 1
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a mechanistic subsurface model. The objective of the scaleup study was
to investigate the Hy storage efficiency, which was analyzed with the
help of an injection production parameter optimization. For the opti-
mization study, a preliminary survey was conducted to collect the
baseline data of the Syderiai deep saline aquifer, which was investigated
earlier as a potential CO, and natural gas storage site in the Lithuania
Baltic basin (Malik et al., 2024). The Baltic basin consists of a Cambrian
sandstone reservoir, sealed by carbonaceous-shaly caprocks, and char-
acterized by the sandstone lithology of the Deimena formation of the
Middle Cambrian age (Malik et al., 2024). The depth of the saline
reservoir ranges from 0.3 km to over 2 km. It is one of Lithuania’s most
significant deep saline aquifers, covering an area of 26 km? with a
thickness of 57 m and a top depth of 1458 m. The aquifer has a porosity
of 16 %, a permeability of 400 mD, and a net-to-gross value (NTG) of
0.75 (Malik et al., 2023). These reservoir properties have been used as
input data to design a 3D mechanistic model using average properties
for simulating various optimization scenarios. Fig. 3 shows how the
optimization study was organized. A 3D mechanistic model was devel-
oped using tNavigator (version 24.2) to evaluate the feasibility of UHSP
in the Syderiai deep saline aquifer. For the optimization study, two cases
were designed: a) a homogenous model having averaged porosity and
permeability values representing Syderiai deep saline aquifer and b) a
heterogenous model to mimic reservoir conditions; the model in-
corporates spatially varying permeability and porosity in the x, y, and z
directions (Fig. 4) but still using same Syderiai model properties as basis.
In the homogeneous case, we assumed the same porosity and perme-
ability for all reservoirs. In the heterogeneous case, a few variations
were used. In the first heterogeneous 10 % variance on permeability and
porosity was assumed from the base values. In the second heterogeneous
case, an additional 20 % variance in porosity and permeability was
assumed compared to the base case. And in the third heterogeneous
case, an additional 40 % variance in porosity and permeability was
assumed compared to the base case.

Further, in the homogenous model, two cases (cases A and B) were
initially considered with differences in the layer of production. Both
cases were designed to identify the most efficient injection rate. The case

PROD 1

Injection well

X

50.36830 -

50.27940
50.19050

50.10160
50.01270

Production well

Injection from
13" layer at flow
rate Q=1
m3/day

Initial saturation of hydrogen and CO,

=0

mm Production
from 1%t layer at
flow rate Q = 1
m?3/day

b.

No Flow, v-n =0

Fig. 2. Sandbox simulation model a) layered model configuration: gravel, clay, fine sand, and sandstone with permeability variations b) boundary condition applied

in the simulation to replicate the laboratory test.
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| Reservoir S 1
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Fig. 3. Comprehensive workflow design to streamline the steps involved in optimization.

=0 1000 o
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— %0 4000

1500

500.00000 .
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400.00000

357.77088

320.00000

Permeability in
mDarcy

Fig. 4. Heterogeneous reservoir models (a) 10 % of heterogeneity permeability and (b) 20 % of heterogeneity permeability.

with better efficiency was taken for further optimization scenarios. In
Table 4, Dx, Dy, and Dz are the model’s dimensions (in meters) in the x,
y, and z directions, respectively. Likewise, Nx, Ny, and Nz are the
number of grids in the x, y, and z directions, respectively. BHPy,; and
BHP,,;, are the borehole injection and production pressure (in bar).
Methane (CH4) was used as a cushion gas in the present simulation
(Izadi Amiri et al., 2024; Saeed and Jadhawar, 2024).

4. Results and discussion
4.1. Experimental results

The experiments were successfully executed with COz and H2 + CO2
injections into sandstone media, aiming to understand the flow behavior
under controlled subsurface conditions. Findings suggest that after
injecting CO2, the reaction between CO2 and water formed carbonic acid
(H2CO03), leading to pH shifts that altered BTB’s color from blue in
alkaline conditions (pH > 7.6) to yellow in acidic conditions (pH < 6.0),
effectively indicating gas migration. Moreover, the dissolution of COz in
brine causes a local decrease in pH, observed by color change in the dye.
The yellow color from the blue dye indicated acidic conditions,

confirming the dissolution of CO2. Furthermore, increasing the CO: in-
jection pressure displaced the brine-dye mixture within the sandstone
media. The gas migration due to the dye was tracked visually, and
breakthrough points were identified, presented in Fig. 5. The observa-
tions revealed preferential flow paths where CO: displaces brine,
particularly in the high-permeability layer (sandstone). Furthermore, in
this case, the layer interfaces acted as partial barriers, leading to local-
ized trapping of COz or slower displacement rates in the low-
permeability layers, as seen in Fig. 5b and c. Over time, as the brine
was displaced, the porous sandstone layer became progressively satu-
rated with COz. Capillary forces in the smaller pores trapped the residual
brine, while the larger pores allowed CO: to migrate more freely. This
led to stable CO2 bubbles or pockets within the brine-saturated media
(Fig. 5b). On the contrary, some leakage was observed at the top layer of
the setup, which may have been due to the expansion of the tank. The
trapped gas (between the sandstone and clay layer) was noticed to move
upwards slowly. However, the chances of leakage/upward movement
would have decreased if the gas were utterly dissolved in the brine so-
lution. However, the main reason for the leakage could be increased
pressure inside the tank.

Furthermore, the layered formation was recreated for Hz+CO:

Table 4

Properties used in the numerical simulation model.
Parameters Dx(m) Dy(m) Dz(m) Nx Ny Nz BHP,j(bar) BHP,,,(bar)
Values 20 20 2.28 100 100 25 150 50
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Trapping of CO, stguTed

i,

Fig. 5. CO, injection stages a) initial injection at t = 0, pressure (p) = 0, b) at t = 1 min, pressure (p) = 0.5 bars c) at t = 4.50 min, pressure (p) = 0.910 bars.

mixture injection to see the behavior of Hz in porous media storage. The
tank’s base consisted of a 1-inch layer of fine sand, selected for its high
permeability to support uniform gas flow. Above this, a 5-6-inch sand-
stone layer was added, with varying thicknesses for different cases to
analyze gas migration and storage. In this case, the sandstone layer was
thickened to better mimic natural geological formations and to observe
how the gas mixture (H24+CO2) behaves in a more extensive porous
medium. On top of the sandstone, another 1-inch fine sand was used as a
transition layer, enhancing gas flow, and stabilizing the setup. A 5-6-
inch-thick layer of clay was placed above the fine sand, acting as an
impermeable cap rock to prevent gas from migrating upward,
mimicking natural containment mechanisms. A gravel layer was added
at the top to mimic the pressure exerted by overlying geological for-
mations. Finally, the tank was tightly sealed (up to 1 bar) with a steel
cover, secured by bolts, ensuring the system could withstand the high
pressures associated with gas mixture injection.

The visual observations are presented in Figs. 6 and 7 for both
phases: a) injection and b) trapping phase and development of fracture/
fault, respectively. The movement of H>+CO: through the sandstone
media was observed from left to right, showing that the porous structure
of the sandstone facilitated gas migration. This confirmed that sandstone
is a permeable medium, allowing gases to flow through its inter-
connected pores. The gases were trapped in the center of the tank, just
below the clay layer. This behavior indicated that while sandstone al-
lows gas flow, it relies on an overlying impermeable layer (such as clay)
to trap the gases and prevent further vertical movement. This demon-
strated the effectiveness of porous sandstone media for storing gases
when combined with a sealing layer. As gas injection continued, pres-
sure gradually built up within the tank, reaching a maximum of
0.49 bar. At this point, the porous sandstone media retained the gas

Sandstane

Morenaffine sarf

At t=12 sec, pressure(p)=0.065bars

without showing signs of leakage through the layered formation. When
the system pressure exceeded 0.49 bar, the tank expanded, and leakage
occurred. However, the leakage was not through the sandstone or clay
but rather from the top layer of the system, indicating that while the
sandstone media could handle pressure up to a certain point, the
structural containment of the system was compromised. Notably, the
clay layer, acting as a cap rock, did not fracture under increased pres-
sure. This behavior suggests that the sandstone below can store gases
effectively if paired with an impermeable layer like clay, which prevents
vertical gas escape and ensures containment within the storage
formation.

4.2. Simulation outcomes

The simulation results highlight the dynamic movement and satu-
ration profiles of CO: in a porous medium. Fig. 8a-f shows the saturation
profiles of CO> movement in the porous medium at various time in-
tervals. As the pressure gradient primarily drives migration, the result
shows that CO: stays concentrated close to the injection well (INJ 1)
during the initial injection phase (t=35sec. to t=5min 11 sec.),
generating a confined plume. As CO: displaces fluids, intermediate
saturation zones (green and yellow) emerge as the gas expands laterally
and vertically during the plume growth phase (t=10min to
t = 30 min). At this stage, CO2 migrates upward because of its lower
density, indicating the dominance of advection-driven flow and the
formation of gravity segregation. Between t = 35 and t = 90 minutes,
during the saturation and stability phase, the plume expansion rate
slowed as the pressure gradient decreased, attributed to diffusion,
making the saturation profile smoother. The extended high saturation
region (red) near the injection well suggests practical storage and the

At t=48 sec, pressure(p)=0.168 bars

Grave!

Morena/finesand Morena/fine

Fig. 6. Visualization of gas mixture during initial injection phase (1:1 Ratio) and migration across sandstone layer over the time and pressure intervals.
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——» Gas movement from left to right of the tank

Trapping of Hydrogen and CO,

At t—l min, pressure(p)—O 41 8 bars
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Fig. 8. Saturation profiles of COz migration in porous media over different time intervals (a-f).

gradual transition indicates displacement processes. Further, Fig. 9a to f
shows the dynamic saturation profiles of CO2+H- in a porous material
from 35 seconds to 90 minutes. Initially, there is a localized saturation
gradient (red and yellow close to the injection point) and a concentra-
tion of gases close to the point. The mixture of gases moves toward the
right-hand side. Over time, migration indicates a similar distribution of
gas mixture as CO: saturation profiles.

Fig. 10 shows the gas-in-place distribution (in tons) over time for CO-
injection and CO2+H- injection at 50 % proportions, illustrating distinct
flow behavior at different time intervals. Initially, the migration of
CO2+H; and CO; was similar. CO: injection exhibits a more concen-
trated gas distribution near the injection well (INJ 1). At the same time,
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the CO2 + H2 mixture achieves a broader and more uniform distribution,
which might be due to the lower density and higher mobility of H-
(Schlapbach, 2002). Over time, CO2 shows localized accumulation,
whereas the CO: + Hz mixture diffuses more effectively toward the
production well (PROD), indicating improved displacement efficiency.
Quantitatively, the CO2 + H: scenario demonstrates slightly lower
gas-in-place values due to H:'s lower mass density, suggesting that
incorporating hydrogen alters the flow behavior during storage. More-
over, gas migration in place is identical when analyzing the saturation
profile of CO5 (Fig. 8) and CO2+Hj mix (Fig. 9). However, the front of
the CO2+H; gases migrates more than CO; after some time due to COy
dissolution. Also, from Fig. 10, the amount of CO; as gas in place is more
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Fig. 9. Saturation profiles of CO2+H- in porous media over different time intervals (a-f).

than that of the CO2+Hjy mixture. Before 30 minutes, the migration of
CO,+Hj seems to grow towards the production point (PROD), while the
movement of CO, has not been observed towards the production point
(PROD).

4.3. Optimization strategies

Initially, two homogenous cases (A and B) were designed to identify
the best injection rate for further optimization scenarios. The results for
each case are shown in Fig. 11a and b. In case A, Hy was injected into the
bottom layer for 6 months, followed by a 6-month production period
from the same layer, and this cycle was repeated over 10 years. The
efficiency improved as the injection volume increased, with an injection
rate of 1.4 mln. Sm® /day achieved the highest efficiency (0.8243) and
an injection rate of 0.2 mln. Sm® /day yielding the lowest efficiency
(0.4819). This indicates that larger H; injection volumes lead to more
effective utilization. Additionally, water production was higher at 1.4
mln. Sm®/day injection rate, producing 4800.69 th. Sm?® water,
compared to the 0.2 mIn. Sm? /day case, which resulted in the lowest
water production at 3396.84 th. Sm®. Further, in case B, Hy was still
injected into the bottom layer, but production occurred from the top
layer. Furthermore, gas losses in Case B were significantly lower,
ranging from 79.96 to 273.25 mln. Sm®, compared to
189.62-384.58 mln. Sm® in Case A. Additionally, comparing loss per-
centages in both cases suggests that Case B consistently achieved lower
loss percentages than Case A (Fig. 12a). The analysis suggests that Case B
consistently outperformed Case A in efficiency in terms of gas loss.
However, efficiency improved with increasing injection rates in both
cases. Still, Case B achieved higher values (e.g., 0.866 at 1.2 Sm®/day vs.
0.815 in Case A) while maintaining lower loss percentages (e.g., 0.134
vs. 0.185). Moreover, water production in Case B was reduced across all
injection rates, with 3523.32 th. Sm®at 1.2 Sm?® /day compared to
4685.41 th. Sm? in Case A. In case B, water production volume suggests
that the top layer produces less water than case A, making it a better
option for Hy injection efficiency (Fig. 12b). Additionally, increasing the
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injection rate from 1.2 mln. Sm® /day to 1.4 mln. Sm® /day did not
significantly improve efficiency and increased water production. This
suggests that an injection rate of 1.2 min. Sm® /day in Case B provides
optimal performance with high efficiency, minimal gas loss, and lower
water production. Based on this, it was decided to optimize efficiency,
keeping an injection rate of 1.2 mln. Sm? /day for further scenarios.

4.3.1. Scenario 1: cyclic injection with and without stoppage

This scenario evaluates the impact of a 4-month injection phase
followed by a 2-month stoppage and 6 months of production at an in-
jection rate of 1.2 mln. Sm? /day. The "without stoppage" case out-
performed the "with stoppage" scenario, achieving higher injection and
production volumes (1887.11 mln. Sm? and 1633.52 mln. Sm?®, respec-
tively) compared to 1352.54 mln. Sm®and 1162.35 mln. Sm?®. Effi-
ciency was slightly better without stoppage (86.6 % vs. 85.9 %), despite
higher absolute losses (253.59 mln. Sm® vs. 190.19 mIn. Sm?) but with a
lower loss percentage (13.44 % vs. 14.06 %). However, water produc-
tion was higher without stoppage (3523.32 th. Sm® vs. 3371 th. Sm?®).
Consequently, the "without stoppage" scenario was selected for further
optimization.

4.3.2. Scenario 2: 3-month and 6-month injection and production cycle
The 3-month cycle outperformed the 6-month cycle, achieving
higher injection (2128.46 min. Sm*® vs. 1887.11 min. Sm®) and pro-
duction volumes (1872.11 mln. Sm?® vs. 1633.52 mln. Sm?). Efficiency
was also improved in the 3-month cycle (88 % vs. 86.6 %), with a
reduced loss percentage (12 % vs. 13.4 %) compared to the 6-month
cycle. Although losses were similar in absolute terms (~256 mln.
Sm?), the shorter cycle demonstrated a lower water production volume
(3495 th. Sm® vs. 3523.32 th. Sm?®). This suggests that shorter cycles
enhance efficiency and reduce water production. Fig. 13 illustrates
pressure variations for the two cycles, showing more frequent pressure
drops in the 3-month cycle, which may accelerate operational stress.
Next, scenario 3 was studied to observe the efficiency by reducing the
observation period from 10 years to 5 years while maintaining the 3-
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Fig. 10. Visual comparison of gas in place (Mass, Tons) at different time intervals for CO: injection and CO2+Hz injection.

month injection and production cycle.

4.3.3. Scenario 3: Reducing the observation period from 10 to 5 years

Reducing the observation period from 10 years to 5 years resulted in
a lower injection volume (1030.46 mln. Sm®) and production volume
(880.28 mln. Sm®) compared to the 10-year scenario (2128.46 mln. Sm®
and 1872.11 mln. Sm?). Efficiency also declined from 88 % to 85.4 %,
while the loss percentage increased from 12 % to 18.4 %. Additionally,
water production was significantly higher in the 5 years (5206.02 th.
Sm? vs. 3495 th. Sm?). These results indicate that a longer observation
period enhances efficiency, reduces losses, and minimizes water pro-
duction, making it the preferred option for optimizing gas recovery.
Next, it was decided to investigate efficiency improvements with mul-
tiple wells for injection and production in Scenario 4.

4.3.4. Scenario 4: Using multiple wells for injection and production

A comparison of single- and two-well configurations (200 m apart)
revealed that the single-well setup offered higher efficiency (88 % vs
86.3 %) and lower loss (256.35 mln. Sm? vs. 293.18 miIn. Sm?). Water
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production was also lower in the single-well scenario (3495 th. Sm?® vs.
4078.91 th. Sm®). Although the two-well setup increased injection ca-
pacity (2134.25 mln. Sm?® vs. 2128.46 min. Sm?), the single-well
configuration proved more effective overall, with reduced losses and
water production. Finally, scenario 5 explored how the performance
changes when the formation is heterogeneous.

4.3.5. Scenario 5: Impact of reservoir heterogeneity

Increasing reservoir heterogeneity enhanced storage efficiency and
reduced water production. A 40 % heterogeneous formation paired with
a 3-month injection cycle achieved the highest efficiency (88.2 %), the
lowest loss percentage (11.8 %), and reduced water production (3215.9
th. Sm?®). Fig. 14 illustrates that efficiency improved incrementally with
heterogeneity levels: from 86.6 % in homogeneous formations to 87.1 %
with 40 % heterogeneity. This trend highlights the potential of moderate
heterogeneity in optimizing flow paths and gas distribution for better
hydrogen storage.
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5. Limitation and future scope of the study

The experiments were conducted on a laboratory scale, which may
not fully replicate the complexities and scale of actual underground
hydrogen storage conditions. The experimental setup was designed to
withstand pressures up to 1 bar, significantly lower than those in real
underground storage scenarios. The materials used in the experimental
setup (fine sand, sandstone, clay, and gravel) may not ideally mimic the
properties and behavior of actual subsurface geological formations. In
the present study, the simulation model used to replicate laboratory
experiments relies on assumptions and limitations, such as the model
running at low pressure, being unable to fully replicate what is
happening due to pressure and temperature differences, and being based
on a 2D grid. The gas produced may contains other gases besides H> and
may also contains impurities, which were not investigated in this study.
The future scope of the study includes extending laboratory-scale ex-
periments to field-scale and developing advanced simulation models to
study factors such as wettability, geochemical at pore level, microbial
activity, and long-term stability. Also, future work will focus on studying
the composition of the gas, specifically identifying, and quantifying any
impurities, to gain a more accurate understanding of the hydrogen
production process.

6. Conclusions

This study aimed to analyze hydrogen flow behavior and optimize
efficiency during UHSP using both experimental and simulation ap-
proaches. The laboratory-scale experiment demonstrated promising re-
sults, indicating migration through color changes in the BTB dye. CO2
displaced brine within the sandstone, with preferential flow paths
observed in high-permeability layers, and leakage was noted at higher
pressures due to tank expansion. The H2 + CO: mixture injection
demonstrated the effectiveness of porous media for gas storage when
combined with an impermeable cap rock. Simulation results indicated
that CO: initially concentrated near the injection well, forming a
confined plume that expanded over time, while the H2 + CO2 mixture
achieved a broader and more uniform distribution, indicating improved
displacement efficiency. Optimization scenarios revealed that a 3-month
cycle outperformed a 6-month cycle, achieving higher Hy injection
(2128.46 miIn. Sm®) and production volumes (1872.11 mln. Sm®) with
improved efficiency (0.880) and lower loss percentage (12 %). Reducing
the observation period from 10 to 5 years resulted in lower efficiency
(0.854) and higher water production (5206.02 th. Sm®). A single-well
setup was more efficient (0.880) with reduced losses (256.35 mlin.
Sm?) and lower water production (3495.00 th. Sm®) compared to a two-
well configuration. Increasing heterogeneity and optimizing the injec-
tion period enhanced gas recovery efficiency, with a 40 %
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heterogeneous formation and a 3-month injection cycle achieving the
highest efficiency (0.882) and the lowest loss percentage (11.8 %). Both
experimental and simulation results confirmed the effectiveness of
sandstone as a storage medium for gases, with the presence of an
impermeable layer being crucial for containment. The simulation pro-
vided detailed insights into the dynamic movement and saturation
profiles of gases, complementing the experimental observations. The
experimental setup highlighted practical challenges, such as leakage due
to tank expansion, which were not observed in the simulation. Overall,
the study demonstrated the potential for large-scale underground
hydrogen storage in geological formations, with both approaches
providing valuable insights. The findings suggest optimizing injection
cycles, using appropriate cap rocks, and considering reservoir hetero-
geneity can significantly enhance storage efficiency and safety. Further
research is needed to refine these strategies and address practical chal-
lenges observed in the experiments. Overall, the study underscores the
importance of understanding CO= and Hy + CO: migration to evaluate
reservoir suitability for long-term storage in sandstone formations,
which are effective for underground hydrogen storage. Optimization
scenarios revealed that shorter injection cycles and increased reservoir
heterogeneity enhance storage efficiency.
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