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Abstract

Lithuania covers the deepest parts of the Baltic basin and contains many reservoirs that have
been explored for Hydrocarbon production and gas storage projects, including CO, and
hydrocarbon gas storage. Studies have also been conducted to assess the storage potential
of these reservoirs for gases like CO, and Hydrogen. In the studies, four saline aquifers,
including Syderiai, Vaskai, and D11, and depleted hydrocarbon reservoirs in the Gargzdai
structure were evaluated for potential CO, storage. However, the long-term fate of these
gases’ migration at the field scale has not been reported previously. In response to the
existing gap, this study aims to evaluate the risks and challenges associated with subsurface
CO, and Hydrogen storage by conducting numerical simulations at two injection rates,
of fluid migration, pH variations, and geomechanical responses using the tNavigator
platform, complemented by laboratory experiments on outcrops representative of Syderiai
formation, to achieve a detailed understanding of geochemical interactions between rocks
and fluids. The results reveal distinct gas-specific behaviors: CO, exhibits enhanced
solubility trapping, density-driven convective mixing, and pronounced pH reduction,
whereas Hydrogen demonstrates rapid buoyant migration, higher pressure buildup, and
negligible geochemical reactivity. Both gases demonstrate short-term storage viability in
the Syderiai aquifer under the modeled conditions, with pressure and total vertical stress
remaining below the bottom-hole pressure limit of 450 bars. This integrated simulation
and experimental study enhances our understanding of Lithuanian reservoirs for the safe,
long-term storage of both CO, and Hydrogen.

Keywords: CO; storage; Hydrogen storage; Lithuanian saline aquifer; mechanistic
modeling; flow behavior; geomechanical study; geochemical changes

1. Introduction

The urgency to mitigate climate change has intensified global efforts toward renewable
energy technologies like green Hydrogen and Carbon Capture, Utilization, and Storage
(CCUS) [1]. Within the Baltic Sea Region (BSR), several countries—including Latvia, Esto-
nia, Finland, Sweden, and Norway—have advanced research and demonstration activities
in CCUS and Hydrogen [2-5]. However, Lithuania has remained largely underrepresented
in this field despite its geological potential. The deepest part of the Baltic basin lies in
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Lithuania [2,5] and has significant storage potential, as assessed in previous studies estimat-
ing CO; storage capacity in Lithuanian reservoirs [5-7]. The Baltic Basin spans Lithuania,
Latvia, and Estonia and hosts numerous onshore and offshore hydrocarbon and deep saline
reservoirs, mainly composed of sandstone and carbonate formations [2,5-8]. These reser-
voirs, along with over 50 depleted oil and gas fields, present viable options for permanent
and safe CO; storage. The reservoirs assessed for CO, storage can also be utilized for Hy-
drogen storage [9,10]. However, to effectively utilize these reservoirs for Hydrogen storage,
a deeper understanding of its behavior in the subsurface is required, particularly related
to flow and migration behavior, geochemical and geomechanical interactions, trapping
mechanisms, leakage risks and caprock integrity, as such studies are limited and often
utilize models developed for CO, or natural gas, leading to high uncertainty for Hydrogen
storage [11-13].

Researchers have conducted numerical simulations to understand the flow behavior of
CO; in subsurface reservoirs. Wen and Benson [14] used TOUGH?2 to understand the impact
of layering and vertical heterogeneity on plume shape, migration, and dissolution rate,
observing that layering changes the plume footprint and moderate heterogeneity increases
dissolution. Wang et al. [15] used the finite volume method (FVM) in the MRST toolbox to
study the impact of reservoir properties on CO, storage, focusing on the migration process
and storage capacity of a saline aquifer. They observed that depth and permeability play
key roles in plume migration and storage capacity, and that dissolution and mineralization
become important mechanisms for long-term storage of CO,. A similar study by Wang
et al. [16] examined the injectivity and migration behavior of CO; for different well types
(horizontal and vertical) in a saline aquifer in China, highlighting that horizontal wells
enhance injection volume compared to vertical wells.

Although most studies focus on CO; storage, these modeling approaches are often
extended to investigate Hydrogen storage, including cases where COj is used as a cushion
gas, even though Hydrogen has different physical properties and migration behavior.
Wang et al. [17] performed a 2D numerical simulation to examine Hydrogen storage using
CO; as a cushion gas, observing that less viscous Hydrogen leaves CO, behind in some
regions, reducing Hydrogen purity. Additionally, if CO, solubility is considered, it tends to
improve Hydrogen purity, and in gravity-dominated regimes, Hydrogen accumulates at
the top, displacing CO;,. Ren et al. [18] compared buoyant flows of Hydrogen and CO, by
focusing on density, viscosity, and relative permeability, showing that Hydrogen produces
a more pronounced upward migration and channeling risk than CO,. Core-scale sandstone
experiments using low-field nuclear magnetic resonance (NMR) showed that Hydrogen
mainly occupies large pores, with low residual saturation and slightly improved recovery
over cycles, indicating favorable behavior for underground Hydrogen storage (UHS) [19].
These results emphasize that screening criteria for Hydrogen need to weigh in parameters
differently than for CO,.

Geochemical studies further highlight the interaction of CO, and Hydrogen with
reservoir rocks and brine upon injection. The coreflooding experiments for CO; injec-
tion show the dissolution and precipitation of different minerals [20-25], while Hydrogen
exposure has been shown to affect mineral composition and elastic properties in sand-
stone [26,27]. For UHS, one key requirement is the recovery of Hydrogen at the time of
need, and injection can lead to interactions with the formation rock and brine, affecting
recovery. These findings suggest that Hydrogen does not appear to pose a risk of loss and
reservoir integrity due to the geochemical mechanism alone. In addition, long-term storage
safety also depends on wellbore integrity, which is critical for preventing leakage along
injection wells. A recent study by Vytyaz et al. [28] demonstrates that tailored cement com-
positions and polycomponent plugging systems can improve well sealing under complex
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operating conditions. Integrating wellbore assessments with geomechanical evaluations of
the reservoir allows a more comprehensive evaluation of storage safety, including risks of
unintended migration, geochemical alterations, pressure-induced fracturing, and leakage.

This study addresses these gaps by evaluating CO, and Hydrogen injection under
identical reservoir conditions, integrating numerical modeling with laboratory experiments
to provide a unified assessment of flow dynamics, geomechanical stability, and geochemical
alterations, including mineral precipitation and dissolution in saline aquifers. Using the
workflow presented in Malik et al. [7], a field-scale reservoir simulation model is developed
to assess CO, flow behavior and subsequently extended to investigate Hydrogen flow
behavior in the Lithuanian saline aquifer, Syderiai. This study will provide, for the first time,
a comparative and detailed numerical assessment of CO; and Hydrogen flow behavior
and storage potential in the Syderiai saline aquifer. Additionally, experiments on the
geochemical impact of CO, and Hydrogen on rock and formation brine are presented.
The results establish a foundation for future CCUS and Hydrogen project development
in the Baltic Basin, offering critical insights for policymakers, industry stakeholders, and
researchers seeking to advance carbon-mitigation technologies in the region.

The paper is organized as follows: an introduction to research on migration mecha-
nisms, geomechanical response, and geochemical studies is presented in Section 1. This
is followed by Section 2, which describes the study area and provides details of rock sam-
ples and laboratory measurements. Section 3 presents the methodology adopted for both
numerical simulation and experimental studies. Section 4 presents the simulation and
experimental results for both CO, and Hydrogen. Section 5 presents a comparative analysis
of the results obtained. Finally, the study is concluded in Section 6

2. Geological Setting and Laboratory Measurements
2.1. Geological Setting

In this study, we will primarily focus on the Syderiai saline aquifer of Lithuania.
The saline aquifers are among the most promising candidates for geological CO, storage,
alongside depleted hydrocarbon reservoirs, due to their wide availability and suitable
properties. The preliminary investigation by Malik et al. [7] showed that the Syderiai
aquifer has a CO, storage potential of 54-232 Mt after 30 years of injection. The reservoir
can also be a good target for storing Hydrogen. The Syderiai saline aquifer is located in
western Lithuania and comprises sandstones from the Middle Cambrian Deimena series.
The aquifer has a porosity of 16% and a permeability of 400 mD. The total area of the
Syderiai aquifer is estimated to be around 26 km?, with a thickness of 57 m and a top depth
of 1458 m [5,8].

In this study, we aim to investigate the CO, and Hydrogen plume migration behavior
in the Syderiai saline aquifer. The average reservoir properties of this saline aquifer are
summarized in Table 1 and serve as the basis for subsequent numerical simulations.

2.2. Laboratory Measurements

The experiments are performed on two outcrop samples representative of the Syderiai
saline aquifer in Lithuania in terms of petrophysical properties, such as porosity and
permeability, and mineralogical composition. The properties of the rock samples used in
the experiment are described in Table 2. The rock samples are scanned using Scanning
Electron Microscopy (SEM), and their X-ray diffraction patterns are obtained both before
and after the experiments to assess the impact of fluid (CO, and Hydrogen) injection
on rock properties. The different measurement methods adopted are described in the
following subsection.
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Table 1. Average properties of the Syderiai saline aquifer in Lithuania.

Properties Values
Stratigraphic Unit Middle Cambrian
Formation Deimena
Lithology Sandstone
Total Area (sq. km) 26

Top Depth (m) 1458
Porosity (%) 16
Permeability (mD) 400
Thickness (m) 57
NTG 0.75

Table 2. Properties of the outcrop core samples used in laboratory experiments.

Properties BB Sample BS Sample
Porosity (%) 21.60 20.28
Permeability (mD) 242 .58 39.79

2.2.1. X-Ray Diffraction (XRD)

XRD measurements are performed using a Malvern Panalytical EMPYREAN Series 3
(Malvern, Worcestershire, UK) diffractometer equipped with a Cu tube and 1DER detector.
Clay fractions (<0.2 pm and <2 pm) are separated using standard Jackson techniques and

are Na+ saturated prior to analysis. Measurements were performed on sedimented slides
(5 mg/cm?) scanned from 2° to 50° 2@ with a step size of 0.02°, under both air-dried and
glycolated conditions, at 40 kV and 40 mA. The interpretation of the diffraction pattern
followed the methodology of Moore and Reynolds [29] and Srodon [30], applying the
NEWMOD program [31] to determine the proportion and ordering degree of illite-smectite

mixed layers. The XRD measurements performed before the experiment are shown in

Figure 1.
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Figure 1. XRD plots for the BB and BS samples obtained before conducting the experiments. Q:

Quartz, KI: Kaolinite, Sk: Potassium feldspar, M: Mica and Illite.
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Figure 1 shows the peaks of minerals identified from the XRD pattern. The position,
intensity, and shape of these peaks allow the identification and quantification of the specific
crystalline minerals.

2.2.2. Scanning Electron Microscopy (SEM)

The SEM imaging is performed using a JEOL JSM-6300 SEM (Tokyo, Japan) equipped
with an energy-dispersive X-ray spectroscopy (EDS) microprobe. Analyses are performed
at accelerating voltages of 5-30 kV to obtain high-resolution images and elemental maps
of the rock matrix, cement, and pore spaces. Prior to imaging, the samples are polished
and coated with a thin platinum layer to ensure electrical conductivity during electron-
beam exposure. The EDS system enabled point and area chemical analyses for identifying
mineral phases and their spatial distribution. Platinum peaks observed in the EDS spectra
are attributed to the coating and excluded from interpretation.

3. Methodology

The present work is divided into two parts: the first is the simulation part to study the
plume migration of both CO, and Hydrogen and its impact on different properties such
as pressure, pH, gas saturation, and geomechanical properties, and the second part is the
experimental study focusing on rock-brine-fluid (CO, and Hydrogen) interaction.

3.1. Simulation Methodology

A compositional reservoir simulation is conducted to investigate the migration mech-
anisms of CO; and Hydrogen during injection into a deep saline aquifer. The study
employed a three-dimensional Cartesian model of a confined aquifer system with het-
erogeneous formations and no-flow boundaries on all sides to extract a two-dimensional
slice. The 3D model is based on the Syderiai box model (see Figure 2), which represents
a simplified conceptualization of the reservoir using average petrophysical properties
such as porosity and permeability. The approach is often categorized as a mechanistic
modeling approach, see details in [7]. The properties used in this model are taken from [7].
This approach provides a practical framework for understanding plume dynamics while
maintaining computational efficiency.

Figure 2. Syderiai saline aquifer box model, showing permeability distribution along X axis.

The 2D slice extracted from the 3D model is used in the present study to analyze and
visualize the movement of the CO, and Hydrogen plumes (see Figure 3 showing perme-
ability and porosity distribution) during and after injection. The present simulation model
has one cell in the x-direction, 50 in the y-direction, and 25 in the z-direction (see Table 3).
The grid resolution is selected to ensure adequate vertical and lateral representation of CO,
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and Hydrogen plume development, with additional refinement near the injection region to
capture fine-scale multiphase flow behavior, as shown in Figure 4.
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Figure 3. (a) Porosity distribution, (b) Permeability distribution along X axis, and (c) Permeability
distribution along Z axis, plot. The ‘t+" symbol indicates the injection well.

Table 3. Grid dimensions used in the mechanistic model.

Parameters Dx (m) Dy (m) Dz (m) Nx Ny Nz
Values 101.9 101.9 2.28 1 50 25
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Figure 4. Grid refinement applied to the model with refinement factor in X-direction, Y-direction:
5 times (Layer 21-30), and Z-direction: 4 times (Layer 1-25). The ‘t+" symbol indicates the injection well.

A single vertical injection well is placed at the center of the refined region, perforating
from the 23rd to the 24th layer of the aquifer, as shown in Figure 4. The well is operated
under bottom-hole pressure (BHP) control, with an upper pressure limit of 450 bar, and
an injection rate of 11,000 standard cubic meters per day. These BHP and injection rate
assumptions are based on the CO; field injection trial conducted by UAB Minijos Nafta, in
which 1000 tons of CO, were injected per day into the Gargzdai hydrocarbon reservoir [32].
To explore sensitivity to lower injectivity scenarios and provide a conservative low-case
assessment, an additional simulation case with a reduced injection rate of 5000 standard
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cubic meters per day is also considered. The injection continued until the target reservoir
pressure was achieved, or for a maximum of 5 years, after which the system was allowed
to evolve under shut-in conditions to simulate post-injection migration.

The injection period is followed by a five-year extended monitoring period to evaluate
pressure dissipation, plume stabilization, and the extent of CO, dissolution into the forma-
tion water. The properties used in the simulation are listed in Table 4. The simulations are
performed using a commercial reservoir simulator, tNavigator (version 25.2) [33], and the
keyword GASSOL is used to enable gas solubility in the water phase. Additionally, no flow
boundary conditions are assumed.

Table 4. Reservoir properties used in the mechanistic simulation model.

Properties Values
Porosity (%) 16
Permeability X (mD) 400
Permeability Y (mD) 400
Permeability Z (mD) 133
Thickness (m) 57
NTG 0.75
Salinity (g/L) 122
Aquifer Pressure (bars) 153
Young’s modulus (bars) [34] 350,000
Poisson’s ratio 0.2
Bottom Hole Pressure (bars) 450
Injection rate 5000 and 11,000 Sm?/day
Injection period 5 years
Monitoring period 5 years

Geomechanical Study: The flow behavior simulation is followed by a coupled geome-
chanical flow simulation to study the impact of CO, and Hydrogen injection on reservoir
integrity. The injection is performed for 5 years, followed by a 5-year monitoring period.
The properties utilized in the simulation are given in Table 4. Once the properties are as-
signed to the model, the GEOMECH keyword option in tNavigator is used. In GEOMECH,
the FE option is specified, which defines a fully coupled approach: at each step of the
simulator, a joint system of coupled equations describing the fluid flow processes in the
reservoir and the geomechanical effects is solved using the finite element method (FEM)
for rock stress calculation [33]. In addition, rigid boundary conditions are assumed with
zero displacement set at all model faces. Vertical stress is measured to assess the mechanical
stability of reservoirs under injection.

3.2. Experimental Methodology

The flooding experiments are carried out for both CO, and Hydrogen using outcrop
samples representative of the Syderiai saline aquifer. Similar to the Syderiai aquifer, the
sandstone outcrop samples are quartz-dominant, with minor clay minerals, and exhibit
porosity and permeability values representative of aquifer properties, reflecting the hetero-
geneity of the formation. The rock samples are analyzed after the experiments to observe
rock-brine—fluid interactions that result in mineralogical changes, such as precipitation
and dissolution.

CO; flooding experiment: The rock sample is first saturated with brine salinity of the
Syderiai aquifer (122 g/L) under vacuum. The sample is then placed in a coreflooding
apparatus, where cyclic brine injection (brine-CO,-brine) is performed to study the impact
of CO; injection on rock properties. Liquid CO; is injected into the rock samples in the
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Pressure

experiment. The SEM images of the samples are obtained and analyzed for mineralogical
changes [24,25].

Hydrogen flooding experiment: Rock samples are prepared for SEM image analysis,
and images are obtained before the experiment, along with XRD measurements. The
prepared rock sample is then placed in an autoclave for aging in Hydrogen under reservoir
pressure (150 bar) and temperature conditions (BB—33 °C; BS—50 °C). The sample is kept
in the autoclave for 4 months, after which SEM images are acquired again, along with XRD
measurements, to observe changes in rock mineralogy.

The experiments are performed to complement the simulation results by confirm-
ing rock-specific reactions that are not fully captured in the model, thereby enhancing
understanding of rock-brine—fluid interactions.

4. Results

The section is divided into two parts. First, the simulation results for both CO, and
Hydrogen injection are presented. Then, in the second part, the experimental results
are presented.

4.1. Simulation Results

The flow simulation is performed for CO, and Hydrogen at two injection rates,
5000 and 11,000 Sm3/day, with a 5-year injection period followed by a 5-year monitoring
period. The changes in pH level, gas saturation, and pressure distribution are first measured
to understand the flow behavior of both CO, and Hydrogen. This is followed by observing
changes in stress over the 10 years to examine the geomechanical impact of injection on the
integrity of the formation reservoir. The results are discussed in the following sections.

4.1.1. CO; Injection

Pressure Variation: Figures 5 and 6 show pressure changes over 10 years, with a 5-year
injection period and a 5-year monitoring period, for injection rates of 5000 Sm>/day and
11,000 Sm?/day, respectively. In both cases, the pressure gradually increases as more CO,
is added to the formation. The injected CO, occupies the pore space, displacing brine,
and, as the system is closed, the displaced brine remains within the formation, causing a
pore pressure buildup. Additionally, it interacts with brine and dissolves in it. This partial
dissolution mitigates further increases in pressure. The pressure reaches a maximum of
203 bar at an injection rate of 5000 Sm?®/day, whereas it reaches 274 bar at an injection rate
of 11,000 Sm?/day near the injection well by the end of the injection period. Once the well
is shut, the maximum pressure decreases slightly as the plume spreads and equilibrates
during the 5-year monitoring period.
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Figure 5. Pressure evolution after injecting CO, at 5000 Sm?/day for 5 years, followed by a 5-year
observation period from 153 bar to 203 bar (left: 1 year, middle: 5 years, right: 10 years).
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Figure 6. Pressure evolution after injecting CO, at 11,000 Sm3/day for 5 years, followed by a 5-year
observation period from 153 bars to 274 bars (left: 1 year, middle: 5 years, right: 10 years).

Gas saturation variation: Figures 7 and 8 show the evolution of gas saturation in the
aquifer after injecting CO, for 5 years, followed by monitoring for the next 5 years at
injection rates of 5000 Sm?/day and 11,000 Sm?/day, respectively. In both cases, when CO,
is injected, it rises towards the top of the formation due to its lower density than brine,
and the plume size increases as injection continues. Once the injection stops, the plume
starts spreading laterally at the top of the formation over the 5-year monitoring period. The
plume shown in Figure 7 is comparatively narrower, with reduced vertical thickness and
lateral extent, than that shown in Figure 8, due to a lower injection rate resulting in a lower

injected volume.
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Figure 7. Gas saturation evolution after injecting CO; for 5 years, followed by a 5-year observation
period at 5000 Sm3/day injection rate (left: 1 year, middle: 5 years, right: 10 years).
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Figure 8. Gas saturation evolution after injecting CO, for 5 years, followed by a 5-year observation
period at 11,000 Sm3/ day injection rate (left: 1 year, middle: 5 years, right: 10 years).

pH variation: Figures 9 and 10 show the 2D cross-sections of pH evolution in the
aquifer after 5 years of injecting CO, at 5000 Sm?/day and 11,000 Sm?/day, respectively,
followed by 5 years of observation. In both cases, as CO;, is injected, it starts dissolving into
brine near the well in layers 23-24, forming carbonic acid (H,COs3) and lowering pH in a
localized zone around the injection well. As CO, continues to migrate towards the top of the
formation, it interacts with the brine, reducing the pH and indicating progressive chemical
alteration potential within the formation. The pH of the formation drops from 6.8 to 4.4,
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Figure 9. pH evolution after injecting CO, at 5000 Sm3/day for 5 years, followed by a 5-year
observation period (left: 1 year, middle: 5 years, right: 10 years).
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Figure 10. pH evolution after injecting CO, at 11,000 Sm?/day for 5 years, followed by a 5-year
observation period (left: 1 year, middle: 5 years, right: 10 years).

Additionally, pH fingers are observed in Figures 9 and 10 towards the end of the
simulation due to the dissolution of CO, into the brine, forming CO,-saturated brine that
is denser than the formation brine. This denser, acidic brine sinks slightly under gravity,
creating downward-protruding fingers via density-driven convection and viscous instabil-
ity at the interface between the CO;-rich brine and the formation brine. No significant pH
recovery occurs because dissolved CO, remains trapped in solution, indicating long-term
geochemical alteration confined to the plume footprint after 10 years.

Geomechanical Impact: Once the CO, flow behavior is observed, a coupled geomechan-
ical simulation is conducted to assess the impact of injection-induced overpressure on
reservoir mechanical integrity. It is observed that, as CO, is injected, the vertical stress
gradually increases across the reservoir (Figures 11 and 12) due to poroelastic coupling
with rising pore pressure. At an injection rate of 5000 Sm®/day (Figure 11), it reaches
a maximum of 286 bars, reflecting lower pore pressure buildup from a smaller injected
volume, whereas it reaches a maximum of 423 bars near the injection well by the end of the
injection period at 11,000 Sm®/day (Figure 12).

During the subsequent 5-year post-injection monitoring period, vertical stress de-
creased slightly due to CO, solubility in brine, reflecting a stable mechanical system
transitioning toward equilibrium. This study demonstrates the geomechanical response
under more conservative injectivity scenarios and the rate-dependent stress evolution.

4.1.2. Hydrogen Injection

Pressure Variation: Figures 13 and 14 show the pressure evolution from the start of
injection to the end of the monitoring period (10 years) for injection rates of 5000 Sm®/day
and 11,000 Sm?/day, respectively. It is observed that as Hydrogen injection begins, the
reservoir pressure increases, reaching 256 bars at 5000 Sm>/day injection rate and 329 bars
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at 11,000 Sm>/day injection rate near the injection well by the end of the 5-year injection
period. The increase in both cases during the injection period is due to the addition of
significant mass to the closed system. This increase in pressure is greater than that observed
during CO, injection, because Hydrogen, being highly compressible and very poorly
soluble in brine, remains almost entirely in the free phase, occupying pore space and raising
pore pressure rather than dissolving into the formation fluid. Once the well is shut, the
reservoir pressure remains almost constant for the next 5 years, i.e., the monitoring period.
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Figure 11. Vertical stress evolution after injecting CO, at 5000 Sm®/day for 5 years, followed by
a 5-year observation period, reaching a maximum value of 286 bars (left: 1 year, middle: 5 years,
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Figure 12. Vertical stress evolution after injecting CO, at 11,000 Sm3/day for 5 years, followed by
a 5-year observation period, reaching a maximum value of 423 bars (left: 1 year, middle: 5 years,
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Figure 13. Pressure evolution after injecting Hydrogen at 5000 Sm3/day for 5 years, followed by a
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Figure 14. Pressure evolution after injecting Hydrogen at 11,000 Sm3/day for 5 years, followed by a
5-year observation period (left: 1 year, middle: 5 years, right: 10 years).
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Gas saturation variation: Figures 15 and 16 show the gas saturation evolution after
5 years of Hydrogen injection at 5000 Sm®/day and 11,000 Sm3/day, respectively, followed
by a 5-year monitoring period. In both cases, as injection begins, Hydrogen starts rising to
the top of the reservoir and accumulates there due to its extreme buoyancy (low density
compared to the formation brine) and low viscosity. It forms a thin, high-saturation gas cap
at the caprock-formation interface with no vertical movement or fingering occurring at any
time. As the injection continues, the plume thickness increases slightly while spreading
laterally. Once the well is shut, the gas continues to spread laterally, with maximum
saturation at the top of the reservoir. In the lower injection rate case, the total injected
volume is lower, resulting in a thinner gas cap with reduced vertical thickness and lateral
extent compared to the higher injection rate case.
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Figure 15. Gas saturation evolution after injecting Hydrogen at 5000 Sm®/day for 5 years, followed
by a 5-year observation period (left: 1 year, middle: 5 years, right: 10 years).
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Figure 16. Gas saturation evolution after injecting Hydrogen at 11,000 Sm3/day for 5 years, followed
by a 5-year observation period (left: 1 year, middle: 5 years, right: 10 years).

pH variation: In the Hydrogen injection simulations, the pH evolution after 5 years
(Figures 17 and 18) of injection, followed by a 5-year monitoring period for both the injection
rates (5000 Sm>/day and 11,000 Sm?/day), reveals that, unlike CO, injection, the pH of the
formation brine remains relatively unchanged over time. The pH distribution shows almost
no deviation from the formation pH, indicating that Hydrogen, being a nonreactive, weakly
soluble gas under reservoir conditions, does not undergo significant chemical interaction
with the brine. The uniformity of pH across the reservoir in both cases suggests that even
prolonged Hydrogen exposure does not lead to notable interaction with the brine.
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Figure 17. pH evolution after injecting Hydrogen at 5000 Sm3/day for 5 years, followed by a 5-year
observation period (left: 1 year, middle: 5 years, right: 10 years).
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Figure 18. pH evolution after injecting Hydrogen at 11,000 Sm3/ day for 5 years, followed by a 5-year
observation period (left: 1 year, middle: 5 years, right: 10 years).

Geomechanical Impact: Similar to CO,, a coupled geomechanical flow simulation is
conducted for Hydrogen injection to assess its impact on reservoir integrity over the
10 years. It is observed that the vertical stress (shown in Figure 19) increases rapidly to
380 bars at an injection rate of 5000 Sm®/day and to the maximum value of 450 bars at
11,000 Sm?/day (Figure 20) injection rate near the injection well region, leading to the
shutting of the well within 4 years of injection due to the BHP limit. The stress then
remains constant till the end of the simulation. The rapid rise in vertical stress is due
to continuous Hydrogen injection in a confined system, which increases pore pressure.
Because Hydrogen has extremely low solubility in brine, nearly the entire injected mass
remains as free gas, occupying pore space and displacing brine without significant pressure
relief through dissolution.
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Figure 19. Vertical stress tensor evolution after injecting Hydrogen at 5000 Sm3/ day for 5 years,
followed by a 5-year observation period, reaching a maximum value of 380 bars (left: 1 year,
middle: 5 years, right: 10 years).
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Figure 20. Vertical stress tensor evolution after injecting Hydrogen at 11,000 Sm?/day for 5 years,
followed by a 5-year observation period, reaching a maximum value of 450 bars (left: 1 year,
middle: 5 years, right: 10 years).

This rate sensitivity highlights a stronger geomechanical response to Hydrogen than
to CO,, primarily because of its lack of solubility trapping.

The numerical simulations provide a detailed understanding of the fluid flow behavior,
geochemical interactions in terms of pH changes, and the geomechanical response of the
reservoir during CO, and Hydrogen injection. While the simulations capture pressure

https://doi.org/10.3390/en19020359


https://doi.org/10.3390/en19020359

Energies 2026, 19, 359 14 of 19

evolution, gas migration, pH trends, and stress changes, the mineral-scale reactions rep-
resented in the models remain generalized and rely on thermodynamic databases rather
than direct observation. To further understand the chemical changes predicted in the
simulation—especially the pH-driven reactions during CO, injection and the subtle but
non-negligible effects during Hydrogen exposure—experimental work was conducted.

4.2. Experimental Results

The outcrop samples are exposed to CO, and Hydrogen via coreflooding and auto-
clave aging, respectively, to observe variations in the mineralogy of the samples due to
rock-brine—fluid (CO, and Hydrogen) interactions. XRD and SEM analyses are performed
to observe changes.

4.2.1. CO;, Flooding Results

SEM images were acquired before and after the coreflooding experiment from different
locations within the samples. The SEM image analysis shows precipitation of halite minerals
after exposure to CO,, as shown in Figure 21. The results are discussed in [24,25]. In
addition, the effluent collected during the experiment showed a drop in pH compared to
the pre-experimental values.

Signal A = SE2 £ - :
1gne mag O HV 100 pm
Apreo

Mag= 1.00KX Gun Vacuum = 1.72x 10" mbar " 2:5 .1 mm 1000 x 20.00 kV

£ % R el  \ - aNG
’" EHT =20.00 kv Signal A= SE2 System Vacuum = 9.25x 10 mbar 7/3/202 > mag O HV

WD = 7.8mm Mag= 1.00KX Gun Vacuum = 7.83x10-° mbar Inini5000:120.00kVis29im

Figure 21. SEM images obtained before (al,b1) and after the CO, coreflooding experiment (a2,b2),
showing the precipitation of halite (pink circle) and illite minerals (yellow circle). Here, (al,a2) are
images of the BB sample and (b1,b2) are images of the BS sample.

The mineralogical changes observed are analyzed using XRD measurements, as shown
in Table 5. It can be seen that precipitation of halite has occurred in both samples, with
dissolution of feldspar, plagioclase, and kaolinite in the BB sample, and dissolution of
quartz, plagioclase, feldspar, mica, and illite in the other sample (BS).
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Table 5. Comparison of the quantitative analyses of mineral composition obtained using the XRD
method for the BB and BS samples, before and after the CO, flooding experiment.

Sample Before Experiment After Experiment
Quartz 82.1%
Quartz 80.1% Plagioclase 0.5%
BB Plagioclase 3.3% Potassium Feldspar 8.0%
Potassium Feldspar 9.3% Kaolinite 5.1%
Kaolinite 7.3% Halite 1.7%
Mica + Illite 2.6%
Quartz 76% ng 1tz 74.5 /00
. o Plagioclase 7.6%
Plagioclase 4.3% . o
BS . o Potassium Feldspar 10.9%
Potassium Feldspar 7.6% Mica + Tllite 5.5%
Mica + Illite 12.1% e

Halite 1.5%

4.2.2. Hydrogen Aging Results

After aging the rock samples in Hydrogen in an autoclave for four months, SEM
images were acquired and compared with pre-experiment images. In addition to halite
precipitation shown in Figure 22, dissolution of feldspars and iron hydroxides, dissolution
and recrystallization of quartz, and calcitization of glauconite are also observed.

Figure 22. SEM images obtained before (a1,b1) and after aging in Hydrogen in an autoclave (a2,b2),
showing the precipitation of halite minerals (red circle). Here, (al,a2) are images of the BB sample
and (b1,b2) are images of the BS sample.

The XRD measurements are also performed and compared with the pre-experiment
mineralogical distribution. The changes in the mineralogy are shown in Table 6. Variations
in mineral composition can be attributed to the heterogeneity of the rock samples.
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Table 6. Comparison of the quantitative analyses of mineral composition obtained using the XRD
method for the BB and BS samples, before and after the Hydrogen saturation experiment.

Sample Before Experiment After Experiment
Quartz 81.7%
Quartz 80.1% Plagioclase 2.5%
BB Plagioclase 3.3% Potassium Feldspar 8.1%
Potassium Feldspar 9.3% Kaolinite 4.1%
Kaolinite 7.3% Halite 0.8%
Mica + Illite 2.8%
Quartz 73.8%
Quartz 76% Plagioclase 4.4%
BS Plagioclase 4.3% Potassium Feldspar 8.1%
Potassium Feldspar 7.6% Mica + Illite 9.7%
Mica + Illite 12.1% Kaolinite 2.8%

Halite 1.2%

The experimental results show that the injection of CO, and Hydrogen both cause pre-
cipitation of halite minerals and dissolution and precipitation of other minerals, depending
on the formation’s mineralogy. These mineralogical changes can impact the injectivity of
fluids (CO; and Hydrogen) in a reservoir, thereby affecting its storage capacity.

When compared with the simulation results, the experimental observations show
that the pH drop during CO, injection predicted in the model corresponds well with the
experimentally observed dissolution of feldspars and kaolinite and the precipitation of
halite, mica, and illite. Although the simulations showed minimal pH changes with Hydro-
gen injection, the experiments reveal that Hydrogen can still induce minor mineralogical
alterations over the long term.

5. Discussion

The mechanistic modeling approach reveals distinct gas-specific dynamics under
identical reservoir conditions. Hydrogen exhibits faster buoyant migration and higher-
pressure buildup (256 bars peak vs. 203 bars peak for CO, at 5000 Sm?/day and 329 bars
peak vs. 274 bars for CO, at 11,000 Sm3/ day), due to its lower density and viscosity
than CO,, and negligible solubility in brine, forming a thin gas cap with minimal residual
trapping. In contrast, CO; shows broader lateral spreading, density-driven convective
mixing (i.e., formation of pH fingers from denser, acidic brine), and solubility trapping that
mitigates overpressure development.

Geomechanically, both gases increase total vertical stress via poroelastic effects, pri-
marily driven by pore-pressure increases. For CO,, vertical stress increases to 286 bars
at 5000 Sm®/day and 423 bars at 11,000 Sm3/day injection rate, while for Hydrogen it
reaches 380 bars at 5000 Sm®/day and 450 bars at 11,000 Sm®/day injection rate. How-
ever, CO, dissolution reduces the response because of its lower solubility in brine than
hydrogen. Pressures remain below the BHP limit for CO, in both normal flow and coupled
geomechanical cases at both injection rates, and for Hydrogen under normal flow at both
rates. The exception occurs for Hydrogen in the coupled geomechanical case at the higher
injection rate, where the well shuts in after ~4 years due to reaching the BHP limit.

The experimental results complement the simulation predictions. CO;-induced pH
drop (to 4.4 from equilibrium CO;-brine reactions) aligns with observed pH decrease dur-
ing the coreflooding experiment and dissolution and precipitation of minerals. In contrast,
Hydrogen’s exposure results in a negligible pH change, matching the minor geochemical
alterations. Halite precipitation due to evaporation and brine supersaturation is observed
for both gases. This integrated approach—where simulations capture reservoir-scale dy-
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namics and experiments confirm geochemical alterations—improves the understanding of
the formation behavior under gas injection.

The present study has several limitations, including the use of closed, rigid boundary
conditions (leading to conservative overpressure estimates), equilibrium pH assumptions
without full reactive transport (underestimating kinetic effects), and averaging of properties.
Experimentally, the difference between the dynamic and static setups introduces bias,
emphasizing qualitative identification over quantitative matching.

Future work could incorporate analyses of rock failure/caprock stability (e.g., Mohr—
Coulomb criteria) to support a comprehensive leakage risk assessment. Additional ex-
tensions may include the pseudo-connections [35] for complex well configurations and
reservoir heterogeneity, reactive transport modeling for long-term mineralization, and
open-boundary analyses to refine pressure predictions.

6. Conclusions

This study represents an integrated simulation-experimental analysis of CO; and
Hydrogen flow behavior, geomechanical response, and geochemical impacts in the Syderiai
saline aquifer, addressing key gaps in Lithuanian reservoir assessments for CCUS and UHS.

The plume migration behavior is observed over 5 years of injection, with a 5-year mon-
itoring period, and its impact on pH, pressure evolution, and gas saturation is documented.
It is observed that the CO, and Hydrogen exhibit different behaviors in fluid migration
and geochemical studies. The pH variation is more prominent during CO, injection, with
a strong low-pH zone forming around the injection well. In contrast, Hydrogen shows
negligible pH change even after 5 years of injection, confirming that it is a nonreactive,
weakly soluble gas under reservoir conditions. The gas saturation variation shows a rapid
rise and extensive spread of Hydrogen at the caprock-formation interface due to its lower
density and viscosity than CO,. Additionally, both gases showed pressure buildup due to
injection into the reservoir, but they differ in their impact on the reservoir. CO; showed a
moderate increase in pressure and a gradual increase in vertical stress, whereas Hydrogen
showed a sharper rise in pressure and a rapid increase in vertical stress due to its low
solubility and high mobility.

The mineralogical changes are observed through SEM image analyses and XRD mea-
surements performed after the CO, coreflooding experiment and the saturation of Hy-
drogen in an autoclave. The halite precipitation is observed for both CO, and Hydrogen.
In addition, precipitation and dissolution of other minerals are observed, including the
dissolution and recrystallization of quartz, precipitation of clay minerals, and dissolution
of feldspar.

Overall, the study provides an understanding of the flow patterns, dissolution be-
havior, geomechanical response, and geochemical impacts of both CO, and Hydrogen,
which are important for CCS and UHS techniques that are key to the energy transition.
Although the two gases differ significantly in their physical and chemical properties, the
results indicate that deep saline aquifers can be considered viable storage options for both,
subject to further investigation to address the identified limitations. This helps in designing
safe injection strategies, assessing associated storage risks, and evaluating the suitability
of reservoirs for long-term storage of the gases, thereby contributing to global energy
security goals.
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The following abbreviations are used in this manuscript:

BSR Baltic Sea Region

CCS Carbon Capture and Storage

CCUS Carbon Capture, Utilization, and Storage
EDS Energy Dispersive X-ray Spectroscopy
FVM  Finite Volume Method

MRST MATLAB Reservoir Simulation Toolbox
NMR  Nuclear Magnetic Resonance

SEM Scanning Electron Microscopy

UHS  Underground Hydrogen Storage

XRD  X-ray Diffraction
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