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Abstract:
Methane hydrates are a largely untapped energy resource with the potential to support
carbon sequestration through CH4-CO2 exchange. However, large-scale methane recovery
from hydrate-bearing sediments remains constrained by key uncertainties related to
sediment stability, multiphase fluid dynamics, and geomechanical responses during gas
production. One of the key scientific challenges is to understand the transient interface
dynamics and mechanical weakening of hydrate deposits during CH4-CO2 displacement,
especially the unexplained effects of pore water meniscus surface evolution and its influ-
ence on sediment stability. This study reviews CH4-CO2 replacement methods, including
microscale piezoelectric sensing, triaxial testing, and real-time resistivity monitoring. It
quantifies displacement efficiency and hydrate dissociation geomechanics while analyzing
interfacial dynamics and sediment behavior during exchange process.

1. Introduction
Methane hydrate is considered a clean energy resource,

with global reserves estimated at between 500 and 10,000
gigatons of carbon (Collett et al., 2002). Methane gas hy-
drates are found in marine continental margins and per-
mafrost sediments worldwide under low-temperature, high-
pressure conditions. Traditional methane extraction methods
such as depressurization and thermal stimulation face tech-
nical and environmental challenges. However, the CH4-CO2
replacement technique presents an alternative. This method
not only enables methane recovery but also supports carbon
sequestration, offering a dual benefit supported by thermody-
namic feasibility and experimental validation. Under moderate
conditions (e.g., 2 MPa, 2 °C), CO2 can displace CH4 in
the hydrate by leveraging their chemical potential difference
while maintaining the structural integrity of the surrounding

sediments (Jung et al., 2010). The extent of the reaction and its
efficiency in real systems are determined by multiple factors
and coexisting processes, including pressure- and temperature-
dependent solubility, interfacial properties, permeability, and
density differences between water and CO2, as well as invasion
patterns, the specific surface area of the hydrate phase, fluid
expansion after replacement, and changes in effective stress
(Jung et al., 2010; Espinoza et al., 2011; Cai et al., 2025).
These coupled phenomena ultimately dictate replacement effi-
ciency. Given these phenomena and considerations, this work
primarily focuses on current experimental insights into CH4-
CO2 replacement efficiency and its effects on the strength
of hydrate-bearing sediments, with particular emphasis on
quantifying geomechanical impacts of hydrate dissociation and
elucidating interfacial dynamics and sediment behavior during
CH4-CO2 hydrate exchange. The latest experimental tech-
niques and results associated with the CH4-CO2 replacement
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Fig. 1. Innovative mechanism and experimental apparatus for interfacial dynamics and mechanical response in CH4-CO2 hydrate
replacement. (a) CH4-CO2 replacement in isolated hydrate between particles: CO2 invasion into CH4 hydrate-bearing sediments;
CH4-CO2 replacement process; and replacement completion, (b) microscale mechanical changes during hydrate replacement
measured using a piezoelectric crystal adapted for high-pressure reactor applications and (c) macroscopic mechanical changes
during hydrate replacement measured by a triaxial apparatus.

process are compiled in (Table. 1).

2. Replacement efficiency and
electromechanical response characteristics of
hydrates in porous media

CH4-CO2 replacement rate primarily means how fast CH4
hydrate changes to CO2 hydrate without considering of CH4
hydrate dissociation (Fig. 1(a)). To replace CH4 in hydrate
with invading CO2, the structure of hydrate must be bro-
ken. This will cause the water meniscus to remain between
particles (Fig. 1(a)) and affect the stability of sediments due
to the additional pore-water pressure. However, there is still
no consideration of how long the water meniscus remains
between particles during CH4-CO2 replacement before CO2
hydrate forms. Thus, the fundamental question remains poorly
understood “How rapidly does CH4-CO2 replacement oc-
cur, and how does it affect the strength of hydrate-bearing
sediments?”. This critical knowledge gap impedes advance-
ments in intelligent methane production from hydrate-bearing
sediments via CH4-CO2 replacement technology. Therefore,
this section will systematically analyze existing experimental
methodologies for assessing the stability of hydrate-bearing
sediments during CH4-CO2 replacement and provide forward-
looking perspectives.

Conventional geomechanical testing systems typically an-
alyze single variables and phase responses, in contrast to
reservoir conditions where hydrate dissociation and reforma-
tion involve coupled thermal-hydraulic-mechanical-chemical
(THMC) processes. This complexity exceeds traditional
testing capabilities, particularly in quantifying mechanical-

seepage coupling. Therefore, sensing systems integrating high-
resolution monitoring are essential for correlating microstruc-
tural hydrate evolution with macro-scale mechanical be-
havior, and real-time monitoring of replacement efficiency
has emerged as a critical factor for process optimization.
Given their real-time capability and non-invasive features,
conductivity-based measurement techniques could serve as a
core methodology. These conductivity-based techniques are
particularly effective for capturing the dynamic changes during
CH4-CO2 replacement. Resistivity, as a key parameter for
assessing the abundance and spatial distribution of natural
gas hydrates, is closely related to the dynamic evolution
mechanism and multiphysics coupling. The resistivity can link
medium resistance to voltage parameters via series resistors,
enabling dynamic monitoring (Jung et al., 2010).

The theoretical framework has been validated by numerous
experimental studies using multiscale methods. For example,
particle-scale simulations that integrate resistivity and shear
wave stiffness measurements elucidate the coupled evolution
of displacement dynamics and mechanical strengthening (Es-
pinoza et al., 2011). Columnar experiments show that hydrate
cementation has a dual regulatory effect on acoustic and elec-
trical properties, with CO2 hydrates significantly increasing
P-wave velocity and resistivity (Ren et al., 2010; Jung et
al., 2011). Additionally, the diffusion coefficient of water
molecules increases with increasing of pore size and tem-
perature (Liu et al., 2023). These findings collectively under-
score the importance of balancing thermodynamic control and
multiphysics monitoring for optimizing hydrate replacement
strategies. On the other hand, in clayey silt hydrate reservoirs,
fracture conductivity demonstrates a linear decrease under
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Table 1. Recent experimental methods and results of the CH4-CO2 replacement.

Method State Temp. (K) Pres. (MPa) Findings References

Replacement in
sediments

Quartz; Kaolin;
Montmorillonite;
Silt

274.15 3.3 Minor effects in quartz
with kaolin; Promoting CH4
extraction but inhibits CO2 in
Montmorillonite; Compression
in water-bearing silty.

Mu et al. (2023, 2024);
Gambelli et al. (2021);
Luo et al. (2022)

274.15 8.5

275.45 6.6

274.15 5.0

Depressurization-
assisted
replacement

CO2 274.2 3.3
Significantly improves the
replacement efficiency.

Chaturvedi et al. (2023);
Choi et al. (2022);
Choi et al. (2024)

CO2 274.2 3.1

CO2 274.2 3.1

Mixed-gas
replacement Mixed CO2/N2

283.8 11 Methane hydrate dissociation
rate is higher; CH4 recovery
is higher; CO2 storage rate
is increased.

Niu et al. (2023);
Cao et al. (2024a)284.0 9.4

275.0 3.7

Thermal-assisted
replacement

CO2 273.6-303.1; 4.10
Improves the CH4 recovery rate. Xu et al. (2019);

Zhang et al. (2017)CO2 273.6-279.1 3.70

increasing closure pressure, whereas thermal conductivity
variations emerge between gas-dominant and water-dominant
systems, with saturation-dependent patterns revealing phase
distribution dominance (Wang et al., 2025). During hydrate
phase transitions, nonlinear coupling emerges among thermal
conductivity, temperature, porosity, and saturation, modulated
by effective stress and kinetic constraints (Wang et al., 2024a;
Tang et al., 2025). Furthermore, at the microscale, the distri-
bution pattern of hydrates (contact, suspension, or cemented)
significantly affects conductivity by reconstructing the pore
network (including throat contraction and increased path tor-
tuosity). The salt exclusion effect reduces resistivity in contact-
dominated hydrate distributions, whereas CO2 hydrates induce
sustained resistivity increases through continuous nucleation
mechanisms (Cao et al., 2024b). Cross-hole resistivity tomog-
raphy reveals that methane hydrate formation alters pore water
conductivity via salt ion exclusion, with resistivity evolution
strongly linked to pore water salinity dynamics. Moreover, the
formation of CO2 hydrates can cause a continuous increase in
resistivity, while methane hydrate generation leads to increased
pore water salinity and local resistivity decreases through salt
ion exclusion mechanisms (Liu et al., 2024).

Taken together, the evidence suggests that the hydrate
accumulation process is accompanied by heat release, ion
migration, and multi-component consumption, resulting in
complex thermal-flow-fluid coupling effects that cause resis-
tivity to exhibit non-monotonic changes (Jung et al., 2015).
Existing models still have systematic biases regarding the cou-
pling effects of salt redistribution, thermodynamic constraints,
and stress fields, necessitating the establishment of a com-
prehensive evaluation system that includes multi-component
consumption rates, phase-state intermixing characteristics, and
dynamic responses in resistivity. In summary, the quantitative
characterization and mechanism model of resistivity evolution
in the replacement process still need to be further improved.

3. Mechanical stability and experimental
methods for hydrate replacement

Hydrates within sediment pores increase stiffness and
strength of sediments. However, dissociation during replace-
ment may weaken the sediment skeleton and change its perme-
ability. Thus, real-time monitoring of hydrate saturation and
mechanical effects is important. Comparable compressibility
and expansion behaviors characterize CH4 and CO2 hydrate-
bearing silty sediments, with CO2 systems demonstrating at-
tenuated volumetric contraction during phase transitions (Luo
et al., 2020). Enhanced sediment strength through crystal
bridging effects has been documented in CO2-dominated
environments, yet critical knowledge gaps persist regarding
coupled phase interaction dynamics and long-term stability
thresholds during multicomponent gas replacement processes.
Furthermore, CH4 and CO2 hydrates exhibit similar shear
strength and comparable compression-expansion characteris-
tics in sandy sediments, but CO2 hydrates in silty sediments
show weaker shrinkage (Hyodo et al., 2014). Triaxial studies
of hydrate-bearing sediments (silty-clay and sandy) under
isotropic/deviatoric stresses have quantified their mechanical
responses and temperature/confining pressure dependencies.
While triaxial systems are capable of simulating THM-coupled
environments, direct mechanical assessment during gas re-
placement remains limited by the stringent thermodynamic
stability required during phase transitions. On the other hand,
fine-grained hydrate-bearing sand exhibits brittle failure under
low confining pressure but transitions to plastic deformation at
high pressure (Zhou et al., 2021). Hydrate saturation and con-
fining pressure jointly influence shear strength and modulus,
though excessive saturation (> 30%) may induce cementation
brittleness (Li et al., 2021; Liu et al., 2022).

Particle-scale monitoring techniques have been employed
in prior investigations to elucidate the micro-scale mechanisms
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governing these mechanical behaviors. P-wave (compressional
wave) propagation characteristics (velocity, amplitude), di-
rectly related to elastic modulus and density, serve as effec-
tive stiffness indicators. For example, sand grains, acting as
Hertzian stiffness sensors, can sensitively capture contact con-
dition changes. Piezoelectric crystal testing generates P-waves
and measures signal amplitudes, offering high-resolution stiff-
ness tracking during replacement (Fig. 1(b)). Minor variations
in hydrate saturation substantially enhance P- and S-wave
velocities (Espinoza et al., 2011). Combined cantilever beam
strain gauges and full-bridge circuit-oscilloscope systems dy-
namically quantify shear stress evolution in silicate minerals,
with results directly correlating to hydrate cementation effects
on particulate assemblies. (Jung et al., 2011).

Based on previous findings, it is imperative to develop
novel experimental apparatuses. Piezoelectric crystals and
bender elements generate and receive P- and S-waves, while
thermocouples and pressure sensors monitor temperature and
pore pressure. Integrating these components with signal gener-
ators, oscilloscopes, and data loggers in a customized triaxial
apparatus (Fig. 1(c)) enables real-time detection of mechanical
changes. The system dynamically couples gas (CH4/CO2) and
liquid (pore water/brine) seepage fields with stress-temperature
fields, simulating transient phase transitions during reservoir
exploitation. This approach not only elucidates multiphase
seepage effects on shear strength, volumetric strain, and per-
meability anisotropy but also establishes coupled constitutive
equations for reservoir stability prediction and process opti-
mization.

4. Challenges and perspectives
The research on CH4-CO2 hydrate replacement still faces

critical challenges. Current experimental techniques mainly
focus on replacement rates but overlook CH4 hydrate disso-
ciation and fail to monitor real-time coupled processes such
as pore-pressure buildup and effective stress reduction. Unre-
solved water meniscus dynamics during hydrate breakdown,
combined with unquantified pore-volume expansion effects,
critically impact sediment stability and may induce shear fail-
ure or fracture formation. Additionally, replicating reservoir-
scale dynamics in laboratory settings remains difficult, and
standardized protocols for quantifying volume expansion are
lacking.

Future advancements should prioritize integrated ap-
proaches, combining microfluidic-nanoCT imaging to track
meniscus lifetime and methane migration with coupled THMC
monitoring (acoustic emission, Raman spectroscopy, and PIV)
to resolve interfacial dynamics and sediment response. Ma-
chine learning-assisted systems could optimize CO2 injection
ratios and predict failure thresholds, while standardized mul-
tiscale testing protocols must bridge molecular-scale thermo-
dynamics with sediment-scale stability (Wang et al., 2024b).
Key priorities include developing in situ techniques to quan-
tify time-dependent meniscus effects and pore-pressure dis-
sipation. Addressing these challenges will enable intelligent
methane production while ensuring geomechanical stability
during CO2 sequestration.

5. Conclusions
This paper systematically reviews the experimental re-

search methods of interfacial dynamics and sediment response
in CH4-CO2 hydrate replacement technology, and discusses
the technology’s potential and challenges in the synergistic
integration of methane extraction and carbon sequestration.
The principal conclusions of this investigation are sum-
marized as follows. An integrated multi-scale experimental
method, combining microscale piezoelectric sensing, triaxial
mechanical testing, and real-time resistivity monitoring can
achieve coupled observation spanning molecular hydration
phase transitions. It reveals the critical role of pore water
surfaces during CH4-CO2 replacement, where quantifiable
pore pressure fluctuations influence sediment strength - a pa-
rameter frequently neglected in conventional systems. Future
research should integrate traditional experiments with THMC
monitoring to characterize meniscus dynamics and sediment
response through a multi-scale platform linking molecular
thermodynamics with reservoir stability. Such advancements
will deepen the understanding of CH4-CO2 displacement pro-
cesses while ensuring geological integrity during CO2 storage
and promoting sustainable energy-carbon synergies.
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