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ABSTRACT: Methane (CH4) hydrates represent a promising yet intricate
future energy source. Challenges in sustainable offshore extraction, such as fine
sand production, CH4 hydrate reformation, water production, and a possible
increase in the bottom well pressure due to sand formation, highlight the need
for ongoing research. This study provides a systematic review of CH4 hydrate
classification, evaluating its deposit composition, formation, stability, and
extraction potential through various experimental, simulations, and field trial
tests and highlighting the factors impairing their effectiveness. Critical factors, such as the kinetic behavior of CH4 hydrate formation,
the impact of geological structures on CH4 migration and accumulation, and the environmental and technical challenges, are
illustrated. The effects of sediment specific and sediment modification at varied temperatures, pressures, and salinity for developing
efficient methods for CH4 recovery from hydrate reserves and optimizing conditions for hydrate storage and transport technologies
are also presented. The unique characteristics of Class 1, Class 2, Class 3, and Class 4 CH4 hydrate reservoirs along with production
methods, production factors like the injection rate, temperature, and pressure drop, as well as reservoir parameters such as the
permeability, porosity, and surface area are revealed to influence gas production significantly. It is revealed that depressurization is
widely recognized across all class types for its effectiveness due to the low economic cost and feasibility of implementation,
particularly highlighted in Class 1 and Class 3 reservoirs, where it facilitates the dissociation of CH4 hydrates for CH4 recovery,
indicating potential extraction rates of up to 75% over two decades. Thermal stimulation and CO2 swapping also stand out,
especially for Class 1 reservoirs, as viable methods contribute to CH4 extraction by directly heating the reservoir to destabilize
hydrates or injecting CO2 to replace CH4 in the hydrate structure, simultaneously sequestering CO2. Class 2 reservoirs, characterized
by low permeability, often require combining depressurization with thermal methods or innovative approaches like CO2 injection to
enhance CH4 extraction efficiency, indicating potential extraction rates of up to 87.80%. Furthermore, hydraulic fracturing emerges
as essential for Class 3 reservoirs by improving the permeability and facilitating gas flow, indicating potential extraction rates of up to
80.60%, thus enhancing CH4 extraction. Additionally, this review emphasizes the current challenges and suggests potential
interventions. The concise synthesis of findings, encompassing both experimental evidence and simulation deductions, as presented
in this review, will enhance comprehension regarding screening, designing, and formulating CH4 extraction strategies.

1. INTRODUCTION
Methane hydrates, comprising natural gas molecules trapped
within a lattice of ice crystals under high-pressure and low-
temperature conditions, present a significant yet largely
untapped potential energy resource.1 These compounds are
abundant beneath the ocean floor and Arctic permafrost, as
diagrammatically shown in Figures 1 and 2, positioning them
as a focal point of interest in alternative energy resources.1,2 In
the primary curves illustrated in Figure 1, the blue parts in
permafrost and marine sediment regions are within the hydrate
formation and stability zone. The curves Figure 1a and 1b are
built on data on the pressure−temperature phase stability
conditions and correspond with the reflection of acoustic wave
data collected in these environments.3 Despite the fact that
numerous different models have been developed describing the
mechanism investigation and analysis involved in the

formation of CH4 hydrate, there is a general agreement that
the origination of the CH4 hydrate in naturally existing
hydrates is either generated by anaerobic decomposition of
organic matter or made from the thermogenic decay of organic
matter.3,4 The global volume of CH4 hydrates is vast, estimated
to be around 3000−30 000 trillion m3, signifying a
considerable portion of the world’s organic carbon, potentially
surpassing the combined carbon content of known global fossil
fuel reserves.5 This immense energy storage capacity coupled
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with the geographic diversity of its deposits underscores its
potential as a future clean energy source.1,2 Research and field
trials have revealed the feasibility of energy production from
CH4 hydrate resources, suggesting a promising viewpoint for
this unconventional hydrocarbon resource to meet the ever-
growing energy demand while ensuring energy sustainability
with minimal environmental impact.6,7

The significance of CH4 hydrates as an energy resource has
necessitated classifying its deposits and developing efficient
production methods. Traditional extraction techniques are

challenged by the unique solid nature of CH4 hydrates, their
distinct thermodynamic characteristics, and their occurrence in
environments that demand innovative approaches for safe and
sustainable extraction. The production of CH4 from hydrates
involves complex processes, including hydrate dissociation and
the stabilization of the extraction process to avoid geohazards.
Research in this area has brought forth a variety of production
techniques, notably thermal stimulation, depressurization, and
chemical injection strategies, each tailored to exploit different
types of hydrate deposits efficiently.7,10 Furthermore, success-

Figure 1.Methane (CH4) hydrate stability zones in (a) a marine environment with a salinity of 3.5 wt % and (b) a permafrost region with a salinity
of 0 wt %, alongside (c, d) the respective curves on P−T phase diagrams. The bends observed in the CH4 hydrate phase boundaries in b and d,
indicated by orange lines, align with the transition point of 0 °C, marking the range above which liquid water is stable and below which ice is stable.
Data retrieved from ref 8. Available under a CC-BY 4.0 license. Copyright 2023 Pratama et al.

Figure 2. Methane (CH4) hydrate deposits. Modified with data retrieved from ref 9. Copyright 2018 earthdoc.org.
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ful field trials in locations like the North Slope of Alaska have
revealed the potential for yielding a steady flow of natural gas
from CH4 hydrates, marking significant progress toward
realizing CH4 hydrate’s role as an integral component of the
global energy mix.11 This progress in classification and
production methodologies is crucial for unlocking the vast
energy potential locked within CH4 hydrates efficiently and
environmentally responsibly.
Significant progress has been made in understanding CH4

hydrate’s vast potential as an alternative energy resource and its
extraction mechanisms. However, the manuscripts have
partially presented the comprehensive details on CH4 hydrate
classification based on deposits, composition, and formation
mechanisms under their respective stability conditions in
varying environmental parameters. While numerous existing
review studies have investigated the physical and chemical
properties of CH4 hydrates, different technologies used to
produce CH4 hydrate, and innovative CH4 hydrate drilling
techniques, as described in Table 1, there remains a lack of
unified criteria for CH4 hydrate deposit and composition-based
classifications, which hinders the optimization of extraction
methods tailored to specific hydrate deposits and composi-
tions. The detailed CH4 hydrate’s exploration due to sand
production alongside CH4 has not been extensively explored,
which raises concerns, such as gas hydrate stability, which
complicates extraction efforts, the variable and site-specific
nature of CH4 release from hydrate decomposition processes
creating unpredictability in production rates, and geohazards
associated with hydrate extraction posing safety and environ-
mental risks. To address these challenges, various numerical
reservoir simulators have been developed. These simulators
offer insights into the feasibility of hydrate production under
various reservoir deposits and composition conditions,
comparing different CH4 classes and how they affect
production efficiency and environmental impact. Among
them are Garapati’s model for hydrate dissociation using
CO2/N2 injection,

12 Wilder’s model dealing with complex
combinations of fluid, heat, and mass transport equations,11

the TOUGH+HYDRATE simulator developed by the Na-
tional Energy Technology Laboratory (NETL), which is a U.S.
Department of Energy (DOE) national laboratory focused on
advancing energy technology research and development13 and
well recognized for its capability in modeling multiphase fluid
and heat flow in porous media, specifically tailored for CH4
hydrate deposits,13,14 the four-phase flow model for an
unconsolidated CH4 hydrate reservoir which simulates the
Mallik production tests,15 and HydrateResSim, focusing on the
mathematical simulation of CH4 production in hydrate
reservoirs.16 This work illustrated a comprehensive evaluation
of the feasibility of hydrate production under various reservoir

deposit and composition conditions, comparing different CH4
classes and how they affect production efficiency and
environmental impact. We analyzed several field trials,
numerical simulations, computational findings on CH4
deposits, and composition-based classifications with produc-
tion methods from various CH4 hydrate classes, emphasizing
successes and limitations. The study identifies the research
gaps in current field trials and simulation studies and proposes
potential solutions. Furthermore, recent advancements in
exploration techniques, CH4 production techniques, and CH4
classification approaches considering stability, accessibility, and
extraction potential are also presented. This article is presented
in the following outline: first, an introduction of the study,
followed by CH4 hydrate formation and distribution, factors
influencing CH4 hydrate stability and occurrence, CH4 hydrate
classification, production methods for CH4 extraction, case
studies, and field applications. This is followed by challenges,
research gaps, future perspectives, and the study’s conclusion.

2. METHANE (CH4) HYDRATES: FORMATION AND
DISTRIBUTION
2.1. Geological Processes Leading to CH4 Hydrate

Formation. CH4 hydrate formation within geological systems
is a complex and multifaceted process that is dictated by a
confluence of physical, chemical, and geological factors, such as
CH4 and water interaction, microbial origin, continental
margins, vapor-phase CH4, and influence of sedimentary
content, as described in Table 2. Table 3 provides a
comparative analysis that underscores the novelty of this
section in several key areas. By examining the nuances of CH4
and water transport mechanics, the specific role of vapor-phase
CH4, the detailed impact of sedimentary content, particularly
Illite clays, and the intricate processes around microbial CH4
production, this section offers fresh perspectives and insights
into the complex dynamics of CH4 hydrate formation in
geological systems. Furthermore, our focused recommenda-
tions, as presented in Table 2, for enhancing transport
mechanisms to the reaction front, managing the impacts of
vapor-phase CH4, manipulating sediment content, and
targeting microbial activity provide actionable avenues for
future research and exploration. These novel contributions are
positioned to encourage innovative studies that can improve
the efficiency and predictability of CH4 hydrate formation in
geological settings, potentially influencing energy resources
management and environmental considerations.
At its most basic, the formation of CH4 hydrates requires the

presence of CH4 and water under conditions where they can
combine to form solid hydrates.21 These conditions typically
emerge in regions with high pressure and low temperature,
such as deep-sea sediments along continental margins and

Table 1. Summary of Key Review Articles Investigating CH4 Hydrate Formation and Production Strategies: Recent Advances

year topic reviewed study focus refs

2019 mechanisms of CH4 hydrate for-
mation in geological locations

primarily focuses on understanding the processes and conditions that lead to the formation of CH4 hydrates within
geological environments

17

2019 natural gas hydrate reservoirs:
formation, characteristics, and
production strategies

primarily focuses on understanding the thermodynamics and reservoir properties of gas hydrates to aid in accurate
modeling of hydrate flow in porous media

18

2021 gas hydrate reservoir production
technologies, energy efficiency
review

primarily focuses on evaluating the energy efficiency of different technologies used to produce gas from sedimentary layers
containing gas hydrates

19

2022 state-of-the-art review and pros-
pect of gas hydrate reservoir
production methods

the study focuses on providing a comprehensive review and future outlook on innovative drilling techniques, strategies for
scientific well location layout, wellbore structure and trajectory design, effective drilling fluid, and qualification systems
for gas hydrate reservoir exploration and exploitation

20
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within and beneath permafrost.21,22 The formation of CH4
hydrates in geological settings is significantly influenced by the
transport mechanics of CH4 and water to the reaction sites
where hydrates can form.21 When the movement of either CH4
or water is limited, the hydrate formation rate is restricted. In
scenarios where CH4 transport is the limiting factor, as gas
fingers extend into the hydrate stability zone (HSZ), hydrates
promptly form at the gas−water interface.22 This immediate
formation highlights the dynamic interplay between CH4

migration and hydrate crystallization. Additionally, the hydrate
formation process in porous media such as marine sediments
might encounter a natural halt when the hydrate formation
consumes all available pore waters.22,23 This consumption not
only stops further hydrate formation but also leads to an
increase in the salinity of the remaining water.22 The increase
in salinity essentially makes the environment unfriendly for
additional hydrate formation under existing pressure−temper-
ature conditions. Moreover, geologic processes and changes

Figure 3. Global distribution of gas hydrate with recovered or observed occurrences represented by red circles and inferred occurrences by yellow
circles and blue symbols, based on data from the preliminary U.S. Geological Survey database up to the end of 2019. Inferred hydrate occurrences
are primarily identified through bottom-simulating reflections, borehole logs, and chlorinity anomalies linked to pore water freshening upon hydrate
dissociation. Blue symbols represent inferences solely based on bottom-simulating reflections. At the same time, yellow circles indicate inferences
supported by at least one additional indicator of gas hydrate, sometimes in conjunction with bottom-simulating reflections. Adapted with
permission from ref 29. Copyright 2020 Elsevier.

Figure 4. Main distribution of inferred gas hydrate accumulations and their respective estimated gas storages in global. Reproduced from ref 5.
Available under a CC-BY 4.0 license. Copyright 2023 Gajanayake et al.
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within the ocean−atmosphere system, such as temperature
variations, can precipitate the formation and dissociation of
CH4 hydrates.

22 These changes can lead to the dissolution of
existing hydrates or the creation of new ones in certain
reservoirs, demonstrating the dynamic equilibrium of CH4
hydrate presence in geological systems influenced by external
environmental factors. On top of that, the sedimentary
content, including the mineral composition and size of grains,
significantly influences CH4 hydrate formation.

23,24 Different
sediments offer varying surfaces for hydrate nucleation and
growth, affecting the kinetics of CH4 hydrate formation. Chen
et al.23 revealed that the presence of Illite clay minerals with
different grain sizes promotes CH4 hydrate formation,
suggesting that the geological matrix plays a key role in the
natural occurrence of hydrates. Microbial activity, especially in
continental margin settings, releases CH4 through organic
matter decomposition.24 This microbial CH4 is a key
contributor to hydrate formation in marine sediments,
particularly along continental margins with favorable pressure
and temperature conditions. Organic matter degradation by
microbial consortia leads to CH4 production, facilitating CH4
hydrate formation in permafrost and deep water marine
sediments.24

2.2. CH4 Hydrates Global Distribution Patterns and
Reservoir Characteristics. 2.2.1. CH4 Hydrates Global
Distribution Patterns. CH4 hydrates are predominantly
located in sediment layers around marine continental margins,
stable in areas where water depths exceed roughly 450−700
m.26 Estimates suggest that the total volume of CH4 gas from
hydrates in ocean sediment could be around 1.2 × 1017 m3

when expanded to atmospheric conditions, equivalent to
approximately 74 400 Gt.27 According to Archer et al.,28 the
model predicts the global CH4 inventory as hydrate and
bubbles below the sea floor to be about 1600−2000 Pg of
carbon, supporting CH4 hydrates as a considerable component
of the global carbon cycle and energy resource pool. Figure 3
describes the main distribution of natural gas hydrate deposits
globally, and Figure 4 illustrates the geographical distribution
of inferred gas hydrate accumulations and their respective
estimated gas storages. The global distribution of natural gas
hydrates varies across different reservoir types, in which deep
water sandstone formations contain 0.95%, nonsandstone
marine sediments contain 2.70%, Arctic sandstones under
existing infrastructure hold 0.01%, Arctic sandstones away
from infrastructure contain 0.10%, surficial and shallow
nodular hydrates hold 0.95%, while the marine reservoirs
with limited permeability account for the majority at 95.29%.5

2.2.2. CH4 Hydrates Reservoir Characteristics. CH4 hydrate
reservoirs represent a significant yet challenging future energy
resource. Each CH4 hydrate reservoir offers unique oppor-
tunities and challenges for hydrate exploration and production
due to the varied accumulation characteristics in different
deposits owing to geological feature differences, such as faulted
systems,30 shallow subsurface and seafloor,21 porous sedi-
ments,29,31 and marine deposits with dip angles,32 as described
in Table 4. For instance, in the Qiongdongnan Basin of the
northern South China Sea, the gas hydrate stability zone
(GHSZ) thickness typically ranges between 200 and 400 m at
water depths greater than 500 m.33 This area’s estimated gas
hydrate inventory is approximately 6.5 × 109 t of carbon.33

Favorable areas for hydrate accumulation in this basin have
been identified, with high deposition rates, thick Cenozoic
sediment, rich biogenic and thermogenic gas supplies, and T
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excellent transport systems such as faults, diapirs, and gas
chimneys.33 Furthermore, the Mohe Basin in Northeast China
stands out due to its terrestrial location, unlike many other
CH4 hydrate deposits in marine settings.34 This basin is
characterized by gas-prone source rocks, with organic matter
having advanced to late oil-generation stages, resulting in
condensate and natural gas.34 These conditions render the
Mohe Basin one of China’s most prolific areas for natural gas
hydrate (NGH) accumulation. Such source rocks provide
suitable conditions for CH4 hydrate formation, potentially
leading to significant NGH deposits within this basin. Another
notable area for CH4 hydrate potential is the Gulf of Mexico,
which has been the subject of several research and exploration
projects. This basin is particularly interesting due to its marine
settings and the significant presence of gas hydrate
occurrences. The Gulf of Mexico exhibits various geological
features favorable for hydrate formation, including thick
sedimentary deposits and active gas migration pathways such
as faults and gas chimneys.35,36 These conditions facilitate the
formation and stabilization of CH4 hydrates within the
sediment.35 The Gulf also exemplifies the complexity and
heterogeneity of hydrate reservoirs with variations in hydrate
saturation and distribution observed across different sites.35,37

The basin characteristics of Qiongdongnan Basin,33 Mohe
Basin,34 and the Gulf of Mexico35 highlight the diverse nature
of CH4 hydrate reservoirs, indicating that geological and
geochemical factors significantly influence the distribution and
abundance of CH4 hydrates. Thus, precise reservoir character-

istics of CH4 hydrates are crucial for safe and efficient hydrate
production.
Furthermore, permafrost regions, such as those in Canada

and Alaska, have been identified as significant reservoirs for
CH4 hydrates.38,39 These areas are characterized by low-
temperature and high-pressure conditions, which are ideal for
the formation of CH4 hydrates. The Alaskan North Slope, for
instance, has shown high gas hydrate saturations in sand and
coarse silt layers, indicative of promising potential reservoir
sediments for gas production.38 Canada’s Mallik site in the
Northwest Territories has also demonstrated similarly high gas
hydrate saturations in sand/sand−gravel layers.39 These
findings underscore the critical role that permafrost regions
play in the global inventory of CH4 hydrates and highlight the
necessity of including these regions in discussions about CH4
hydrate reservoirs. Moreover, the Eastern Nankai Trough has
been the focus of numerous studies and drilling expeditions
aiming to explore and characterize CH4 hydrate reserves. This
area is marked by alternating sandy and muddy layers within
submarine sediment strata, where gas hydrate saturations in
sandy layers have been reported to be notably higher than in
clay-rich layers.39,40 These characteristics make the Eastern
Nankai Trough a key area for the study of CH4 hydrates,
reflecting the diversity of geological settings that foster CH4
hydrate formation and stability. In addition, the Krishna−
Godavari Basin off Eastern India presents another crucial site
for CH4 hydrate studies. During the National Gas Hydrate
Program Expedition 01 (NGHP-01) in 2007, fracture-filling
gas hydrates were discovered within this basin.39 Core analyses

Figure 5. Types of geological structures (faulted systems) on CH4 hydrate accumulation. Reproduced with permission from ref 30. Copyright 2021
Elsevier.

Figure 6. Formation quantity and rate of CH4 hydrate formation under different geological structures, along with the rate of CH4 gas leakage: (a)
CH4 hydrate formation amount and formation rate; (b) CH4 hydrate leakage rate at the seabed.

30 Redrawn with permission from ref 30. Copyright
2021 Elsevier.
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indicated the presence of gas hydrate-bearing sediments with
notable saturations in clay/silt and silt/sand sediments at
different sites.39 This region’s significance is highlighted by its
contribution to the understanding of gas hydrate behavior in
fracture-filling scenarios, further emphasizing the need to cover
a wide range of geological settings in discussions on CH4
hydrate reservoirs. Incorporating detailed discussions on the
permafrost regions of Canada and Alaska,39 the Eastern Nankai
Trough,40,41 and the Krishna−Godavari Basin39 is imperative
to provide a comprehensive overview of global CH4 hydrate
resources. These regions encapsulate the vast geochemical and
geological diversity influencing CH4 hydrate formation and
stability, thus contributing significantly to the understanding
and potential exploitation of these resources for future energy
needs.

2.2.2.1. Faulted Systems. Faulted systems, characterized by
fractures and displacements within the Earth’s crust,
significantly impact the accumulation of CH4 hydrates. These
geological structures facilitate the migration of CH4-rich fluids,
providing conduits for CH4 to reach zones where conditions
are conducive for hydrate formation.30,44 These geological
discontinuities act as channels, guiding CH4 from deep sources
to shallow sediment layers where pressure and temperature
conditions favor hydrate stabilization, as shown in Figure 5.
The role of fault systems is further accentuated when
considering the interplay between gas source dynamics and
the structural complexities of the subsurface. The presence of
faults enhances the permeability of sediments, allowing for the
accumulation of substantial hydrate deposits in layered and
anticline structures.30,44,45 The study by Zhang et al.30 revealed
that fault-fractured layers and anticlines are identified as the
most favorable settings for large hydrate formations, where
they enhance CH4 trapping, thus fostering denser and more
extensive hydrate deposits, as diagrammatically illustrated in
Figure 6, emphasizing the critical role of fault systems in
shaping hydrate reserves.
Moreover, the evaluation of hydrate accumulation character-

istics across different geological structures reveals that faulted
anticlines and layered formations exhibit distinct accumulation
patterns attributed to the differential migration pathways and
fluid flow rates enforced by the presence of faults,30 as

illustrated in Figure 6. This highlights the critical influence of
fault−fracture systems on the kinetic and thermodynamic
processes that govern hydrate formation, underscoring the
necessity of integrating geological dynamics into hydrate
research methodologies. By delving deeper into the mecha-
nisms through which fault systems influence CH4 hydrate
accumulation, it becomes evident that their role extends
beyond mere conduits for CH4 migration. They actively shape
the geochemical and physical landscapes, determining hydrate
deposits’ locations, concentrations, and viability. This insight
enriches the understanding of subsea hydrate formations and
illuminates potential pathways for exploring and exploiting
hydrate reserves.

2.2.2.2. Porous Sediments. Porous sediments are primary
hosts for CH4 hydrate formations due to their ability to
facilitate the formation and stabilization of hydrates.29,31 The
efficiency of porous media in promoting CH4 hydrate
formation is evaluated based on various kinetic parameters,
including induction time, formation rate, water-to-hydrate
transition, and gas storage capacity. These parameters help
assess the efficacy of different porous media in CH4 hydrate
formation.31 The sediments’ porosity plays a critical role in the
formation and dissociation phases of CH4 hydrates.29 In
environments where high fluid pressures and low temperatures
prevail, such as the seafloor, lake-bed sediments, and
permafrost, CH4 hydrate stability is maintained. The initial
formation of CH4 hydrates often occurs in sediments where
temperatures are lower, creating nuclei for gradual growth.29,31

This phase behavior outlines the crucial interaction between
CH4’s migratory patterns and the sediments’ porosity,
ultimately influencing hydrate deposits’ spatial distribution
and density.
The kinetics behavior of CH4 hydrate formation within

saline porous sediments highlights the complex influence
exerted by sediment characteristics, including particle size, on
the hydrate formation rate.42,46 The experimental investiga-
tions simulated in situ seafloor conditions, revealing that CH4
hydrate formation rates do not change in a strictly unidirec-
tional manner with variations in quartz sand particle size.42

This indicates that the interaction between CH4 molecules and
sediment particles is nonlinear and influenced by multiple

Figure 7. Illustration depicting how the initial water saturation affects the kinetic properties of CH4 hydrate formation in sediments of varying
quartz sand particle sizes. Reproduced with permission from ref 42. Copyright 2024 Elsevier.

Energy & Fuels pubs.acs.org/EF Review

https://doi.org/10.1021/acs.energyfuels.4c03427
Energy Fuels 2024, 38, 19293−19335

19300

https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c03427?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c03427?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c03427?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c03427?fig=fig7&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.4c03427?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


factors; the hydrate formation rate undergoes simultaneous
influence from particle size and the water saturation
levels,42,46,47 as illustrated in Figure 7. According to the
study by Xie et al.,42 in quartz sand sediments of varying
particle sizes, the formation rate of CH4 hydrate tends to
increase as the initial water saturation decreases. However, the
degree of change in the CH4 hydrate formation rate resulting
from shifts in water saturation also depends on the particle size
of the quartz sand.42 By comprehending the intricate
relationship between CH4 migration, sediment porosity, and
environmental conditions, stakeholders can devise more
effective strategies for tapping into this unconventional energy
resource. The awareness is crucial not only for optimizing CH4
extraction methods but also for assessing the environmental
impacts and sustainability of exploiting CH4 hydrate deposits.

2.2.2.3. Marine Deposits with Dip Angles. Due to their
complex geological structure and diagenesis, marine deposits
with dip angles are significant for CH4 hydrate stability and
accumulation.30,32 The pressure and temperature conditions,
crucial for CH4 hydrate formation, vary along these angled
sediment layers.32 This variability is influenced by the angle of
deposition, which can significantly impact the pathways

through which CH4 migrates, which, in turn, influences
hydrate stability zones, as diagrammatically illustrated in
Figure 8. As a result, these geological features affect the
locations where CH4 hydrates can accumulate and the
quantities formed. The presence of dip angles in geological
structures leads to a nonuniform distribution of conditions
necessary for CH4 hydrate formation;32 the migration
pathways of CH4 can become more complex in environments
with varied dip angles.30,32 This complexity can lead to
differences in hydrate saturation levels across different areas,
making some regions more prone to hydrate accumulation
than others. Bei et al.32 studied the main effect of dip angle,
CH4 leakage rate, and water salinity on the total amount of
methane hydrate (MH) (Figure 9a) and the longest lateral
distance of MH (m) described as DH (Figure 9b). From this
figure, it is evident that the CH4 leakage rate positively
influences both MH and DH, exhibiting the most significant
effect among the three variables with the steepest slope.
Conversely, the dip angle and water salinity reveal a negative
slope for MH and a positive slope for DH. Among these
variables, dip angle exhibits the least effect on both MH and
DH, as indicated by its smaller slope than the other factors.

Figure 8. Impact of dip angles (θ) on CH4 hydrate formation and migration pathways in marine deposits. Reproduced with permission from ref 32.
Copyright 2022 Elsevier.

Figure 9. Influence of dip angle, CH4 leakage rate, and water salinity on CH4 hydrate formation and longest lateral distance of hydrate: (a) the total
amount of methane hydrate (MH) and (b) the longest lateral distance of MH (m).32 Redrawn with permission from ref 32. Copyright 2022
Elsevier.
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The findings suggest that CH4 hydrate formation and stability
are significantly influenced by CH4 leakage rate, dip angle, and
water salinity. Higher CH4 leakage rates positively impact CH4
hydrate formation but may also contribute to its destabiliza-
tion. A shallower dip angle and lower water salinity correlate
with enhanced CH4 hydrate stability. These insights are crucial
for understanding CH4 hydrate dynamics and devising efficient
extraction methods, highlighting the need to consider environ-
mental and geological factors for sustainable CH4 hydrate
utilization.
Numerical models and studies have begun to systematically

investigate the impact of formation dip on CH4 migration and
associated hydrate formation.32,48 These studies employ
simplified models to represent marine sediments, allowing
for a closer examination of how sediment dip angles affect gas
migration and hydrate formation. Despite these efforts, further
detailed research is necessary to fully grasp the correlation
between dip angles, CH4 migration pathways, and hydrate
accumulation locations and quantities. Such research is crucial
for understanding natural CH4 hydrate formation and
considerations related to CH4 extraction and the potential
for hydrate destabilization. This can aid in developing more
efficient and safer methods for exploiting CH4 hydrates as an
energy resource while also helping to mitigate potential
environmental impacts.

2.2.2.4. Shallow Subsurface and Seafloor. The shallow
subsurface and seafloor represent environments where low
temperatures and high pressures facilitate the formation of
CH4 hydrates.

21 These areas are crucial for the stability of
near-surface CH4 hydrate deposits, often found within and
beneath permafrost regions and along continental margins.
The seafloor and shallow subsurface conditions, including the
sediment type and thermal gradients, significantly affect the
formation, distribution, and potential for CH4 hydrate
production. The exploration of CH4 hydrates in these regions
poses opportunities and challenges for energy resources given
their sensitivity to environmental changes and the technical
difficulties associated with their extraction, as described in
Table 5.

3. FACTORS INFLUENCING CH4 HYDRATE STABILITY
AND OCCURRENCE
3.1. Effects of Temperature, Pressure, and Salinity on

CH4 Hydrate formation. The stability and occurrence of
CH4 hydrates in natural environments are significantly
influenced by a combination of factors, including temper-
ature,21,22 pressure,21,54 and salinity.21,55 These parameters
govern the formation kinetics and affect the structural
configurations of CH4 hydrates.

21 This section provides a
discussion on how the temperature, pressure, and salinity affect
the formation and stability of CH4 hydrates.

3.1.1. Effects of Temperature on CH4 Hydrate Formation.
Temperature plays a crucial role in the nucleation and growth
processes of CH4 hydrates. Laboratory experiments have
identified specific temperature conditions that favor the
formation of CH4 hydrates, illustrating the dependency of
the formation process on temperature. Zhang et al.56 revealed
that under constant temperature conditions of 1.45, 6.49, and
12.91 °C, CH4 hydrate formation exhibits distinct stages
influenced by changes in pressure, temperature, and gas flow
rate, as shown in Figure 10, indicating temperature’s
significance in hydrate stability and formation mechanisms.
Figure 10 shows that the formation process can be segmented T
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into five distinct stages (stages I−V) based on the changing
slopes of the temperature and gas flow rate curves. In stage I,
temperature and gas flow rate increase rapidly from initial
values from 0 to 4.0 °C and 0.025 to 0.716 mL/min,
respectively. This suggests the initiation of hydrate nucleation
in the solution, accompanied by heat release. Stage II reveals
stable temperature and gas flow rate plots, except at the lowest
point (T4), indicating continuous hydrate crystal formation
and heat release. Stage III exhibits a sudden rise in temperature
and gas flow rate, resembling stage I, suggesting secondary

hydrate nucleation. Stage IV mirrors stage II in physical
parameter changes but is shorter in duration, representing the
secondary growth stage of hydrates. Finally, temperature and
gas flow rate decreases rapidly in stage V, indicating the decay
stage. Throughout the process, there is a minimal pressure
difference between P1 and P2 (0.030−0.032 MPa). Therefore,
stage I’s rapid temperature increase and rise in gas flow rate
signify the initiation of nucleation, suggesting that specific
temperature and pressure conditions are requisite for CH4
hydrate stability. Stable conditions in stages II and IV sustain
continuous crystal growth, while the sudden rise in temper-
ature and gas flow rate in stage III indicates secondary
nucleation, contributing to hydrate stability. Stage V’s rapid
temperature and gas flow rate decrease implies hydrate
dissociation when stability conditions are no longer met,
emphasizing the dynamic nature of CH4 hydrate occurrence
within geological systems.

3.1.2. Effects of Pressure on CH4 Hydrate Formation.
Pressure is another vital factor influencing CH4 hydrate
stability.57,58 The formation and dissociation behaviors of
CH4 hydrates under specific pressure conditions highlight the
sensitive nature of hydrates to changes in pressure. Notably,
CH4 hydrates often form under high-pressure conditions,
which create a suitable environment for their stability in
combination with low temperatures. The equilibrium pressure
for CH4 hydrate formation and stability has been observed in
various studies ranging from molecular dynamics simulations
to experimental investigations,57−59 illustrating how pressure
variations directly impact the structural integrity and
occurrence of CH4 hydrates. Luo et al.57 reported a
machine-learning-derived force field highlighting the mecha-
nism of CH4 hydrate stability under pressure at the molecular
level. The simulation results indicate that pressure exerts a
significant influence on the stability of water cages. The
investigation of the radial distribution function (RDF) of
oxygen−oxygen pairs within water molecules reveals a
discernible trend in their spatial arrangement with varying
pressure, as depicted in Figure 11a. Notably, all first peak
positions shift leftward under increasing pressure, signaling a
continuous decrease in the average distance between water
molecules. This observation suggests that as pressure rises, the
average proximity of water molecules diminishes consistently.
Further analysis of the average distance between water

Figure 10. Distinct stages of CH4 hydrate formation under varying
temperatures and gas flow rate conditions: (a) temperatures recorded
at points T1 (purple), T2 (red), T3 (blue), and T4 (green), and (b)
gas flow rate with the pressure difference between P1 and P2. The
black line depicted in b illustrates the pressure variance between
points P1 and P2. Reproduced from ref 56. Available under a CC-BY
4.0 license. Copyright 2017 Zhang et al.

Figure 11. Influence of pressure on water molecule proximity in CH4 hydrate stability. (a) Radial distribution function (RDF) of oxygen−oxygen
pairs within water molecules illustrating spatial arrangement changes under varying pressure conditions. (b) Analysis of the average distance
between water molecules in methane hydrate structure I (MhsI) as influenced by pressure, indicating optimal range for stability. The dashed lines
depict the distance between water molecules in the ice Ih phase without additional stress within the identical computational framework.
Reproduced with permission from ref 57. Copyright 2023 American Chemical Society.
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molecules, inferred from the central position of the first peak in
the RDF, is presented in Figure 11b. At 0 kbar, water
molecules in methane hydrate structure I (MHsI) exhibit an
attraction interaction at a distance of 2.72 Å, attributable to the
presence of CH4 guest molecules. This phenomenon implies a
tendency for the distance between water molecules to converge
toward an optimal value with increasing pressure. However, it
is essential to consider the influence of CH4 molecules. The
optimal distance between water molecules in MHsI should
exceed that observed in ice under zero pressure (2.68 Å),
suggesting an optimal range between 2.68 and 2.72 Å,
corresponding to pressures around 2−4 kbar, as shown in
Figure 11b. Deviation from this optimal distance range,
induced by excessively high or low pressure, disrupts the
stable vibration amplitude of water molecules. Consequently,
this deviation weakens the structural integrity of the water
molecular framework, ending in the decomposition of MHsI.
Thus, understanding and controlling pressure conditions are
crucial for optimizing extraction processes while mitigating the
risk of structural instability in CH4 hydrates.
Hu et al.58 explored the substantial impact of pressure on the

stability and dissociation behavior of CH4 hydrates in a
detailed experimental and simulation-based study with
implications for extraction strategies, particularly in high-
pressure environments where CH4 hydrates may offer viable
energy resources. Findings indicate that contrary to simple
linear models, CH4 hydrate phase equilibria exhibit deviation
from linearity at high pressures, which implies that increased
pressure leads to higher temperature and lower pressure
conditions for hydrate stability, as illustrated in Figure 12.

Further, the study revealed that the dissociation enthalpy
(ΔH) for CH4 hydrate increases with pressure, as dia-
grammatically shown in Figure 13, indicating enhanced
stability of CH4 hydrates under such conditions. This
observation suggests that as pressure increases, the system
experiences changes at a molecular level, such as tighter
packing of water molecules, which facilitates the formation of
hydrates and a corresponding rise in CH4 solubility.
Specifically, molecular dynamics simulations revealed shifts in
radial distribution functions and increased coordination
number and density for CH4 and water under elevated
pressures, as diagrammatically illustrated in Figure 13. These
changes likely contribute to the increased enthalpy of hydrate

dissociation, thus underscoring the significant role that
pressure plays in affecting the stability and formation of CH4
hydrates.
References 57 and 58 highlight the intricate relationship

between pressure and CH4 hydrate stability with Luo et al.
57

focusing on molecular level insights and Hu et al.58 providing
experimental validation and macroscopic implications for
energy extraction strategies. Their combined findings under-
score the significant role of pressure in shaping the
thermophysical characteristics and stability of CH4 hydrates,
which is essential for optimizing extraction processes and
mitigating structural instability risks.

3.1.3. Effects of Salinity on CH4 Hydrate Formation.
Salinity is crucial in influencing CH4 hydrate stability, acting as
both a stabilizing and a destabilizing agent under different
conditions.60,61 Salinity affects the CH4 hydrate phase
equilibrium with higher salinity leading to hydrate dissociation
and a shift in the hydrate stability zone to shallower depths or
lower pressures.60−62 This phenomenon occurs because salt
ions do not integrate into the CH4 hydrate structure but
remain in the liquid water phase, increasing the local water
salinity and inhibiting further hydrate formation.60,62 As a
result, high-saline water pockets form within the CH4 hydrate-
bearing sediments, equilibrating over time through film flow
and ion diffusion in the water phase, wetting the grains.60,62

The salinity gradient created causes a broadening of the
hydrate stability region, allowing temporary CH4 hydrate
reformation in pores filled with low-salinity water before
dissociating again as the salt concentration increases locally.60

Furthermore, salinity gradients induce CH4 hydrate reforma-
tion during depressurization, suggested by observations of
simultaneous hydrate dissociation and reformation in experi-
ments with saline brine, likely attributed to endothermic
hydration effects insufficient to initiate reformation in the
absence of salt.60 Therefore, salinity intricately affects CH4
hydrate stability, dissociation, and reformation processes,
making it a critical factor in understanding and modeling
hydrate behavior in natural and engineered systems. The study
by Prasad and Kiran61 into the effects of salinity, specifically
sodium chloride (NaCl) concentration, on the stability and
behavior of CH4 hydrates revealed nuanced interactions
between salinity, hydrate stability, and gas uptake kinetics.
The findings indicate that lower concentrations of NaCl at
0.0−1.5 wt % facilitate rapid CH4 hydrate formation,
characterized by a single-step process and swift gas uptake.
However, as the NaCl concentration increases to 3.0 and 5.0
wt %, hydrate formation becomes notably slower, transitioning
into a more complex multistage process, consequently delaying
gas uptake, as diagrammatically illustrated in Figure 14. This
behavior underscores the dual role of NaCl as both a
thermodynamic inhibitor, extending the time required for
hydrate conversion, and an agent that modifies the CH4
hydrate phase, particularly at higher concentrations. Remark-
ably, the presence of amino acid, particularly methionine (L-
met), in the solution emerges as a beneficial promoter for CH4
hydrate formation, offsetting the inhibitory effects of NaCl and
enabling comparable gas uptake across both pure and saline
systems.61 This intricate interplay between NaCl and L-met
unveils a strategic avenue to manipulate hydrate formation
kinetics and stability for applications in gas storage and
transportation.
Furthermore, certain gas hydrates exhibit an unusual level of

stability beyond their expected thermodynamic stability zones,

Figure 12. Measured CH4 hydrate phase equilibria in pure water,
presenting the best solid fit line alongside a dashed line to visually
indicate linear dependency across the considered temperature range.
Redrawn with permission from ref 58. Copyright 2017 Elsevier.
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a characteristic specific to particular systems. This phenomen-
on, particularly observed in hydrate systems containing guest
molecules like methane or carbon dioxide, remains a topic of
exploration. Despite the absence of a definitive understanding
of this unique stability mechanism, it is noted that these
hydrates remain stable for extended durations even under
atmospheric pressure provided they are kept at temperatures
below freezing. This phenomenon, often called the “self-
preservation” or “anomalous preservation” effect, opens up
promising avenues for gas storage and transportation
applications. The study by Prasad and Kiran61 also sheds

light on the “self-preservation effect” exhibited by CH4
hydrates, where hydrates revealed unusual stability outside
their general thermodynamic stability regions, as shown in
Figure 15, a property markedly influenced by NaCl presence.
This elucidation of salt’s impact, particularly NaCl, on CH4
hydrate behavior enhances understanding essential for
optimizing conditions in CH4 storage and transportation
strategies.
3.2. Effects of Sediment Properties on CH4 Hydrate

Formation and Stability. As illustrated in Figure 16, CH4
hydrate formation is primarily influenced by sediment-specific

Figure 13. Impact of pressure on liquid water and CH4 gas thermophysical characteristics under phase equilibrium conditions. (a) Radial
distribution function with distinct pressure values represented as follows: (red) 14.6, (blue) 44.6, (pink) 77.4, (green) 126.8, and (black) 196.2
MPa. (b) Coordination number. (c) Density. (d) Enthalpy. Reproduced with permission from ref 58. Copyright 2017 Elsevier.
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factors, including microstructural and chemical composition.
These determine the extent of hydrate nucleation and
adsorption with potential classified as low, medium, or high
based on sediment characteristics. Key aspects like pore size,
particle arrangement, and mineral or organic content directly
affect the formation process. Sediment modification, whether
physical or chemical, can enhance hydrate formation by
creating a more favorable environment. This highlights the

importance of sediment analysis and manipulation in CH4
hydrate studies, particularly for energy extraction and environ-
mental assessments.

3.2.1. Sediment-Specific CH4 Hydrate Formation Mecha-
nisms. The sediment-specific mechanisms of CH4 hydrate
formation are governed by intricate microstructural inter-
actions, spatial distributions, and the sediment’s chemical
composition.63,64 The microstructural characteristics of sedi-
ments play a significant role in CH4 hydrate formation within
porous media. The nucleation sites, particle size, texture of
sediment particles, distribution, chemical composition, porous
structure of the sediment, and initial water content within the
sediment matrix influence the migration and accumulation of
CH4, which in turn affects the rate and distribution of hydrate
formation,42,65−67 as described in Table 6. Conditions such as
the initial pressure and temperature also control the kinetics of
hydrate formation,65 highlighting the importance of under-
standing these microstructural characteristics for effectively
exploiting natural gas hydrates as energy resources and
ensuring the stability of the reservoir. Chaouachi et al.64

reported experimental investigations into the microstructural
analysis of sediments during CH4 hydrate formation, revealing
several crucial insights. First, the most favorable sites for gas
hydrate nucleation in juvenile water are identified as the
interfaces between water and xenon gas, indicating the
importance of the gas−water interface in the initial hydrate
formation stage. This discovery is critical in understanding the

Figure 14. Effect of sodium chloride (NaCl) concentration on methane (CH4) hydrate formation dynamics. Reproduced from ref 61. Available
under a CC-BY 4.0 license. Copyright 2019 Prasad and Kiran.

Figure 15. Illustration of the self-preservation effect exhibited by CH4
hydrates, demonstrating enhanced stability beyond typical thermody-
namic zones, influenced by NaCl presence. Reproduced from ref 61.
Available under a CC-BY 4.0 license. Copyright 2019 Prasad and
Kiran.

Figure 16. Influence of sediment properties on CH4 hydrate formation and stability.
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nucleation process in sediments under varying water saturation
levels. The experimental studies further differentiate nucleation
and growth patterns based on the source of water used,
juvenile water versus xenon-enriched water, with distinct
growth behaviors observed between the two, shedding light on
the so-called “memory effect” of water enriched with gas
molecules from previous hydrate decompositions. The revealed
finding on the memory effect indicates that water obtained
from the decomposition of crystalline hydrates (memory
water) enhances the formation rates of gas hydrates, as shown
in Figure 17. This enhancement suggests an enrichment of
gases in the liquid phase beyond the equilibrium solubility,
either in a hydrophobically hydrated state or as nanometer-
sized gas aggregates embedded into the liquid. While the
memory effect does not imply the presence of a relic water
structure facilitating gas hydrate formation, it does mean an
enrichment of guest molecules in the water phase. Exper-
imental evidence supports this effect with observations
indicating that gas hydrate nucleation and growth patterns
differ between water obtained from juvenile water and water
from gas hydrate decomposition scenarios.68 Furthermore,
indications suggest that liquid water can become metastable
and enriched in gas, supported by observations of higher
absorption coefficients for small water pockets in gas hydrate-
bearing sediments.68 This enrichment occurs temporarily and
is maintained in micrometer-sized water pockets or water
layers before gas molecules are gradually diluted into the bulk

water toward equilibrium solubility. Additionally, the for-
mation of a submicrometer- to micrometer-thick water layer at
the quartz−hydrate and glass bead−hydrate interfaces suggests
that quartz does not act as a nucleation surface, and the
presence of these water layers could significantly influence the
distribution and physical properties of gas hydrate within
sediments. Remarkably, clay minerals, specifically montmor-
illonite, revealed an intimate contact with gas hydrate,
indicating potential pathways for gas hydrate formation in
natural sedimentary environments.
Wang et al.66 reported a complex process influenced by

various factors, including the pore−throat distribution, surface
roughness or wettability, and local capillary force alongside
temperature and pressure conditions on the microstructure of
sediments in CH4 hydrate formation. The formation and
dissociation of CH4 hydrates observed through a high-pressure
microfluidic chip indicate that CH4 hydrates initially nucleate
rapidly at low and high temperatures, facilitated by sufficient
contact between gas and water phases. This is followed by the
growth of a thin hydrate film at the gas−water interface,
eventually growing into the water phase with variable
morphologies, as shown in Figures 18 and 19. Notably, pore-
filling-type hydrates are prominently observed within the
microfluidic chip, showing different growth patterns, such as
the formation of spreading crystal shapes near narrow throats
due to mass transfer inhibition, as illustrated in Figure 19. The
formation process can cause local water migration, leading to

Table 6. Microstructural Characteristics of Sediments and Their Influence on CH4 Hydrate Formation within Porous Media

microstructural
characteristics

influence on CH4 hydrate
formation

implications for seafloor stability and
gas production remarks and observations refs

particle size and distribution affects the rate of CH4 hydrate
formation

larger grain sizes may enhance gas
production

nonunidirectional influence varies with water
saturation

42

porous structure and
permeability

determines the migration and
accumulation of CH4

critical for evaluating natural gas
hydrate reserves

sediments with higher porosity and
permeability favor hydrate formation

66,67

initial pressure and
temperature conditions.

controls the kinetics of hydrate
formation

high-pressure and low-temperature
conditions are favorable

higher initial pressure increases the formation
rate

65

grain surface properties and
water saturation

influences the nucleation sites
for hydrate

affects the distribution and
accumulation of hydrates

hydrates tend to form in the center of pores
rather than on grain surfaces

42

Figure 17. Gas hydrate growth from memory water: (a) initial stage, (b) intermediate stage, and (c) final stage. Initially, large polyhedral crystals
form inside the water near the gas−water interface. Subsequently, in the 3-D rendered images (d−f) corresponding to Figures 17a−c, rounded
polyhedral gas hydrate crystals (depicted in white) exhibit preferential growth toward the center of the pore space. Notably, these crystals do not
adhere to the quartz surface (shown in gray) but are instead covered by a water layer of variable thickness. Reproduced from ref 64. Available under
a CC-BY 4.0 license. Copyright 2015 Chaouachi et al.
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transient changes where hydrates form and then dissociate
rapidly. Typically, Figure 19 reveals that hydrate formation
begins at the gas−water boundary, progressing evenly into the
water phase, as illustrated in Figure 19(case 1). As the hydrate
expands, its growth rate decelerates and eventually halts due to
gas−water contact blockage and hindered mass transfer.66,69 In
confined spaces like narrow channels, hydrate shapes resemble
expanding crystals, Figure 19(case 2), consuming CH4 gas
across a reduced interface area, echoing findings from prior
pure solution research.70 Initially, disparate small to medium
CH4 bubbles are observed with crystal formations consuming
the gas, leading to particle clustering and reshaping,
particularly noticeable in medium-sized bubbles, a process
paralleling findings by Song et al.71 at a larger scale.
Conversely, small bubbles witness transient crystal formation
Figure 19(case 3), inducing local water shifts and subsequent
microbubble release from dissolving hydrate. An additional
volatile configuration involves CH4 creating a web-like channel
through initial hydrate layers Figure 19(case 4), influenced by
gas−water phase pressure differentials. If hydrate forms quicker
than gas can flow, the channel becomes obstructed with
noticeable surface irregularities. While offering an extensive
gas−water interaction surface area, this arrangement is
fundamentally unstable due to rapid CH4 movement,
ultimately disintegrating into minor hydrate crystals and gas

bubbles, as depicted. This behavior emphasizes the intricacy of
hydrate phase transitions and their impact on the micro-
structure of sediments, highlighting the necessity to understand
these transitions to ensure operational safety and efficiency in
CH4 hydrates exploitation.
In addition, Yang et al.67 investigated the microstructure of

natural gas hydrate deposits in porous media via microfocus X-
ray computed tomography. The study identified that natural
gas hydrates primarily occur within the pore spaces of
sediments without directly contacting the adjacent grains,
suggesting the dominance of the floating model for hydrate
occurrence. A water layer coating the grain surfaces was
observed, indicating a barrier between the hydrates and the
grains. Additionally, the nucleation of natural gas hydrates was
heterogeneous, forming lens-shaped clusters at the interface
between gas and water. This observation aligns with the theory
that hydrates nucleate preferentially at the gas−water interface
due to relatively higher supersaturation in the thin water
layer.72 The low solubility and diffusion of CH4 gas into pore
water and low water saturation in the free gas layer were
revealed as factors impacting the formation of natural gas
hydrates with high saturation. The study also emphasized the
random migration of gas and water during hydrate formation,
showing that gas and water exhibit random migration patterns
during hydrate formation, contributing to the unpredictable
nature of the nucleation and growth of natural gas hydrates.
The random migration observed suggests that the movement
of gas and water within the sediments is not directed or
controlled by specific pathways but instead occurs stochastic.
This phenomenon plays a crucial role in shaping the
microstructural distribution of natural gas hydrates within the
pore spaces, influencing factors such as hydrate saturation and
spatial occurrence. Additionally, the random migration of gas
and water impacts the mechanical behavior of the sediments,
affecting aspects such as solid deformation, multiphase flow
dynamics, and phase transformation processes. By character-
izing the random migration patterns of gas and water during
hydrate formation, researchers can gain deeper insights into
the complex mechanisms underlying natural gas hydrate
occurrences and their implications for various geological and
engineering applications.
Moreover, the sediment’s chemical composition, such as the

presence of silty and clayey minerals,23 clay and zeolite,23 and
clay-rich sediments, such as Illite, montmorillonite, smectite,
and kaolinite,73−75 and the nature of the sediment surfaces76

plays a crucial role in CH4 hydrate nucleation and growth, as
described in Table 7. The presence of clays, such as smectite
and kaolinite, has been found to enhance CH4 hydrate stability
due to their high specific surface area and cation exchange
capacity, which promote the adsorption of CH4 molecules and
inhibit hydrate dissociation.75,77 Conversely, carbonate miner-
als like calcite and dolomite can inhibit hydrate formation by
competing for water molecules and reducing the pore space for
hydrate crystallization.78 Additionally, the presence of sulfate
ions in sediments has been observed to catalyze the
decomposition of CH4 hydrates through the formation of
high-pressure, low-temperature hydrate phases.79 The kinetics
of hydrate formation within seabed sediments directly
observed nucleation and growth processes, and the impact of
sedimentation rates provides essential insights into under-
standing how chemical composition affects hydrate formation.
These factors are vital for assessing global natural gas hydrate
reserves and developing efficient exploitation methods. Chen

Figure 18. (a−d) CH4 hydrate phase transitions observed in a
microfluidic chip. (e) Schematic representation of the initial hydrate
nucleus and the subsequent growth at the interface between CH4 gas
and water. Reproduced with permission from ref 66. Copyright 2021
Elsevier.

Figure 19. CH4 hydrate growth morphology in several pores during
the CH4 hydrate formation process. Reproduced with permission
from ref 66. Copyright 2021 Elsevier.
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et al.23 investigated the effects of the sediment’s chemical
composition, particularly concerning the presence of Illite clay,
on CH4 hydrate formation and stability. The findings revealed
that low Illite content in sediments promotes the kinetic
growth of CH4 hydrate, facilitating a more rapid formation
process, as diagrammatically illustrated in Figure 20. This

could be attributed to the physical properties of Illite clay,
including its specific surface area, which enhances the contact
area between water and CH4 molecules, thereby providing
increased nucleation sites for CH4 hydrate formation.
Conversely, the high content of Illite seems to hinder CH4
hydrate kinetics, likely due to the increase in bound water
content and a consequent decrease in the permeability of the
sediment, which impedes the mass transfer rate and inhibits
CH4 hydrate growth kinetics. Additionally, the study revealed
that with increased Illite content, CH4 hydrate particles tend to
be smaller and more dispersed, potentially inducing spatial
heterogeneity in CH4 hydrate distribution within the reservoir.
Furthermore, the occurrence of cracks in clay-rich CH4 hydrate
reservoirs was noted, suggesting potential implications for gas
storage and extractive operations. These findings are essential
for understanding the occurrence of CH4 hydrate in clay-rich
sediments and optimizing strategies for the extraction of CH4
from such hydrate reservoirs.
Generally, the discussion in this section underscores the

intricate interplay between sediment microstructure, chemical
composition, and gas hydrate behavior, providing essential
insights for assessing natural gas hydrate reserves and
developing efficient extraction techniques while ensuring
seafloor stability and operational safety. The studies
collectively reveal the multifaceted nature of CH4 hydrate
formation, indicating that microstructural attributes such as
particle size, porous structure, and initial pressure and
temperature conditions significantly impact the nucleation,
growth, and distribution of hydrates within sediments.
Moreover, specific minerals, particularly clays like Illite and
montmorillonite, influence the kinetics and stability of CH4
hydrates with varying compositions either promoting orT
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Figure 20. Comparison of gas absorption within 3 h following
nucleation across experimental scenarios with varying Illite mass
fractions. In Cases 0, 1, 2, 3, 4, and 5, the Illite mass fraction is 0, 10,
20, 30, 40, and 50 wt %, respectively. The N1h increases from 0.64 to
1.10 mol during the first hour in Case 1. With an increase in Illite
mass fraction from 10 to 40 wt %, there is a consistent decrease in
N1h from 1.10 to 0.68 mol. However, upon reaching an Illite mass
fraction of 50 wt %, N1h rises again to 0.98 mol, indicating that lower
mass fractions of Illite enhance the CH4 hydrate formation rate,
whereas higher fractions may impede it. Reproduced with permission
from ref 23. Copyright 2024 Elsevier.
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hindering formation rates. Additionally, the interaction
between sediment surfaces and CH4 molecules plays a crucial
role, suggesting that tailoring sediment properties could
optimize hydrate formation and the stability of CH4 hydrates.

3.2.2. Sediment Surface Modification for Enhanced CH4
Hydrate Formation and Stability. Enhancing CH4 hydrate
formation and stability through sediment surface modification
involves a multifaceted approach considering the type of
porous media, the composition and mineralogy of clays within
the sediments, and the critical control of sediment parame-
ters.31,42,73 Sediment surface modification techniques involve
altering the surface properties of sediments to facilitate better
interaction with CH4 molecules and promote stable hydrate
formation, offering potential pathways for increased efficiency
in CH4 recovery from hydrate reservoirs.76 Among the various
methods employed, surface modification through chemical
additives,76 surface roughening,23,80 and pore structure

optimization81 stand out as key strategies, as described in
Table 8. Chemical additives serve as effective agents in
modifying sediment surfaces to enhance CH4 hydrate
formation. These additives often include surfactants,82,83

polymers,84 or other chemical compounds that can alter
sediments’ surface energy and affinity toward CH4 molecules.
By selectively adsorbing onto sediment surfaces, these additives
can create favorable conditions. Additionally, they can inhibit
ice formation or other competing phases, thereby promoting
the stability of CH4 hydrates within the sediment matrix.

82−84

Table 9 summarizes the gas absorption capacity of hydrates
revealed from different research investigations. On top of that,
surface roughening techniques involve physically altering the
texture of sediment surfaces to increase their surface area and
provide more nucleation sites for CH4 hydrate formation.

85

This can be achieved through abrasion, etching, or mechanical
agitation, which creates irregularities and microstructures on

Table 8. Comparative Analysis of Sediment Surface Modification Techniques for Optimizing CH4 Hydrate Formation and
Stability

technique description advantages disadvantages refs

surfactant
addition

addition of surfactants to sediment surfaces alters the surface properties
and enhances CH4 adsorption and hydrate formation

enhances CH4 adsorption
and hydrate stability

surfactant selection is
crucial for effectiveness

82,83

polymer coating coating sediment particles with polymers increases the surface area and
provides sites for CH4 adsorption and hydrate nucleation

increased surface area for
CH4 adsorption

polymer compatibility
with sediment is needed

84

surface
functionalization

chemical modification of sediment surfaces with functional groups to
improve CH4 interaction and stabilize hydrate formation

tailored surface chemistry
for CH4 adsorption

requires precise control of
functionalization

85,86

nanostructured
materials

utilization of nanostructured materials as coatings on sediment surfaces to
enhance CH4 adsorption and hydrate nucleation properties

high surface area-to-
volume ratio

synthesis and application
can be challenging

31

Table 9. Summary of the Effect of Different Surfactants in Hydrate Formation, Stability, and Storage Capacities

guest gases additives implication in hydrate formation and stability
storage capacity

(v/v) refs

natural gas SDS SDS promotes CH4 hydrate formation and stability 91−159 87
SDS+DPG the combination of SDS and DPG enhances CH4 hydrate storage capacity 122−137
SDS+CP SDS with CP exhibits varying effects on CH4 hydrate storage capacity 83−148

methane gas SDS, LABORATORIES,
CTAB, ENP

SDS, LABORATORIES, CTAB, and ENP contribute to increased CH4 hydrate
storage capacity

140−170 88

ethane and natural
gas

SDS SDS affects the storage capacity of both ethane and natural gas hydrates 80−160 89

methane gas SDS SDS exhibits variable effects on CH4 hydrate storage capacity 60−160 90
methane gas SDS SDS enhances CH4 hydrate storage capacity 152−172 91
methane gas SDS, DPG, CP, MCH SDS, DPG, CP, and MCH show varying impacts on CH4 hydrate storage

capacity
79−163 92

natural gas APG, SDBS, POM APG, SDBS, and POM influence the storage capacity of natural gas hydrates 51.7−143.8 93
methane gas THF, NH THF and NH affect the storage capacity of CH4 hydrates 50−160 94
methane gas SMES SMES contributes to increased CH4 hydrate storage capacity 149−172 83

Table 10. Comprehensive Overview of Nanoparticle-Assisted Surfactant and Polymer Formulations on CH4 Hydrate
Formation and Stability

guest gases additives implication in hydrate formation and stability refs

methane
(CH4)

polymer nanocomposites increased stability and adequate storage capacity compared to hydrate formed in
pure water

95

CH4, CO2,
N2, H2

nanoparticles and surfactants promote hydrate formation; nanoparticles are incredibly effective when used
with surfactants

96

CH4 graphite nanoparticles enhanced heat transfer in the liquid phase improves gas consumption and
hydrate formation efficiency

97

CH4 hydrophilic silica nanoparticles particle size and concentration of nanoparticles influence hydrate formation
during CH4 gas upward migration

98

CH4 surfactants@polystyrene nanospheres
(Surfactant@PSNS)

fixed surfactants on nanospheres’ surfaces notably increase the hydrate
formation and dissociation rate

83,99,100

CH4, CO2 SDS, CTAB, dodecyl alcohol surfactants on
polystyrene nanospheres

reduction of energy barrier by surfactant adsorption on hydrate nuclei facilitates
enhanced formation

83,100

CH4 natural and synthetic nanoparticles CH4 hydrate formation shows insensitivity to a wide range of nanoparticles,
indicating negligible impact

101
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the sediment surface. The increased surface area facilitates
greater interaction between CH4 and sediment, promoting the
nucleation and growth of hydrate crystals.86 Additionally,
roughened surfaces can trap CH4 molecules more effectively,
enhancing the stability of hydrate deposits.85,86 In addition,
pore structure optimization focuses on modifying the pore size
distribution and connectivity within sediments to improve CH4
hydrate formation and stability.81 This can be achieved
through techniques such as pore plugging, where fine particles
or gels are injected into the sediment pores to reduce
permeability and create confinement for CH4 molecules.

31,81

Altering the pore network can enhance CH4 retention and
hydrate stability, preventing the dissociation of hydrates under
changing pressure and temperature conditions. Furthermore,
advanced surface modification techniques may involve nano-
materials or functional coatings to tailor the surface properties
of sediments at the nanoscale. Nanoparticles or thin films
deposited onto sediment surfaces can enhance the adsorption
capacity, catalyze the hydrate formation kinetics, and provide
thermal insulation, thereby improving the overall efficiency and
stability of CH4 hydrate reservoirs.

31 Table 10 provides a
summary of nanoparticles and nanoparticle-assisted surfactant/
polymer formulations on CH4 hydrate formation and stability
revealed from different research investigations.
Farhadian et al.82 provided a detailed investigation of the

oleic acid-based promoter (OAP) surfactant properties, and its
impact on CH4 hydrate formation reveals significant insights
into sediment surface modification for enhanced CH4 hydrate
formation and stability. The synthesis of OAP involves the
esterification reaction between oleic acid (OA) and N,N-bis(2-
hydroxyethyl)-2-aminoethanesulfonic acid (BES), leading to a
substance that serves as an anionic surfactant in CH4 hydrate
experiments. The experimental setup for CH4 hydrate
formation utilized pure water or promoter solution in
conjunction with CH4 gas under specific pressures to induce
hydrate formation with detailed kinetic parameters calculated
to evaluate the efficiency of hydrate formation in the presence
of OAP. One of the standout observations from the study was
the surfactant properties of OAP, including its ability to
significantly reduce the interfacial tension (IFT), form
micelles, and enhance the wettability of surfaces. These
properties are critical for promoting CH4 hydrate formation
by facilitating the interaction between CH4 and water phases,
thereby increasing hydrate nucleation growth rate and
efficiency. In the presence of OAP, the experiments revealed
a pronounced decrease in IFT values and a significant increase
in CH4 consumption, storage capacity, and rate of CH4 uptake,
as described in Table 11, indicating enhanced kinetic behavior
of CH4 hydrate formation compared to pure water and sodium
dodecyl sulfate (SDS) solutions. Moreover, molecular
dynamics (MD) simulations provided additional insights into
the OAP CH4 hydrate growth promotion mechanism. The
simulations revealed that OAP molecules tend to self-assemble
into micelle structures, which play a crucial role in increasing
the solubility of CH4 in the aqueous phase, as diagrammatically
illustrated in Figure 21. This process facilitates the transport of
CH4 molecules to the hydrate−water interface, thereby
promoting faster and more efficient hydrate formation. The
formation of OAP micelles and their aggregation behavior
around CH4 molecules were crucial in supplying CH4 for
hydrate growth. Additionally, OAP showed significant
advantages over SDS in preventing foam formation during
hydrate dissociation and gas recovery, as evidenced by

experiments conducted with nitrogen gas injection. This
property of OAP enhances CH4 hydrate formation and offers
practical benefits in preventing operational issues associated
with foam formation.
Song et al.102 revealed significant findings regarding

sediment surface modification for enhanced CH4 hydrate
formation and stability by functionalizing carbon nanotubes
(CNTs) with an amphiphilic copolymer, poly(styrene-co-
sodium styrenesulfonate) (PSCS). First, the modification of
sediment surfaces with functionalized CNTs demonstrated
improved dispersion and stability of the nanotubes in water.
The study utilized an amphiphilic copolymer, PSCS, which
facilitated the solubilization of CNTs in water through the
electrostatic repulsion of sulfonate groups attached to the
nanotube surface. Additionally, the hydrophobic aromatic rings
of the copolymer provided stabilization by preventing CNT
aggregation through π−π stacking interactions. This mod-
ification strategy led to better dispersibility of CNTs in the
aqueous phase, reducing their tendency to form aggregates and
improving their interaction with CH4 molecules during hydrate
formation. The functionalized CNTs revealed enhanced CH4
hydrate formation rates and capacities compared to conven-
tional promoters like SDS. The amphiphilic nature of the
copolymer-coated CNTs allowed for improved gas−liquid
mass transfer, leading to more efficient hydrate formation
kinetics, as shown in Figure 22. This was attributed to the
ability of individual nanotubes to act as microstirrers,
increasing the interfacial area between gas and liquid phases
and promoting rapid CH4 hydrate nucleation and growth.
Furthermore, the study revealed the excellent recycling
performance of the functionalized CNTs, indicating their
potential for repeated use as efficient promoters for CH4
hydrate formation, as illustrated in Figure 23. This finding
contrasts with the gradual depletion of conventional promoters
like SDS over repeated hydrate formation−dissociation cycles,
highlighting the economic and practical advantages of using
functionalized CNTs in hydrate-based applications.
In addition, Liu et al.,103 through the utilization of SDS@

Fe3O4 sol, revealed remarkable improvements in both the
induction period and the overall efficiency of CH4 hydrate
formation. SDS@Fe3O4 sol, characterized by stable dispersion
of Fe3O4 nanoparticles coated with SDS molecules, facilitated
rapid nucleation of CH4 hydrates due to the presence of
nanointerfaces provided by the SDS-coated Fe3O4 nano-

Table 11. Comparison of CH4 Hydrate Formation Kinetics
in the Presence of OAP, Pure Water, and SDS Solutionsa,82

sample
concentration

(ppm)
conversion

(%)

storage
capacity
(v/v)

average rate of CH4
uptake

(mmol/mol·s)
pure
water

15 ± 4.50 30 ± 6.00 0.0252 ± 0.006

OAP 500.00 34 ± 2.90 64 ± 4.90 0.0547 ± 0.004
1000.00 31 ± 3.40 57 ± 4.60 0.0461 ± 0.003
1500.00 53 ± 2.60 96 ± 1.60 0.0930 ± 0.005
2000.00 60 ± 3.20 109 ± 4.10 0.1050 ± 0.004
2500.00 75 ± 3.90 126 ± 5.10 0.1143 ± 0.002
3000.00 77 ± 4.00 128 ± 5.30 0.1241 ± 0.006

SDS 1000.00 81 ± 4.60 144 ± 5.20 0.1424 ± 0.003
aThe maximum uncertainty observed in the measured storage
capacity and average rate of gas uptake was 3.91 v/v and 0.0030
mmol/mol·s, respectively. This table was reproduced with permission
from ref 82. Copyright 2024 Elsevier.
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particles. This effect led to substantially shorter induction
periods compared to conventional SDS solutions, thus
accelerating the formation of CH4 hydrates, as illustrated in
Figure 24. Furthermore, the excellent stability of SDS@Fe3O4
sol even after centrifugation suggests its potential for practical
applications requiring stable dispersions. Moreover, the study
elucidates the influence of SDS@Fe3O4 sol characteristics, such
as Fe3O4 concentration and particle size on CH4 hydrate
formation kinetics. It was revealed that the particle size of
SDS@Fe3O4 sol had a significant impact on the rate of hydrate

formation. Specifically, smaller particle sizes resulted in higher
surface free energy, promoting easier adsorption of gas
molecules and thus facilitating faster hydrate formation.
Additionally, the increase in SDS concentration in SDS@
Fe3O4 sol led to a corresponding increase in CH4 hydrate
formation rate, attributed to more free SDS molecules
promoting hydrate nucleation, as shown in Figure 25. These
findings underscore the importance of careful tuning of sol
properties, such as particle size and surfactant concentration,
for optimizing CH4 hydrate formation processes.
In summary, while Farhadian et al.82 focused on chemical

surfactant additives like OAP, Song et al.102 explored the use of
functionalized CNTs and Liu et al.103 investigated the
application of SDS@Fe3O4 sol for sediment surface mod-
ification. Each study offers unique insights into enhancing CH4
hydrate formation and stability through different approaches.
This implies that tailored sediment surface modification
techniques can significantly improve the CH4 hydrate stability
and extraction potential. Chemical surfactant additives like
OAP, functionalized carbon nanotubes (CNTs), and SDS@
Fe3O4 sol offer distinct advantages in promoting CH4 hydrate
formation and stability by modifying sediment surfaces to
improve CH4 adsorption and hydrate nucleation. By enhancing
gas−liquid mass transfer, increasing the surface area for
adsorption, and providing stable dispersion of nanoparticles,
these approaches offer promising pathways for optimizing
hydrate-based natural gas recovery processes. Their diverse
strategies underscore the potential for tailored surface
modifications to unlock more efficient and reliable CH4
extraction from hydrate reservoirs.

4. CLASSIFICATION OF METHANE (CH4) HYDRATES
The classification of CH4 hydrates is essential in resource
assessment and production planning for many reasons.
Primarily, it serves as the foundation for evaluating new
exploration prospects and formulating accurate production
models.11 Precision is indispensable for making optimal
development decisions and generating reliable production
forecasts. CH4 hydrates, being a significant potential transi-
tional energy source, require a sophisticated understanding of
their classifications to harness this resource efficiently.11,104

The profound impact of CH4 as the principal ingredient in
natural gas necessitates an in-depth classification to manage its
production and utilization effectively. The variability in CH4
content across crude oils underscores the necessity for detailed
classification schemes to predict and plan CH4 extraction and
utilization processes.105 This deep-seated classification sup-
ports strategic planning in energy production, ensuring that the

Figure 21. Illustration depicting the promotion mechanism of OAP CH4 hydrate growth through micelle formation from self-aggregation of OAP
molecules, leading to enhanced CH4 solubility. Each OAP molecule is represented by a distinct color, while CH4 molecules are depicted as white
spheres. Reproduced with permission from ref 82. Copyright 2024 Elsevier.

Figure 22. Changes in CH4 consumption at different concentrations
of carbon nanotubes (CNTs). Reproduced with permission from ref
102. Copyright 2017 American Chemical Society.

Figure 23. (a) The variations in storage capacity throughout eight
cycles of the hydrate formation−dissociation process in a 50 ppm
dispersion of CNTs. Here, “Ci” denotes the cycle number in the
hydrate formation−dissociation process. Reproduced with permission
from ref 102. Copyright 2017 American Chemical Society.
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exploitation of CH4 hydrates is aligned with socioeconomic
gains.104,106 The classifications of CH4 hydrates also aid in the
optimization of production schedules.106 It involves adjusting
the production of CH4 hydrates within a reasonable range to fit
the characteristics of the reservoir efficiently. The classifica-
tions offer insights into the reservoirs’ complexities, allowing
for fine tuning production strategies to maximize output while
minimizing risks and environmental impacts. Moreover, the
classification of CH4 hydrates plays a critical role in the
broader effort to reduce CH4 emissions, a potent greenhouse
gas.107 By facilitating the targeted management of CH4
sources, classification aids in developing strategies that
significantly reduce emission rates, thereby contributing to
global efforts to mitigate climate change effects.
4.1. Traditional Classification of (CH4) Based on the

Crystal Structure. The structure of gas hydrate is divided
into three groups based on the configuration of their
component water cavities, as described in Figure 26, such as
cubic structures I and II and structure H, which possesses a
hexagonal configuration.108 Each crystalline structure com-
monly accepts a distinct structural water cage. Structure I is the
most widely occurring natural gas hydrate structure, charac-

terized by a crystalline lattice that can encapsulate relatively
small guest molecules. The sI structure consists of a unit cell
comprising 46 water molecules, forming two types of cages:
small and large. The smaller cages accommodate guest
molecules like methane (CH4) and ethane (C2H6), while
occasionally, this structure can also harbor binary mixtures
involving carbon dioxide (CO2) and hydrogen sulfide (H2S)
alongside CH4 and C2H6.

109 Structure II is designed to
encapsulate larger guest molecules than sI. The sII lattice
comprises 136 water molecules within its unit cell, arranged
into 16 small cages and 8 large ones. This structure type is
ideal for containing larger guest molecules such as propane
(C3H8), nitrogen (N2), and isobutane, offering a versatile
accommodation capacity beyond that of sI.109,110 Structure H
is less prevalent and hardly originates in nature.110,111 Distinct
from sI and sII, structure H showcases a hexagonal
configuration with a unit cell holding 34 water molecules.
This structure forms through the cooperative stabilization
provided by two guest molecules, usually one larger and one
smaller. The uniqueness of sH lies in its ability to
accommodate larger guest molecules in combination, such as
a mix of methane (CH4) and cycloheptane, owing to its
specific cage sizes that include one “huge” cavity sufficient for
large molecules.112

The diverse structures of gas hydrates significantly influence
their formation, stability, and potential for extraction as an
energy resource. Table 12 provides a comparative analysis
summarizing the characteristics of the three main structures�
structure I (sI), structure II (sII), and structure H (sH). This
table highlights the differences in their configurations, guest
molecule capacities, and stability characteristics. By focusing
on the specific advantages of each structure, such as the
prevalence of sI in natural environments and the unique
stability of sH, this work provides a fresh perspective that can
contribute to ongoing research in gas hydrate extraction
methods. This comparative approach can help clarify the
potential for utilizing these structures as energy resources,
which is a critical area of interest in current energy research.
Structure I, the most prevalent, exhibits stability under
moderate conditions and is commonly found in natural
environments, making it a primary target for extraction
research.24 With larger cages, structure II accommodates larger
gas molecules, expanding the range of extractable gases but

Figure 24. (a) CH4 consumption during hydrate formation using SDS@Fe3O4 sol at a specific SDS concentration and varying Fe3O4
concentrations. The SDS concentration remained constant at 4 mmol/L, while the Fe3O4 concentrations in the SDS@Fe3O4 sol were 200, 400,
800, and 1600 mg/L. (b) CH4 consumption during hydrate formation using SDS@Fe3O4 sol at a fixed Fe3O4 concentration and varying SDS
concentrations. The Fe3O4 concentration remained constant at 400 mg/L, while the SDS concentrations were varied as 1, 2, 4, and 8 mmol/L.
Redrawn with permission from ref 103. Copyright 2017 Elsevier.

Figure 25. (a) The particle sizes of SDS@Fe3O4 sol under specific
SDS concentrations and varying Fe3O4 concentrations. The SDS
concentration was maintained at 4 mmol/L, while the Fe3O4
concentrations ranged from 200 to 1600 mg/L in the SDS@Fe3O4
sol mixture. (b) The variation in particle sizes of SDS@Fe3O4 sol at a
fixed Fe3O4 concentration and different SDS concentrations. The
Fe3O4 concentration was maintained at 400 mg/L, while the SDS
concentrations varied at 1, 2, 4, and 8 mmol/L in the SDS@Fe3O4 sol.
Redrawn with permission from ref 103. Copyright 2017 Elsevier.
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posing technical challenges due to its stability character-
istics.24,109,110 Structure H, though less common, offers unique
stability properties, allowing for the accommodation of a
combination of larger and smaller gas molecules, which may
present additional extraction opportunities.24,112

4.2. CH4 Classification Based on Deposits, Composi-
tion, and Formation Mechanisms. CH4 hydrate deposits
are categorized into four main classes, Class 1, Class 2, Class 3,
and Class 4, as diagrammatically illustrated in Figure 27. These
classifications are based on fundamental geological character-
istics and the initial reservoir conditions, providing a
framework for assessing their potential as an energy
resource.104,114 Each class presents unique characteristics and
challenges for extraction and exploitation. While some classes
offer higher saturation and the presence of free gas, making
them more appealing for energy production, others require
more advanced technologies and methods for efficient
utilization. These classifications are crucial for the future

exploration and development of gas hydrates as a significant
energy resource.

4.2.1. Class 1: High-Potential Reservoirs. Class 1 hydrate
reservoirs, such as the Mallik field in Canada’s Mackenzie

Figure 26. Gas hydrate structure based on the configuration of water cavities. Adapted with permission from ref 113. Copyright 2023 American
Chemical Society.

Table 12. Comparative Analysis of Gas Hydrate Structures and Their Guest Molecule Accommodations

structure

water
molecules
per unit cell cage types guest molecules stability conditions novelty/advantages refs

I (sI) 46 2 small,
1 large

CH4, C2H6, CO2, H2S moderate pressure and temperature most prevalent in nature; primary target for extraction
due to stability under moderate conditions

108

II (sII) 136 16 small,
8 large

C3H8, N2, isobutane higher pressure and lower
temperature than sI

accommodates larger guest molecules, expanding the
range of extractable gases, though with technical
challenges

109,110

H (sH) 34 1 huge,
2 small

CH4 with larger
molecules (e.g.,
cycloheptane)

unique stability properties; requires
specific combinations of guest
molecules

less common but offers unique extraction
opportunities due to its ability to stabilize larger
guest molecules

112

Figure 27. Classification of CH4 hydrate deposits based on geological
characteristics and initial reservoir conditions: (a) Class 1, (b) Class
2, (c) Class 3, and (d) Class 4. Reproduced with permission from ref
11. Copyright 2022 Elsevier.
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Delta and the Eileen field in Alaska, United States,104,106 are
characterized by the presence of two zones: a hydrate-bearing
zone and an underlying two-phase fluid zone containing both
mobile gas and liquid water. This class of reservoirs generally
offers promising potential due to their high saturations of gas
hydrates at the base of the gas hydrate stability zone,
immediately above a free gas layer.106 These types of reservoirs
are typically found in sediments with high reservoir quality,
such as sand-rich formations.104,106

4.2.2. Class 2: Water-Associated Reservoirs. Reservoirs of
Class 2, as described in Figure 27, entail a hydrate-bearing
layer that overlies a zone containing mobile water.115,116

Unlike Class 1, an underlying free gas zone is not typical of this
class. These reservoirs are also located in sand-rich
sedimentary formations and represent different challenges
and opportunities for gas extraction due to the water zone
below the hydrate-bearing layer. This class notably includes
formations with fractures or vugs, common in sandstones and
carbonate rocks.115,116

4.2.3. Class 3: Hydrate and Underburden. Class 3’s
defining characteristic is the absence of either a free gas zone
or a mobile water zone beneath the hydrate-bearing strata. Like
the other classes, these reservoirs are located within high-
quality, sand-rich sediments.116 This class is primarily found in
sandstone and carbonate rocks, exemplified by the Qilian
Mountains permafrost in China.106,116 The absence of
underlying zones distinguishes Class 3, focusing the potential
extraction processes on the hydrate-bearing sediments.

4.2.4. Class 4: Dispersed Low-Saturation Hydrates.
Although explicit details in manuscripts directly examining
Class 4 CH4 reservoirs are minimal, Class 4 reservoirs are
markedly different from Classes 1, 2, and 3 in that they are
generally associated with gas hydrates found within marine
muds rather than in sand-rich sediments.117,118 The hydrates in
Class 4 contain scattered, low-saturation hydrate formations
(SH < 10%) within the host rock without specific
stratification.117 The dispersed nature and low saturation
levels pose additional challenges for commercial extrac-
tion.117,119 Developing a sustainable extraction method for
CH4 hydrates, especially for complex reservoirs like class 4, is
challenging and requires careful consideration of environ-
mental and economic factors. Methods like depressurization
and thermal stimulation carry the risk of causing seabed
instability, which could have catastrophic consequences.5

Therefore, more research and field-scale testing are needed
to ensure the methods are viable and safe for large-scale
implementation. The CO2 replacement technique emerges as a
promising method for CH4 extraction from Class 4 CH4
hydrate reservoirs, offering a balance between efficiency and
environmental responsibility.5 By swapping CH4 molecules
with CO2, this approach not only facilitates CH4 extraction but
also enables CO2 sequestration, addressing both energy

production and environmental concerns. With inferred
benefits, including reduced seabed disturbance and potential
CO2 emission reduction, the method underscores its potential
for sustainable CH4 extraction. Further research and develop-
ment are vital to refine and scale up this technique for
commercial application while assessing its efficacy and
environmental impact comprehensively.

4.2.5. CH4 Hydrate Reservoirs with Varying Classifica-
tions. The classification of CH4 hydrate deposits can vary
based on updated geological findings and advancements in
understanding these complex systems. The Eastern Nankai
Trough has been widely studied, and recent research may
suggest characteristics that align it with both Class 2 and Class
3 hydrate reservoirs.120 Class 3 reservoirs, unlike Class 2, do
not have a mobile water zone beneath the hydrate-bearing
sediments but may be present above a free gas zone or none at
all, which might be applicable in certain areas of the Eastern
Nankai Trough. This dual characterization emphasizes the
need for nuanced descriptions based on the latest geological
data and interpretations. On top of that, the Krishna−Godavari
Basin, located on the eastern coast of India, is renowned for its
significant gas hydrate deposits. This basin is primarily
characterized by Class 1 and Class 2 hydrate reservoirs.121

The presence of high-quality sandstone layers with high
hydrate saturations makes it a prime example of areas where
efficient gas extraction methods can be employed. While Class
1 reservoirs feature a hydrate-bearing layer above a free gas
zone, Class 2 reservoirs, as described, have a hydrate-bearing
layer above a zone of mobile water without a free gas zone
underneath. Given the diversity in sedimentary environments
and hydrate saturations, the Krishna−Godavari Basin encom-
passes both classifications depending on the specific location
and geological structure.121 In addition, the Gulf of Mexico is
another critical area with abundant CH4 hydrate resources.
This region is predominantly classified as Class 2 and Class 3
hydrate reservoirs owing to its complex sedimentary structures,
including thick sand layers with high degrees of hydrate
saturation.122 The presence of sandy layers interspersed with
hydrate-bearing sediments allows for the distinction of these
classes. Class 3 reservoirs, as previously discussed, feature
hydrate occurrence within the water-saturated zone without an
overlying gas zone, which differentiates them from Class 1 and
2. Thus, in the Gulf of Mexico, the classification is nuanced
and depends on the specific characteristics of the sediment and
hydrate distributions.
4.3. Novel Approaches for CH4 Hydrate Classification

Considering Stability, Accessibility, and Extraction
Potential. Various models and methodologies, such as the
VdW-P model, were assessed for their accuracy in predicting
and maintaining stable conditions for CH4 hydrates.123

Accessibility features of these approaches, including analytical,
semianalytical, and empirical methods, were evaluated for their

Table 13. Overview of Novel Approaches to CH4 Hydrate Classification: Stability, Accessibility, and Extraction Potential

approach stability characteristics
accessibility
features extraction potential refs

empirical correlations moderate to high high variable 123
van der Waals Platteeuw (VdW-P) Thermodynamic Model high moderate high 123
classification and regression tree (CART) methodology detailed stability conditions high 124
semianalytical approaches focus on multiphysics coupling high high 125
machine learning for methane−hydrate equilibrium
prediction

high accuracy predictions high enhances understanding of
extraction

126

mechanical properties and recovery issues insight on exploitable hydrates under investigation seen as a potential energy source 127
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effectiveness in identifying and accessing CH4 hydrate
deposits. The extraction potential examines how these
methodologies contribute to or predict the viability of CH4
hydrate extraction, crucial for future resource management
amidst increasing energy demand. Table 13 outlines an
overview of novel approaches to CH4 hydrate classification,
evaluating the stability, accessibility, and extraction potential.

5. PRODUCTION METHODS FOR METHANE (CH4)
EXTRACTION
5.1. Conventional Production Methods for CH4 Extraction.

Conventional methods for CH4 extraction from CH4 hydrates include
four primary techniques that have proven effective: depressurization,
thermal stimulation, inhibitor injection, and CO2 swapping. These
methods are essential for gas production from hydrate reservoirs and
are based on destabilizing the phase equilibrium of gas hydrates. Table
14 outlines the comparative analysis of these conventional production
methods for CH4 extraction, evaluating the efficiency, environmental
impact, economic viability, and scalability. Implementing cost-saving
measures requires a thorough understanding of each method’s
operational and technical aspects and continuous research and
development to enhance the efficiency and economic viability, as
described in Table 15. Integrating renewable energy technologies,
such as solar and wind, into the energy mix can influence the
economic attractiveness of CH4 hydrates. For instance, the cost of
renewable energy has been decreasing significantly, making it a more
competitive option than traditional fossil fuels. This shift could lower
the demand for CH4 extracted from hydrates as energy systems rely
more on renewables.1 Furthermore, advancements in carbon capture
and storage (CCS) technologies can enhance the environmental
viability of CH4 production, making it a more appealing option in a
market increasingly focused on sustainability. While conventional
methods for CH4 extraction, such as depressurization and thermal
stimulation, have established economic viability, the rising costs
associated with these methods must be weighed against the benefits of
renewable energy advancements. For example, utilizing waste heat
from industrial processes for thermal stimulation can reduce
operational costs, promoting a more sustainable approach to CH4
extraction.1,20 Additionally, CO2 swapping not only aids in CH4
recovery but also addresses carbon emissions, aligning with global
climate goals and potentially improving the economic outlook for
CH4 hydrates.
Depressurization is the most widespread technique employed for

mining natural gas hydrates. It involves lowering the reservoir’s initial
pressure by circulating low-density drilling fluid or extracting the free
fluid under the hydrate layer.134,135 When the pressure reduces to the
critical phase equilibrium value, the hydrates dissociate, releasing
significant amounts of gas.134 This method’s efficiency in extracting
CH4 from hydrate formations has been validated through both
practical applications and theoretical studies, highlighting its role as a
cornerstone in hydrate exploitation strategies.134,135 Thermal
stimulation introduces heat to the reservoir to destabilize the CH4
hydrate equilibrium, thereby facilitating gas production.136 The
process typically results in higher gas outputs than depressuriza-
tion.136,137 Thermal stimulation is deemed a viable method for gas
recovery from hydrates, indicating its significant potential in
enhancing CH4 extraction from such reserves.136 Furthermore, the
chemical inhibitor injection method presents a promising avenue for
CH4 hydrate recovery by introducing substances that induce
instability in hydrate formations. Despite its limited implementation
in laboratory-scale experiments and field tests thus far, this approach
holds significant potential as a novel technique. The principle behind
inhibitor injection revolves around creating conditions where hydrates
lose their stability, thus facilitating gas release.138 Potential substances
for injection include salts like calcium chloride or sodium chloride,139

alcohols such as methanol or ethanol,140 glycols like ethylene glycol or
propylene glycol,141 surfactants,142 and polymeric additives.143 These
substances disrupt the hydrate structure, alter the water chemistry, or T
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modify the thermal properties within the formation. By selectively
targeting hydrate stability, inhibitor injection can enhance CH4
recovery.138 However, further research and optimization are necessary
to fully understand this emerging method’s applicability and
effectiveness in practical scenarios. In addition, CO2 swapping offers
a dual-purpose solution that combines carbon capture and storage
(CCS) technology with CH4 recovery from subsurface reservoirs,
particularly CH4 hydrates.

144 This technique involves injecting CO2
into underground geological formations, displacing CH4 from pore
spaces in the rock as the CO2 migrates through the formation. The
displaced CH4 is then extracted alongside the CO2, providing an
opportunity to utilize CH4 as an energy resource while simultaneously
sequestering CO2,

144,145 a potent greenhouse gas. CO2 swapping
leverages existing infrastructure and knowledge from the oil and gas
industry, making it a feasible option for large-scale implementation.
However, the success of CO2 swapping hinges on various factors,
including geological characteristics, such as porosity and permeability,
as well as economic considerations related to CO2 capture, transport,
and injection costs.145 Moreover, stringent monitoring and risk
assessment protocols are imperative to ensure the long-term safety
and environmental integrity of stored CO2.

145,146 Despite these
challenges, CO2 swapping holds promise as an environmentally
sustainable method for CH4 extraction from hydrate formations,
contributing to both energy production and climate change mitigation
efforts.
Moreover, another ground-breaking extraction method employs

lasers for extracting CH4 from CH4 hydrates. The utilization of a
chemically pumped oxygen−iodine energy transfer laser (COIL) has
been proposed, highlighting its superiority over other methods for this
purpose.147 The specific type of laser identified for CH4 extraction,
the COIL, exemplifies the innovative approach toward efficient and
potentially less environmentally impactful methods of CH4 extraction
from hydrates.147 Recent studies have revealed the feasibility of using
lasers for CH4 extraction from hydrates. The research by
Kadobayashi148 involving laser-heated diamond anvil cell (LHDAC)
experiments has shown promising results in manipulating CH4
hydrates under controlled conditions. These experiments indicate
that lasers can effectively induce phase changes in hydrates, increasing
gas production rates while maintaining structural integrity.148 In
addition, recent pilot projects have revealed the promising potential of
laser-assisted extraction techniques for CH4 hydrate recovery. The
Alaska North Slope Test is a significant ongoing project that has
explored various extraction methods, including the integration of laser
technology. This innovative approach enhances CH4 recovery
efficiency while managing hydrate stability and reservoir pressure
challenges effectively. Using lasers allows for precise control over the
dissociation of CH4 hydrates, potentially leading to improved
production rates and reduced environmental impact.149 Similarly,
the Shenhu Area in the South China Sea has seen successful
continuous production tests, which have allowed for the incorporation
of advanced technologies like laser-assisted extraction.150 The focus
on innovative extraction methods in this region aligns with its vast
potential for large-scale CH4 production, making it an ideal candidate
for further exploration of laser technology applications. Therefore, the
future of laser-assisted extraction looks promising as it offers a more
controlled and efficient means of dissociating CH4 hydrates. As
research progresses, combining laser technology with traditional
extraction methods could significantly advance the economic viability
and environmental sustainability of CH4 hydrate production.
Continued experimental studies and pilot projects will be crucial in
validating these techniques and addressing the technical challenges
associated with their implementation, paving the way for more
effective and sustainable CH4 recovery strategies in the coming
decade.151

5.2. Experimental and Numerical Simulation Approaches
for CH4 Production. 5.2.1. Experimental Approaches for CH4
Production. Numerous research efforts have focused on the
laboratory-scale production of CH4 from CH4 hydrate reservoirs,
revealing important insights into the process.152−156 It has been
observed that fine marine sediments can obstruct CH4 synthesis,T
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causing unregulated decreases in pressure and gas emissions, as
discovered through various studies on the efficiency of CH4
production from CH4 hydrate reservoirs sediments using depressu-
rization. Liang et al.156 revealed that a gradual reduction in pressure
not only cools the reservoir but also promotes the formation of
rehydration. Liang et al.156 also explored the hydrate formation
reaction rate constant through X-ray techniques, noting an increase in
the reaction constant from 5.3 × 107 to 1.65 × 106 m/s as
temperatures escalated. Furthermore, Ruan and Li153 reported how
variances in temperature, particularly from 274 to 284 K and pressure
from 3 to 10 MPa, can influence the equilibrium curve of hydrates;
the research investigated the surface area of CH4 hydrate during
dissociation in porous media. It was found that these conditions
crucially influence the kinetics of hydrate dissociation, which in turn
affects gas production efficiency. The study underscored the
importance of understanding the interaction between temperature
and pressure variances and their effects on the CH4 hydrate surface
area for optimizing gas extraction from hydrate-bearing sediments.
Two models were emphasized: the grain-coating model, which
performs better at lower hydrate saturation, and the pore-filling
model, which is more effective at higher hydrate saturations. This
articulation provides a better understanding of the parameters
controlling CH4 hydrate dissociation and their implications for
improving hydrocarbon recovery processes. Moreover, Nakayama et
al.154 evaluated both experimental and computational findings
regarding the role of CH4 hydrate surface area on porous surfaces
in CH4 dissociation induced by depressurization. The study indicated
that the hydrate surface area can be denoted as a function of porosity,
hydrate saturation, and the average diameter of sediment particles.
Additionally, Lee et al.155 have reported a recovery rate of 64% of
CH4 from class 3 CH4 hydrate reservoirs through CO2 injection.
Despite these advancements, future investigations should focus on
enhancing reservoir permeability, mitigating sand production in
alliance with CH4, managing bottom well pressure, and overseeing gas
hydrate reformation near the wellbore.

5.2.2. Simulation Approaches for CH4 Production. Numerical
simulation represents a computational method that employs a
program to create a mathematical representation of a physical system.
These simulations are crucial for nonlinear systems whose complex
mathematical models elude simple, analytical solutions, making it
essential to use numerical approaches for understanding their
dynamics.157 In particular, reservoir simulation employs computer
algorithms to mimic the movement of fluids within porous materials
over time, focusing explicitly on fluid dynamics and heat transfer
under the assumption that the solid component remains stationary.
This technique draws upon various scientific principles to accurately
model petrophysical properties within a geological deposit. Different
simulators use diverse methodologies to capture the intricate process
of gas hydrate dissociation.158 Research into the CH4 hydrate
reservoir production simulation further investigates this by solving a
complex set of interlinked equations governing fluid movement, heat
exchange, and mass transport alongside the potential emergence or
dissolution of various solid phases within the system.158,159

The success of numerical simulations hinges on three pillars: the
availability of sophisticated simulators that accurately describe

dominant processes, understanding the interplay of parameters that
define the physical and thermophysical properties of the system, and
the collection of field and laboratory data to validate the numerical
models.159,160 Furthermore, Ruan et al.161 introduced five distinct
models�equilibrium, thermal conductivity, kinetic, permeability, and
mechanical�each incorporating equilibrium and kinetic approaches
for analyzing hydrate production and dissociation. These models,
while diverse, operate under defined assumptions and parameters. For
example, the equilibrium hydration model accounts for heat transfer
and four mass components, such as H2O, CH4, and water-soluble
inhibitors like salts or alcohols, with the kinetic model introducing a
fifth element, CH4 hydrate, treating it as a distinct component instead
of a state within the H2O−CH4 system.

162 The process of hydrate
dissociation is modeled to occur at equilibrium in these simulations.
Further, the effectiveness of hydrate production across different
reservoirs is assessed through simulations that evaluate various
characteristics, such as permeability, porosity, and temperature,
among others, to establish a comprehensive understanding of
reservoir behavior and potential output.162

5.2.2.1. Simulation Approaches for CH4 Production from Class 1
CH4 Hydrate Reservoirs. A three-dimensional, compositional, multi-
phase flow simulator has been developed and utilized to examine the
production characteristics of Class 1 reservoirs, analyzing the effects of
various production parameters such as well-completion location, well
spacing, and production schedule on gas production efficiency.163

This high level of detail allows researchers to optimize extraction
methodologies by altering simulation inputs according to the
reservoir’s specific characteristics. Simulating the behavior of CH4
within Class 1 hydrate reservoirs under various extraction methods, as
described in Table 16, is a crucial step toward efficiently exploiting
these energy resources. As simulation technologies advance, the
accuracy and efficiency of CH4 extraction from these complex
reservoirs are expected to improve, contributing significantly to the
field of energy production. HydrateResSim is noted for its generalized
application across various hydrate reservoirs, including Class 1 CH4
hydrates.164 Both CMG STARS and TOUGH+HYDRATE are
recognized for their enhanced predictive capabilities, making them
valuable tools for assessing production rates and reservoir behavior
under different operational conditions.165 STOMP-HYD focuses
particularly on CO2 injection methods for CH4 production, which
represents an intriguing approach toward more sustainable hydrate
exploitation.166 Further, EOSHYDR2 provides capabilities for detailed
modeling of gas and heat flow within hydrate-bearing sediments,
making it a valuable tool for investigating the dynamics around
hydrate dissolution and CH4 recovery.167 Each simulator offers
unique strengths contributing to a comprehensive understanding of
CH4 hydrate production processes.
Wu et al.165 investigated CH4 production from Class 1 hydrate

reservoirs; two primary simulation models were developed: the oil-
phase hydrate and solid-phase hydrate models. The commercial
reservoir simulator STARS, developed by Computer Modeling Group
Ltd., was used, which, despite lacking a specific hydrate module,
allowed for the simulation of gas hydrate dissociation and reformation
through self-created kinetic reactions. The simulation involved
numerical models incorporating geological data, hydrate reaction

Table 16. Comparative Analysis of Simulators for CH4 Production from Class 1 CH4 Hydrate Reservoirs

simulator source methodologies application focus
performance and

prediction refs

HydrateResSim Lawrence Berkeley
National Laboratory

simulates gas production from
various hydrate reservoirs

general CH4 production from hydrate
reservoirs

164

CMG STARS comparative studies advanced modeling and simulation
capabilities

predictive results for CH4 production
rates

better prediction
results

165

TOUGH+HYDRATE comparative studies multiphase, nonisothermal chemical
reactions simulation

hydrate formation and dissociation;
CH4 production rates

highly accurate
predictions

165

STOMP-HYD National Energy
Technology Laboratory

CO2 injection and hydrate
dissociation

CH4 production via CO2 injection 166

EOSHYDR2 a module for the
TOUGH2 simulator

nonisothermal gas release, phase
behavior, and flow

simulation of gas production from
CH4 hydrates

167
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modules, and initial formation conditions to produce a natural-state
model. Crucially, these models differed in their treatment of
hydrates�either an oil component with high viscosity or a solid
component�to simulate the characteristic behavior of gas hydrates
within the reservoir. The initial step was to compare the performance
and accuracy of these models based on cumulative water and gas

production. The study revealed several critical findings regarding the
production of CH4 from Class 1 hydrate reservoirs. Initially, the oil-
phase and solid-phase hydrate models generated comparable gas
production results. However, they differed significantly in water
production; the solid-phase model predicted a much higher water
output, as illustrated in Figure 28. This discrepancy was addressed by

Figure 28. Cumulative gas and water production profiles: (a) oil-phase hydrate model; (b) solid-phase hydrate model. Reproduced with permission
from ref 165. Copyright 2020 Elsevier.

Table 17. Comparison of Cumulative Gas and Water Production between Solid-Phase and Oil-Phase Hydrate Models for All
Simulated Cases165a

model
cumulative gas production

(MMSCM)
cumulative water production

(SCM)
dissociation rate

(%)
recovery factor

(%)
seabed subsidence

(m)

oil-phase hydrate model 562 228 11.14 23.04
solid-phase hydrate model 560 2299 10.84 22.96
modified solid-phase hydrate
model

575 236 11.94 23.58

coupled oil-phase hydrate
model

863 1102 29.90 35.27 0.492

coupled solid-phase hydrate
model

880 363 31.69 35.99 0.423

aThis table was reproduced with permission from ref 165. Copyright 2020 Elsevier.
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adjusting the relative permeability curves in the solid-phase model to
more accurately represent water and gas saturations. This resulted in a
modified solid-phase hydrate model that more closely matched the
oil-phase model regarding gas and water production rates. Coupling
these models with a geomechanical module showed that the coupled
solid-phase model produced slightly higher cumulative gas production
than the oil-phase model, as described in Table 17. This was
attributed to the added geomechanical support from solid hydrates,
which lessened formation deformation and induced a lower reservoir
average pressure, encouraging further hydrate dissociation. Another
critical observation was that the seabed subsidence was more
significant in the coupled oil-phase model than in the coupled
solid-phase model. This finding underscores the impact of the
geomechanical characteristics of solid hydrates and their role in
supporting formation strength, thereby mitigating subsidence near
production wells. These insights are vital for future hydrate
exploitation strategies, offering a path toward more efficient and
controlled gas production from Class 1 CH4 hydrate deposits.
Grove et al.168 used the TOUGH+HYDRATE model to forecast

CH4 production at the Messoyakha Field, a Class 1 hydrate reservoir,
attributing depressurization as the key recovery strategy. The study
examined porosity, absolute and relative permeability, initial gas and
water saturation, capillary pressure, reservoir thickness, and gas
production rates. The findings revealed that maintaining constant
sedimentary conditions while increasing the permeability and heat
flow could enhance CH4 production. The study reported that about
36% of the CH4 could be extracted from hydrates over two decades.
This approach mirrors the methodology of other research efforts, such
as those in refs 169 and 170, that used the same simulation tool to
assess factors such as the porous medium, porosity, relative
permeability, capillary pressure, gas hydrate saturation, gravity
equilibrium, and thermal conditions on CH4 extraction from Class
1 hydrate reservoirs. They identified that permeability manages the
gas flow, the capillary pressure indicates pressure variations disturbing
hydrate stability, and thermal flux affecting hydrate reformation
significantly influences CH4 recovery. Additionally, Ruan and Li

153

integrated practical and theoretical insights on surface area effects

underscored significant impacts on CH4 yield under depressurization,
notably at varying hydrate saturations. The finding concluded that
depressurization is highly suitable for Class 1 deposits because it is
straightforward, cost-effective, and rapidly responsive. These findings
align with the study by refs 169 and 171−174, which revealed similar
insights, as described in Table 18.
The comparative analysis of simulation studies on CH4 production

from Class 1 CH4 hydrate reservoirs highlights the significance of
advanced simulation methodologies in optimizing extraction
processes. Models like TOUGH+HYDRATE (T+H) and CMG
STARS offer high predictive accuracy, enabling the assessment of
various production parameters such as well spacing, porosity, and
pressure for maximizing CH4 recovery. Depressurization emerges as a
preferred strategy with studies indicating potential extraction rates of
up to 75% over two decades. Additionally, the coupling of simulation
models with geomechanical modules reveals insights into the role of
solid hydrates in supporting formation strength and enhancing
cumulative gas production. The models discussed made assumptions
based on nonsalinity in all of the case studies due to uncertainties and
early pressure conditions at the hydrate−gas interface and temper-
ature equilibrium. Although there is a promising recovery factor
through depressurization in Class 1 CH4 hydrate reservoirs, the
remaining gas content in the reservoir suggests the need to consider
combined methods with other techniques, such as thermal treatments
and inhibitors, to maximize production. Further investigation
regarding applying dual vertical wells, horizontal wells, and fracking
techniques, which increase the permeability and improve the gas flow
to enhance CH4 production from CH4 hydrate reservoirs, is vital.

5.2.2.2. Simulation Approaches for CH4 Production from Class 2
CH4 Hydrate Reservoirs. CH4 production from Class 2 gas hydrate
reservoirs presents challenges due to their inherent low permeability
and insufficient thermal properties.175 Consequently, the most viable
technological solutions for CH4 extraction from these reservoirs
encompass depressurization and thermal methods,175 as described in
Table 19. These reservoirs have high hydrate saturation and
substantial thermal inputs, necessitating applying enhanced fracking
procedures to improve permeability, thus facilitating the gas flow.11,175

Table 18. Maximum Cumulative Gas Production through Depressurization in Class 1 CH4 Hydrate Reservoirs Using Various
Simulators

simulator parameter approach maximum cumulative refs

CMG STAR porosity, permeability, pressure, temperature, saturation, wellbore, CO2 injection
rate, and well bottom hole pressure

depressurization 70.00% 171

TOUGH+HYDRATE porosity, absolute permeability, initial gas saturation, relative permeability, capillary
pressure, thickness, gas production rate, water saturation, and irreducible water
saturation

depressurization 75.00% 169

STOMP-HYD permeabilities, capillary pressure, porosity, liquid CO2 adequate saturation, gas
effective saturation, and aqueous effective saturation

depressurization add 10.00%
cumulative after
depressurization

173

MH-21 HYDRES pressure, temperature, absolute permeability, effective permeability, porosity, well
type, thickness saturation, and clay content

depressurization 74.80% 174

Table 19. Maximum Cumulative Gas Production through Depressurization and Thermal Methods in Class 2 CH4 Hydrate
Reservoirs Using Various Simulators

simulator parameters approach
maximum
cumulative refs

CMG STAR porosity, permeability, pressure, temperature, saturation, wellbore, CO2 injection
rate, well bottom hole pressure

depressurization and
thermal method

87.80% 179,180

72.40%
TOUGH+HYDRATE porosity, absolute permeability, initial hydrate saturation, relative permeability,

capillary pressure, thickness, and gas production rate
thermal and
depressurization
technique

49.06%, 137

61.99%,
74.87%

HydarteResSim porosity, permeability, temperature, saturation, relative permeability, capillary
pressure, thickness of hydrate

depressurization 10.00% 181

MH-21 HYDRES pressure, temperature, absolute permeability, effective permeability, porosity, well
type, thickness saturation, and clay content

depressurization >36% 116
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Furthermore, heat infusion, a critical factor for CH4 dissociation,
subsequently augments gas release within these Class 2 hydrates. The
TOUGH+HYDRATE model has been instrumental in replicating
CH4 production dynamics from Class 2 hydrates, integrating both
equilibrium and kinetic modeling approaches.176 The use of the
original porous medium (OPM) model, leveraging assumptions like
unaltered medium porosity and intrinsic permeability during
production and the optimization of relative permeability, provides a
fundamental framework for comprehending fluid dynamics within the
pore structure during the gas extraction process.177 Notably, the
strategic deployment of horizontal wells has been pinpointed as a
significant factor that could considerably elevate gas output from such
challenging reservoir deposits.177 Complementary to depressurization
and thermal techniques, CO2 injection emerges as a promising
alternative with potential benefits for CH4 recovery from Class 2
reservoirs. This approach leverages the favorable thermodynamic
stability and the swift diffusion dynamics of CO2 compared to CH4,
facilitated by its greater molecular mass and smaller kinetic diameter,
potentially enhancing CH4 displacement through a mix of
chemisorption and physisorption processes.166,178 This method
highlights the thermodynamic benefit of CO2 over CH4 in hydrate
formations, suggesting a novel avenue for enhancing CH4 extraction
efficiency while potentially ensuring the structural integrity of hydrate-
bearing formations through CO2−hydrate substitution.166
The comparative analysis of the discussed studies of CH4

production from Class 2 CH4 hydrate reservoirs reveals a range of
methodologies and techniques employed to enhance recovery.
Researchers have predominantly focused on combination methods
such as depressurization/thermal or CO2 swamping/depressurization,
highlighting the importance of leveraging multiple mechanisms to
maximize production efficiency. Simulation models like CMG STAR,
TOUGH+HYDRATE, HydrateResSim, and MH-21 HYDRES have
been used to predict CH4 recovery, considering porosity, perme-
ability, pressure, temperature, and saturation parameters. These
studies emphasize the significance of reservoir characteristics,
geomechanical stability, and the impact of operational variables on
CH4 production. While results vary, with maximum cumulative
recovery ranging from approximately 10% to over 87%, they
collectively underscore the complexity of CH4 production from
Class 2 CH4 hydrate reservoirs and the need for integrated
approaches combining thermal, pressure-based, and chemical
techniques for efficient recovery. Further research avenues include
exploring reservoir fracking, geomechanical stability, and optimization
of operational parameters to enhance reservoir permeability and
overall CH4 recovery. Additionally, the interaction between salinity
and depressurization techniques highlights the complexity of reservoir
management in hydrate-bearing formations.182,183 Research inves-
tigating the effect of salinity in CH4 production from Class 2 gas
hydrate reservoirs is scant. Salinity within a reservoir influences
hydrate stability and can alter the thermodynamic conditions
necessary to safely and efficiently extract natural gas from CH4
hydrates.182 Salt, acting as a hydrate inhibitor, necessitates careful
observation of salinity levels to ensure an optimal balance between
hydrate formation and dissolution processes.184 Monitoring salinity
levels in reservoirs is essential as it impacts the effectiveness of
inhibitors when used alongside depressurization methods.182−184 This

is due to precipitate formation compromising the gas’s perme-
ability.182 Moreover, it is crucial to investigate further methods to
manage sand production and enhance rehydration processes during
CH4 extraction from CH4 hydrates. The dynamics of these factors are
critical for minimizing operational challenges and improving recovery
rates. Innovative approaches to manage these aspects can significantly
increase the exploitation of CH4 hydrates as an energy resource.

5.2.2.3. Simulation Approaches for CH4 Production from Class 3
CH4 Hydrate Reservoirs. Class 3 hydrate reservoirs are characterized
by a unique structure with an impermeable top cover layer, an
impermeable bottom layer, and a hydrate-bearing layer sandwiched
between them.185 These reservoirs pose specific challenges for gas
production due to their structural and physical properties. High
hydrate saturation in Class 3 reserves leads to limited flow without
inducing fractures due to the low permeability of these fractures,
presenting significant extraction challenges.180,185 Among various
techniques, depressurization is the most practical and effective,167,172

as described in Table 20. Boosting the temperature of the hydrate
plays a critical role in maintaining stability under specific pressures
and enhancing gas production by impacting permeability. However,
the depressurization technique can extract only a portion, about 7−
36%, of the total gas available, leading to the belief that Class 3
deposits are not economically viable for development.118,180

Fracturing operations can improve permeability, thus facilitating gas
liberation and enhancing CH4 production.

186 This is primarily due to
increased surface area coming into contact with hot water and
creating more pathways for gas release.186 Gas production rates are
closely tied to hydration levels with lower hydration resulting in faster
decompression and dissociation of hydrates and hence higher
production rates early in the extraction process. Hydraulic fracturing,
or fracking, introduces high-pressure fluid into the subsurface to
create fissures, enhancing permeability and facilitating the extraction
of trapped CH4 from hydrate formations. This method significantly
impacts the productivity of Class 3 CH4 hydrates by altering initial
reservoir conditions such as temperature and porosity, which are
critical in determining the effectiveness of CH4 recovery.

186 The
process’s success hinges on meticulously controlling the brine’s
temperature and the cycle duration to maximize the CH4 production
rate while maintaining the structural integrity of the hydrate
reserves.186,187

Yang et al.185 used a numerical simulation approach to investigate
CH4 production from Class 3 CH4 hydrate reservoirs, exploring
various aspects of reservoir properties, well design, and production
strategies to optimize gas extraction. The simulation used the
HydrateResSim code to model the gas−water system in dissociating
CH4 hydrate reservoirs. This includes applying different production
pressures to understand the gas production response better. The
study’s approach consists of a detailed reservoir discretization,
ensuring the model incorporates a realistic representation based on
China’s Shenhu area hydrate reservoirs, including considerations such
as thickness, porosity, salinity, and intrinsic permeability. The well
design within these simulations adopts an “L” shape, optimizing the
layout for effective depressurization and thermal stimulation to induce
hydrate dissociation. The production strategy involves setting
constant well temperatures and varying well pressures to evaluate
the most efficient parameters for gas release rates and overall natural

Table 20. Maximum Cumulative Gas Production through Depressurization, Thermal, and Hydraulic Fracturing Methods in
Class 3 CH4 Hydrate Reservoirs Using Various Simulators

simulator parameter approach maximum cumulative refs

CMG STAR porosity, permeability, saturation, pressure, temperature depressurization 35.00% 188
TOUGH+HYDRATE porosity, absolute permeability, initial gas saturation, relative permeability,

capillary pressure, thickness, gas production rate, water saturation, and
irreducible water saturation

depressurization,
thermal, and
hydraulic fracturing

61.60% with no fracture 189

80.60% with fracture
HydarteResSim porosity, permeability, temperature, saturation, relative permeability

capillary pressure, the thickness of hydrate, and horizontal well
depressurization,
thermal

>65.00% 185

H-21 HYDRES pressure, temperature, absolute permeability, effective permeability,
porosity, well type, thickness saturation, and clay content

depressurization 60.00% 116
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gas production. The findings from the simulations reveal that
depressurization and thermal driving forces are crucial for inducing
hydrate dissociation with the effects potentially extending over 10−30
years, enabling significant gas and water production if appropriate
strategies are employed. The depressurization’s driving force heavily
influences the productivity of Class 3 hydrate reservoirs, as illustrated
in Figure 29. Lower well pressures (e.g., 0.1P0 and 0.2P0) resulted in
higher gas release rates and cumulative gas production than higher
pressures (e.g., 0.8P0), where gas release rates were insufficient for
commercial-level production. The heterogeneous nature of the
hydrate distribution within the reservoir significantly affects
production behavior, underlying the importance of understanding
reservoir heterogeneity for accurate prediction of gas production
performance.
In addition, Zhong et al.189 reported numerical simulation

approaches to enhance CH4 production from Class 3 CH4 hydrate
reservoirs, specifically in the Shenhu area on the north slope of the
South China Sea. The methods include examining the geological
background from detailed logging data, highlighting the potential for
exploitation based on properties such as porosity, layer thickness,
hydrate saturation levels, well and fracture design, model establish-

ment, and various simulation parameters, such as hydrate reservoir’s
physical properties and conditions, as described in Tables 21 and 22.
The primary objectives were to evaluate the impact of varying fracture
permeabilities and well spacings on CH4 production, understand the
hydrate dissociation behaviors, and assess the production efficiency
through simulations. Simulations used the T+H numerical code,
favoring the equilibrium reaction model’s accuracy in large-scale
natural gas hydrate (NGH) productions. The initial and boundary
conditions were meticulously set to reflect the hydrate-bearing
sediments’ real thermal and pressure environments, facilitating a
comprehensive assessment. The simulations revealed that modifying
fracture parameters significantly affects CH4 production in Class 3
hydrate reservoirs. Increasing fracture permeability and optimizing
well spacing enhanced gas production efficiency by facilitating
pressure drop transmission and hydrate decomposition rate, as
illustrated in Figure 30. Introducing fractures and the strategic setting
of well spacings accelerated the hydrate dissociation process, which is
crucial for effective CH4 production. Well-designed fracturing and
spacing setups led to larger hydrate decomposition areas, suggesting
an accelerated gas release from hydrates. Furthermore, fracturing
positively influenced CH4 production rates by providing favorable

Figure 29. Impact of well pressure on gas release rates and cumulative gas production from Class 3 hydrate reservoirs. (a) Variation of gas release
rate with different well pressure conditions over 450 days. (b) Gas accumulation over 450 days under varying pressures. Reproduced with
permission from ref 185. Copyright 2014 Elsevier.

Table 21. Physical Properties and Conditions of a Class 3 Hydrate Reservoir at the SH2 Site Shenhu Area on the North Slope
of the South China Seaa,189

parameters value parameters value

overburden thickness 30 m grain density (all deposits) 2600 kg/m3

underburden thickness 30 m intrinsic permeability (wells) 1.0 × 10−9 m2 (1000 D)
HBL thickness 40 m fracture width 6 mm
intrinsic permeability (overburden, HBL, and underburden) 1.0 × 10−14 m2 (=10 mD) relative permeability model krA = (SA*)n

krG = (SA*)nG

* =S
S S

S1A
A irA

irA

* =S
S S

S1G
G irG

irG

initial saturation SH = 0.4, SA = 0.6 n 3.572
porosity (wells) 1.0 nG 3.572
geothermal gradient 0.047 Sir 0.30
gas composition CH4 100% Sir 0.03

porosity (overburden, HBL, underburden) 0.38 capillary pressure model = [ * ]P P S( ) 1cap 0
1/

porosity (fracture) 0.80 Sir 0.29
dry thermal conductivity (all deposits) 1.0 W/m/K λ 0.45
wet thermal conductivity (all deposits) 3.1 W/m/K P0 105 Pa

aThis table was reproduced with permission from ref 189. Copyright 2020 Elsevier.
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channels for gas migration. However, the stimulation also revealed
increased water production, as diagrammatically shown in Figure 31,
indicating a need for careful consideration of fracture designs to
balance gas-to-water ratios effectively. Moreover, the study empha-
sized that the energy ratio (ER), a crucial economic index, improves
with the application of fractures, especially under large well spacing, as
shown in Figure 32. This suggests that fracturing enhances gas
recovery and contributes to more energy-efficient CH4 production
from hydrate reservoirs.
The comparative analysis of the discussed studies highlights several

key findings regarding CH4 production from Class 3 CH4 hydrate
reservoirs. Both studies emphasize the importance of simulation
approaches in understanding the reservoir properties, well design, and
production strategies to optimize gas extraction. They underscore the
significance of depressurization, thermal stimulation, and hydraulic
fracturing in enhancing CH4 production rates from these challenging
reservoirs. While depressurization remains a practical and effective
method, hydraulic fracturing emerges as a promising technique to
improve permeability and facilitate gas release, although with careful
consideration of water production. The studies emphasize the need
for comprehensive assessments considering reservoir heterogeneity
and varying fracture parameters to achieve efficient CH4 recovery.
These studies signify the potential of simulation-driven approaches in
addressing the complex challenges associated with Class 3 CH4
hydrate reservoirs, offering insights into effective strategies for
maximizing CH4 production while balancing economic viability and
environmental considerations.

5.2.2.4. Significance of Comparative Analysis in CH4 Hydrate
Reservoir Simulation. The comparative analysis of simulators is a
fundamental aspect of advancing the understanding and management
of CH4 hydrate reservoirs. This comparison not only benchmarks the
accuracy and reliability of different simulation tools but also aids in

Table 22. Simulation Schemes (Fracture Permeability and
Well Spacing) at the SH2 Site Shenhu Area on the North
Slope of the South China Seaa,189

fracture permeability (D) well spacing (m)

Case 1-1 no fracture 50.00
Case 1-2 1.00 50.00
Case 1-3 1.50 50.00
Case 1-4 2.00 50.00
Case 2-1n no fracture 40.00
Case 2-2n no fracture 50.00
Case 2-3n no fracture 60.00
Case 2-1 2.00 40.00
Case 2-2 2.00 50.00
Case 2-3 2.00 60.00

aThis table was reproduced with permission from ref 189. Copyright
2020 Elsevier.

Figure 30. Effect of fracture parameters on CH4 production efficiency
in Class 3 hydrate reservoirs, evaluating the CH4 release rate (QR) and
cumulative CH4 release volume (VR) in varied fracture permeability.
Reproduced with permission from ref 189. Copyright 2020 Elsevier.

Figure 31. Effect of fracturing on CH4 and water production rates in
Class 3 hydrate reservoirs. (a) CH4 production rate (QP) and
cumulative CH4 production volume (VP) in varied fracture
permeability. (b) Water production rate (QW) and cumulative water
production volume (VW) in varied fracture permeability. Reproduced
with permission from ref 189. Copyright 2020 Elsevier.

Figure 32. Effect of fracturing on the energy ratio (ER) in Class 3
hydrate reservoirs with varied well spacing. Reproduced with
permission from ref 189. Copyright 2020 Elsevier.

Energy & Fuels pubs.acs.org/EF Review

https://doi.org/10.1021/acs.energyfuels.4c03427
Energy Fuels 2024, 38, 19293−19335

19323

https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c03427?fig=fig30&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c03427?fig=fig30&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c03427?fig=fig30&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c03427?fig=fig30&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c03427?fig=fig31&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c03427?fig=fig31&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c03427?fig=fig31&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c03427?fig=fig31&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c03427?fig=fig32&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c03427?fig=fig32&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c03427?fig=fig32&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c03427?fig=fig32&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.4c03427?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


optimizing production strategies, driving technological advancements,
and ensuring economic and environmental sustainability in hydrate
exploitation. Simulators like HydrateResSim,172,181,185 CMG
STARS,171,179,188 TOUGH+HYDRATE,137,189 STOMP-HYD,173

and MH-21 HYDRES116,173 each bring unique strengths to the
table, catering to different aspects of hydrate simulation. From
handling multiphase flows and chemical reactions to specializing in
CO2 injection methods and detailed gas and heat flow modeling, the
choice of simulator hinges on the specific requirements of the
reservoir under study. This tailored approach ensures that the
predictive models align more closely with actual reservoir behaviors,
significantly aiding in the decision-making processes related to
hydrate reservoir management and gas extraction strategies. The
need for accuracy and reliability in simulation outputs cannot be
overstated. Distinct simulators, relying on different methodological
frameworks, physical models, and assumptions, offer diverse
perspectives on reservoir dynamics. This variety is particularly crucial
in the realm of gas hydrate dissociation�a complex phenomenon
where each simulator’s ability to capture and predict the nuances of
physical processes varies. The comparison of simulation outcomes,
therefore, serves as a litmus test for delineating the most reliable and
accurate tools suited for specific reservoir types or operational
conditions.
Optimizing production strategies emerges as a critical area that

benefited from comparative simulation analyses. With a myriad of
possible extraction methods available, the ability to predict how
different simulators respond to identical conditions allows for an
evidence-based selection of the optimal approach. This optimization
touches on aspects like well placement, production scheduling, and
the design of secondary recovery operations, all of which have
substantial implications for both the efficacy and the efficiency of
hydrate production. Furthermore, the iterative process of comparing
and contrasting simulator predictions fuels the progression of
simulation technologies. Identifying the front runners in simulation
accuracy and reliability prompts a concentrated effort toward
advancing these models, enhancing their predictive capabilities.
Such advancements not only refine existing simulation tools but
also pave the way for the invention of new methodologies that could
offer more insightful forecasts of reservoir behavior. Moreover,
accurate predictions are the cornerstone of economically viable and
environmentally sustainable gas hydrate exploitation. A simulator that
offers precise forecasts facilitates more efficient approaches to
reservoir development, mitigating risks of overexploitation and
minimizing environmental disturbances. Thus, the role of simulation
in guiding environmentally responsible and economically feasible
hydrate production strategies is indispensable.
5.3. Impact of Wellbore Type on CH4 Production. Chong et

al.190,191 investigated the effects of wellbore type on the efficiency of
CH4 production from hydrate formations. The study underscores the
significance of wellbore architecture in enhancing gas recovery rates,
comparing horizontal, vertical, and deviated well configurations. The
findings reveal that horizontal wells, due to their extended contact
with the hydrate-bearing layer, offer higher CH4 recovery rates
compared to vertical and deviated wells. This is attributed to the
increased surface area for heat and mass transfer, facilitating more
efficient hydrate dissociation. Moreover, horizontal wells allow for the
application of hydraulic fracturing techniques, further improving
permeability and CH4 flow toward the wellbore. These insights stress
the importance of wellbore design as a key factor in optimizing CH4
hydrate reservoir exploitation strategies.
5.4. Reservoir Pressure Regulation and Control. Investiga-

tions by Gao et al.,192 Yin et al.,193 and Gao et al.194 explore
methodologies for reservoir pressure regulation and control to
enhance CH4 recovery from hydrate formations. These studies
present techniques such as the injection of warm brine, depressuriza-
tion strategies, and controlled CO2 injection to maintain or adjust
reservoir pressure levels conducive to efficient hydrate dissociation.
Gao et al.192,194 highlight the potential of warm brine injection to
supplement thermal stimulation efforts, thereby increasing the rate of
hydrate decomposition. Additionally, Yin et al.193 propose an adaptive

pressure regulation system that dynamically adjusts depressurization
rates based on real-time feedback from reservoir conditions,
maximizing CH4 production while minimizing energy input. These
advancements in reservoir pressure management are essential for
sustaining high levels of CH4 recovery, indicating the necessity for
incorporating pressure control mechanisms into production strategies.

6. CASE STUDIES AND FIELD APPLICATIONS
Notable projects have revealed the feasibility and potential of
extracting CH4 from hydrate reservoirs, highlighting progress
in the Nankai Trough Test, Japan,195 Messoyakha, Russia,196

Shenhu, South China Sea,197 the United States,198 the Alaska
North Slope Production Test (Ongoing), the Iġnik Sikumi
field test, Alaska,6,199 and Mallik, Canada,200 as described in
Table 23. In the North Slope of Alaska, an unprecedented test
utilized a mixture of carbon dioxide (CO2) and nitrogen to
extract natural gas from CH4 hydrates.

199,201 This method,
involving in situ CO2 exchange with CH4 molecules within the
hydrate structure, marked a significant advancement by
extending the depressurization phase to over 30 days,
significantly longer than previous trials.201 Japan led a
ground-breaking project off the Atsumi and Shima Peninsula
coasts, achieving the first offshore production test of CH4
hydrate worldwide.195 This venture produced approximately
120 000 m3 of gas over 6 days, pioneering offshore CH4
hydrate extraction.195 These case studies have contributed
valuable insights into CH4 extraction from hydrates, such as
the following. (1) The importance of CO2 utilization: the
successful use of CO2 in the Alaskan test project underlined
the dual benefit of CH4 recovery and potential CO2 storage,
emphasizing this approach’s environmental and efficiency
advantages. (2) Challenges in offshore extractions: the
Japanese project illustrated the feasibility of offshore CH4
hydrate extraction and highlighted the technical and environ-
mental challenges associated with operations in marine
environments. Achieving such extraction sustainably and
economically remains critical for future research and
technological development. (3) Extended production trials:
extending the duration of production trials, as seen in Alaska,
provides a more comprehensive understanding of the reservoir
responses, technological efficacy, and potential environmental
impacts. These longer trial periods are invaluable for
developing more effective and efficient extraction method-
ologies. (4) Global resource potential: both projects under-
score the vast potential of CH4 hydrates as a future energy
source, indicating the importance of continued investment in
research, technology development, and environmental analysis
to unlock this resource sustainably. The exploration and pilot
testing of CH4 hydrate extraction are developing, yet they offer
promising prospects for future energy supplies. Continuing
research, technological innovation, and international collabo-
ration will be essential in overcoming the existing challenges
and harnessing this resource commercially.
6.1. Shenhu, South China Sea. The exploration and

extraction of CH4 from the Shenhu Area, South China Sea,
represent significant milestones in the commercial utilization of
this energy resource. The Shenhu Area has been identified as
one of the most promising fields for CH4 hydrate exploration
due to its vast potential and proximity to major cities like Hong
Kong and Guangzhou.197 Several rounds of exploration and
testing culminating in successful production trials in 2017 have
marked the area as a key focus for CH4 hydrate research and
development.197 This journey from initial geophysical surveys
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aboard the “Struggle No. 5” vessel in 1999 to the declaration of
successful continuous production tests in 2017 reveals the
potential and the challenges inherent in CH4 hydrate
extraction on an industrial scale.197 The 2017 production
test in the Shenhu Area was ground-breaking in several ways. It
was the first to achieve continuous gas production from CH4
hydrates at a large scale for as long as 60 days, setting a
precedent for future exploration and extraction projects. More
than 300 000 m3 of gas were produced during this test, far
exceeding initial expectations. The test was designed to exploit
a CH4 hydrate reservoir below a water depth of 1266 m with
the H4 hydrate layer ranging from 203 to 277 m below the
seabed. Achieving continuous large-scale production was a
testament to the advancements in extraction technology and
understanding of geological conditions conducive to stable
CH4 hydrate disassociation and gas production.

197

6.1.1. Lessons Learned from the Shenhu Field Project and
Future Implications. One of the primary lessons learned from
Shenhu Area exploration is the criticality of managing
production rates for both short-term peaks and long-term
sustainability. High production rates tend to decrease over
time, presenting a need for strategies to maintain or enhance
production levels. The fluctuating production rates observed
call for further research into cyclic depressurization, thermal
stimulation, and other innovative techniques that could
stabilize and extend productive periods.197 Another critical
lesson revolves around understanding geomechanical re-
sponses to CH4 hydrate recovery processes. The Shenhu
tests highlighted the necessity of comprehensive models
incorporating thermal, mechanical, and flow dynamics to
predict how reservoirs respond to various extraction methods.
Future enhancement strategies must consider the holistic
management of reservoir layers, including manipulating water
flows and thermal gradients, to optimize gas production.197

The journey toward commercial exploitation of CH4 hydrates
underscores the need for collaboration among research
institutions, industry, and government bodies. The Shenhu
tests revealed technical feasibility and opened policy develop-
ment and investment avenues in CH4 hydrate exploration and
extraction technologies.
6.2. Iġnik Sikumi Field Test, Alaska. The Iġnik Sikumi

field experiment, conducted on the Alaska North Slope, was a
pioneering venture investigating the viability of CO2−CH4
exchange in gas hydrate reservoirs.199,202 This experiment
holds substantial lessons for future endeavors in CH4
production from gas hydrates, which are crucial for advancing
the capabilities in this field. The Iġnik Sikumi field trial
delivered insightful findings on CH4 production. The experi-
ment was designed as a huff-and-puff operation involving CO2
and N2 gas injection followed by pressure reduction to induce
gas production. This approach resulted in specific observa-
tions: First, the initial stages revealed increased gas hydrate
saturation near the wellbore, potentially due to the formation
of secondary hydrates.199 Toward the end of the injection
period, a slight decrease in saturation suggested partial-
pressure-induced hydrate dissociation because of the unsatu-
rated nature of the injected gas mix concerning CH4.

199

Second, postinjection operations revealed a preferential
retention of CO2 within the reservoir with 70% of the injected
N2 recovered, while only 40% of the injected CO2 was
retrieved.199 This indicates effective CO2 retention, possibly
due to the bulk exchange between CO2 and CH4. Moreover,
the latter phase of the test highlighted the reservoir’sT
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responsive nature to depressurization, showcasing a direct
correlation between pressure reduction and an uptick in
production rate.199 This phase provided a unique viewpoint
into the reservoir’s behavior postalteration by the chemical
injection.

6.2.1. Lessons Learned from the Iġnik Sikumi Field Test
Field Project. The Iġnik Sikumi experiment has underscored
several key lessons for future CH4 production projects from gas
hydrate reservoirs: The test reinforced the significance of
controlled depressurization in managing and enhancing CH4
production. Variations in pressure impact gas production rates
and the reservoir’s geomechanical stability. Maintaining a
stable depressurization process is key to maximizing
production while minimizing risks. Furthermore, the experi-
ment highlighted how the chosen injectant composition affects
near-wellbore geochemistry and, consequently, injectivity and
gas production.199 Future endeavors should optimize injectant
mixes to balance the formation of secondary hydrates against
maintaining or enhancing reservoir injectivity. In addition,
managing sand production emerged as a significant challenge,
emphasizing the need for robust well design and completion
tactics. Future projects must prioritize geomechanical stability
to ensure the integrity of the well and the surrounding
reservoir.
6.3. Messoyakha, Russia. The Messoyakha gas hydrate

deposit, discovered in 1967 and located in the Arctic eastern
border of West Siberia, represents a pioneering field in gas
hydrate production. Despite initial oversight of the hydrates’
presence, the deposit rapidly transitioned to the production
phase by December 1969, employing a depressurization
method across 57 drilled wells.196 This innovative approach
facilitated gas transformation from a solid to a free state,
marking a significant milestone in exploiting gas hydrates as an
energy source.196 The production of CH4 from the
Messoyakha field proved to be successful, yielding an average
production rate between 18 000 and 98 000 m3/day across
operational wells.196 The initial estimates of gas in place
(IGIP) did not consider hydrate presence, leading to an
adjusted understanding of reserves postproduction assess-
ments.196 Various methods, including volumetric calculations,
p/z plots, and hydrodynamic models, have provided diverse
IGIP estimates, highlighting the complexity of accurately
gauging reserves in gas hydrate fields.196

6.3.1. Lessons Learned from the Messoyakha Field
Project. One significant lesson from the Messoyakha field
project is the importance of hydrate consideration; ignoring
hydrates during the initial drilling and development phases can
lead to inaccurate reserve estimates and potential production
challenges. Future projects should incorporate hydrate
presence to optimize reserve assessments and production
strategies. Furthermore, the successful use of the depressuriza-
tion method in Messoyakha offers a viable technique for
hydrate reservoir exploitation. This method, complemented
with comprehensive field data, allows for tailored approaches
to enhancing the production efficiency.196 Additionally,
integrating data from 57 wells into field-scale models
streamlined production and pressure behavior analyses,
ensuring alignment with actual development parameters.196

Continuous monitoring and modeling adjustments are crucial
for managing hydrate dynamics and ensuring sustained
production. Moreover, the temperature behavior and aquifer
activity reveal the intricate dynamics within hydrate fields.
Recognizing these subtleties aids in navigating challenges such

as pressure fluctuations and water production management,
which is essential for efficient field operations. The
Messoyakha experience has catalyzed worldwide natural gas
hydrate research. Its lessons extend beyond production
techniques, encouraging a global discourse on hydrate
exploitation’s environmental and economic implications.
6.4. Alaska North Slope Production Test (Ongoing).

The Alaska North Slope natural gas production test is an
ongoing project led by Arctic Slope Regional Corporation
(ASRC) Energy and involving collaborators including the U.S.
Geological Survey (USGS), the Department of Energy (DOE),
and the Japan Oil, Gas and Metals National Corporation
(JOGMEC)203 and marks a significant step forward in
understanding the technical and economic feasibility of
hydrate-derived natural gas production, a crucial alternative
energy resource. Given the underexplored nature of Alaska
compared to most basins,203,204 this test represents an essential
step forward in harnessing the vast untapped energy reserves
present in CH4 hydrates. Key insights from the project include
the successful drilling of a test well in 2018, confirming the
presence of highly saturated gas hydrate-bearing reservoirs and
validating the potential of gas hydrate as an energy source.204

The project’s focus on characterizing the response of these
reservoirs to controlled depressurization strategies through a
meticulously planned three-well program204 highlights the
importance of ongoing research, innovation, and international
collaboration in commercializing CH4 hydrate as a sustainable
energy source. The project, closely watched by industry
stakeholders, integrates advanced extraction techniques and
environmental considerations, promising to offer valuable data
and perspectives on the challenges, methodologies used, and
quantity of CH4 hydrate produced. This ongoing exploration is
of immense importance not only for understanding the
technical and environmental dynamics of CH4 hydrate
extraction but also for advancing global energy sustainability
and security.

7. CHALLENGES, RESEARCH GAPS, AND FUTURE
PERSPECTIVES
7.1. Challenges. CH4 hydrate formation and extraction

present challenges, including stability and formation con-
ditions, slow kinetics, safety concerns, environmental impact,
and economic viability. Addressing these requires a thorough
understanding of thermodynamics and kinetics, utilization of
advanced technologies, rigorous risk assessment, and stake-
holder collaboration. Continuous research and technological
advancements are essential to ensure reliability and efficiency
in CH4 hydrate formation and extraction strategies. This study
outlines some of these critical challenges as follows.
The production and classification of CH4 from CH4

hydrates reservoirs are profoundly influenced by environmental
conditions such as temperature, pressure, and salinity, each
contributing complex challenges to hydrate formation. The
temperature and pressure directly impact the CH4 uptake and
hydrate formation rates with optimal CH4 uptake observed at
specific conditions and a notable increase in formation time
under certain temperatures and pressures.205,206 Additionally,
salinity presents a dual effect: while increasing salinity can shift
the CH4 hydrate phase boundary toward higher pressures or
lower temperatures, thereby potentially facilitating hydrate
formation under certain conditions, it can also retard the
hydrate formation kinetics in systems with higher salinity
levels.206 These factors significantly affect the mass transfer and
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phase separation of CH4 molecules within marine environ-
ments,205,206 highlighting the nuanced balance required
between these conditions to manage CH4 hydrate production
efficiently. The interplay of these environmental variables
complicates the extraction and production processes, requiring
tailored strategies to optimize CH4 recovery from hydrate
reservoirs under varying geological and environmental settings.
The formation of CH4 hydrates within sedimentary matrices

is a process critically influenced by the physical and chemical
properties of the sediments themselves, including the particle
size, water saturation levels, and specific surface areas of porous
clay media. Studies have shown that the kinetics of CH4
hydrate formation are significantly impacted by these sedi-
ment-specific factors, underlining a nonunidirectional influence
of such variables on hydrate formation kinetics.42 This
complexity is further compounded when sediment surface
modifications by chemical additives or CO2 swapping are
considered, which can drastically alter the hydration dynamics
and stability conditions necessary for CH4 hydrate forma-
tion.31,42,73 Moreover, the potential for utilizing CO2 injection
for CH4 extraction and CO2 sequestration introduces addi-
tional variables to this complex system. The interaction
between the injected CO2, CH4 hydrates, and the sedimentary
environment offers a unique opportunity to recover energy
resources and mitigate climate change impacts. However, this
approach requires a detailed understanding of the pore-scale
changes in electrical resistance and relative stiffness during
CH4 hydrate formation and CO2 replacement processes.

207

Extracting CH4 from CH4 hydrate reservoirs, categorized
into Classes 1, 2, 3, and 4 via depressurization, thermal
stimulation, inhibitor injection, and CO2 swapping methods,
poses distinct challenges that significantly impact the CH4
production processes’ efficiency and environmental viability.
Class 1 reservoirs offer a more straightforward extraction
process due to their structure, which facilitates hydrate
dissociation with minor changes in pressure and temperature,
potentially allowing for a more manageable extraction
process.208 However, the extraction from Class 2 and Class 3
reservoirs is entangled with technological and efficiency
constraints, chiefly due to their complex structural composi-
tions that hinder straightforward CH4 recovery.

209 Moreover,
across all CH4 hydrate reservoir classes, the CH4−CO2
replacement technique, signaled for its dual benefit of CH4
extraction and CO2 sequestration, is vulnerable to low
replacement efficiency, slow kinetics, and the formation of
impermeable CO2 hydrate layers that act as mass transfer
barriers.131,210,211 Additionally, the immature state of current
technologies aggravates these challenges, limiting the applica-
tion spectrum of this promising technique.210

The exploration and extraction of CH4 from hydrate
reservoirs, as evidenced by case studies in locations such as
the Nankai Trough test, Japan,195 Messoyakha, Russia,196

Shenhu, South China Sea,197 the Iġnik Sikumi field test,
Alaska,6,199 and Mallik, Canada,200 show a potential pathway
toward a new energy source yet highlight pronounced
challenges including managing the reservoir pressure, mitigat-
ing the environmental impact, and addressing technical and
operational hurdles like sand production and CH4 hydrate
reformation. The innovative use of CO2 and N2 injection in
the Iġnik Sikumi field test in Alaska for CH4 recovery
introduces an environmentally beneficial method, leveraging
the dual advantage of CH4 recovery and potential CO2 storage,
but also underscores the need for robust well design and

completion strategies to manage common operational
challenges such as fine sand and water production.6,199

7.2. Research Gaps and Future Perspectives. Despite
extensive research on CH4 hydrate formation, significant gaps
remain regarding the intricate interplay between temperature,
pressure, and salinity and their collective impact on CH4
hydrate formation and extraction strategies. Although studies
have delineated the general influence of temperature on CH4
hydrates’ nucleation and growth processes, delineating clear
stages of hydrate formation under constant temperature
conditions,56 the detailed mechanisms of these processes at
various temperatures, pressures, and salinity levels remain
inadequately understood. Furthermore, while the dissolution
rate of CH4 hydrates in seawater is heavily dependent on
environmental conditions,53 comprehensive models that
predict the hydrate behavior under varying salinity, pressure,
and temperature conditions are scarce. Similarly, efforts to
elucidate the effects of these environmental factors on hydrate
exploitation in wellbores have highlighted the critical roles of
salinity, temperature, and pressure.212 Yet, the specific
responses of CH4 hydrates to these variables during extraction
operations demand further exploration. Thus, a profound
research gap exists in developing a unified, comprehensive
model that accurately predicts the CH4 hydrate behavior under
many environmental conditions. This necessitates further
investigation into the detailed physiochemical interactions
during hydrate formation and decomposition. Bridging these
gaps is essential for optimizing extraction strategies and
advancing CH4 hydrate dynamics.
Although significant progress has been made in under-

standing the CH4 dynamics within sedimentary environments,
substantial research gaps remain concerning the interactions
between sediment characteristics and CH4 hydrate stability
and extraction strategies. Specifically, the influence of sediment
particle size on the mechanical properties of hydrate-bearing
sediments highlights a complex interplay that directly impacts
the effectiveness and safety of exploitation technologies.213

Furthermore, although studies have begun to elucidate the
nonunidirectional influence of sediment particle size and
porous media’s specific surface areas on hydrate formation
kinetics, the precise mechanisms by which these factors impact
hydrate stability and formation rates remain insufficiently
understood.42 This is compounded by the need for a deeper
investigation into the role of sedimentation and sediment type
in natural occurrences of CH4 hydrates, particularly regarding
seabed and subseabed stability and gas venting patterns.214

Therefore, a profound gap exists in the comprehensive
assessment of the effects of sediment-specific and surface
modifications on hydrate stability, necessitating targeted
research that can inform more effective and environmentally
sustainable extraction strategies. Addressing these gaps will
advance significantly impact practical approaches to hydrate
exploitation, potentially unlocking new avenues for energy
extraction from CH4 hydrate reserves.
Despite significant advancements in CH4 extraction

techniques from CH4 hydrate reservoirs, existing research
reveals substantial gaps in adapting these techniques across
different hydrate reservoirs�Class 1, Class 2, Class 3, and
Class 4. Most research has focused on depressurization,
thermal injection, chemical injection, and CH4−CO2 replace-
ment methods with varying success and efficiency across these
classes.164 Class-specific challenges include the slower
decomposition rate of CH4 hydrates in Class 1 samples
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under specific conditions compared to Class 3, indicating a
need for more tailored depressurization strategies or alternative
methods that could enhance CH4 recovery rates effectively
across all classes.215 Furthermore, with Class 4 reservoirs
constituting a significant 75% of natural occurrences, the
absence of exploration into specific extraction techniques
applicable to this class signifies a critical research void.164

Enhanced techniques, like hydraulic fracturing, have shown
potential to improve the gas production efficiency; however,
details on their effectiveness, sustainability, and environmental
impact across the hydrate classes, particularly implications on
reservoir stability and the potential for induced seismicity,
necessitate deeper investigation.50,216 This elucidates a
poignant research gap in developing, testing, and validating
production methods that are both class specific and environ-
mentally sustainable, underscoring the immediate need for
interdisciplinary research to bridge these gaps and advance the
realm of CH4 hydrate extraction.
Even though notable advancements in understanding CH4

hydrate reservoirs and their potential role as a future energy
resource have been made, significant research gaps persist,
particularly in case studies and field applications for CH4
production from CH4 hydrate reservoirs. While various
production methods such as thermal stimulation, depressuriza-
tion, and inhibitor injection have been proposed and partially
tested, there is a notable lack of comprehensive field-scale
applications that validate these approaches under diverse
geological and environmental conditions.217 Moreover, the
economic viability, environmental sustainability, and techno-
logical challenges of scaling these methods from the laboratory
to the field remain largely unresolved. In addition, the impact
of gas production from hydrate reservoirs on surrounding
ecosystems and climate change implications due to potential
CH4 release require further empirical data and modeling
efforts.115 Integrating numerical simulations with real-world
field production tests has been suggested to bridge some of
these gaps; however, detailed case studies documenting such
integrative approaches are scarce and often limited in scope.11

Lastly, despite the promising results from a few flow tests in
oceanic and arctic environments, the comprehensive assess-
ment of gas hydrate reservoir behavior under production
scenarios, particularly concerning CH4 recovery rates and
reservoir stability, is inadequately represented in the current
literature, impeding the path toward commercial exploitation
of CH4 hydrates.

218

8. CONCLUSION
This work presents a detailed review of CH4 classifications and
production methods from CH4 hydrates. CH4 hydrates were
observed to represent a promising yet intricate future energy
source. The distinct and varied geological settings�from
faulted systems and porous sediments to marine deposits with
dip angles and shallow subsurface areas�illustrate the
potential and challenges of hydrate exploration and produc-
tion. Critical factors such as the kinetic behavior of CH4
hydrate formation, the impact of geological structures on CH4
migration and accumulation, and the environmental and
technical challenges underscore the necessity of a compre-
hensive understanding of these reservoirs for their safe and
efficient exploitation. The following conclusions were made
from this study.

(1) A profound factor influencing the stability and
occurrence of CH4 hydrates is the interplay between
temperature, pressure, and salinity. These environmental
parameters significantly dictate the kinetics and
thermodynamic stability of CH4 hydrates within geo-
logical settings. Temperature affects hydrates’ nucleation
and growth rates with specific conditions facilitating or
inhibiting the formation process. Pressure plays a key
role in stabilizing the hydrate structure, drastically
affecting its formation and dissociation behaviors.
High-pressure conditions are generally conducive to
hydrate formation, emphasizing the material’s sensitivity
to pressure changes. Salinity stabilizes and destabilizes
CH4 hydrates by affecting the hydrate phase equilibrium
and altering the hydrate stability zone. This triad of
factors governs the complex dynamics of CH4 hydrate
formation, stabilization, and potential for energy
extraction. Understanding their synergistic effects is
crucial for developing efficient methods for CH4
recovery from hydrate reserves and optimizing con-
ditions for hydrate storage and transport technologies.

(2) The extraction of CH4 from hydrate reservoirs
encompasses various methodologies tailored to the
unique characteristics of Class 1, Class 2, and Class 3
reservoirs. Depressurization is widely recognized across
all class types for its effectiveness due to the low
economic cost and feasibility of implementation,
particularly highlighted in Class 1 and Class 3 reservoirs,
where it facilitates the dissociation of CH4 hydrates for
CH4 recovery up to 75% over two decades. Thermal
stimulation and CO2 swapping also stand out, especially
for Class 1 reservoirs, as viable methods to contribute to
CH4 extraction by directly heating the reservoir to
destabilize hydrates or injecting CO2 to replace CH4 in
the hydrate structure, simultaneously sequestering CO2.
Class 2 reservoirs, characterized by low permeability,
often require combining depressurization with thermal
methods or innovative approaches like CO2 injection to
enhance the CH4 extraction efficiency up to 87.80%.
Furthermore, hydraulic fracturing emerges as essential
for Class 3 reservoirs by improving the permeability and
facilitating gas flow, thus enhancing CH4 extraction up
to 80.60%.

(3) The exploration and pilot testing across various
significant global sites, such as the Nankai Trough in
Japan, Messoyakha in Russia, Shenhu in the South China
Sea, and, notably, the Iġnik Sikumi field test in Alaska,
have shown the immense potential and challenges of
CH4 hydrate extraction. These cases have offered
insights into extraction methods, notably the CO2−
CH4 exchange technique in Alaska, which allows for
CH4 recovery and potential CO2 sequestration.
Challenges in sustainable offshore extraction, like fine
sand production, CH4 hydrate reformation, water
production, and a possible increase in the bottom well
pressure due to sand formation, highlight the need for
ongoing research. Extended production trials, especially
in Alaska by extending the depressurization phase to
over 30 days, provide an understanding of reservoir
responses and environmental impacts, which are
essential for refining extraction methods. These efforts
underscore the promise of CH4 hydrates as a future
energy source and emphasize the importance of
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continued investment in research, innovation, and
international collaboration to overcome challenges and
commercialize this resource.
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M.; Thornton, B. F.; Jakobsson, M. Anaerobic oxidation has a minor
effect on mitigating seafloor methane emissions from gas hydrate
dissociation. Communications Earth Environment 2022, 3 (1), 163.
(80) Le, T. X.; Rodts, S.; Hautemayou, D.; Aimedieu, P.; Bornert,
M.; Chabot, B.; Tang, A. M. Kinetics of methane hydrate formation
and dissociation in sand sediment. Geomechanics for Energy and the
Environment 2020, 23, 100103.
(81) Malagar, B. R.; Lijith, K.; Singh, D. Formation & dissociation of
methane gas hydrates in sediments: A critical review. Journal of
Natural Gas Science and Engineering 2019, 65, 168−184.
(82) Farhadian, A.; Mohammadi, A.; Maddah, M.; Sadeh, E.;
Nowruzi, R.; Sharifi, R.; Rizi, Z. T.; Taheri, M. M.; Seo, Y. Enhanced
methane hydrate formation using a newly synthesized biosurfactant:
Application to solidified gas storage. Energy 2024, 291, 130290.
(83) Chaturvedi, E.; Prasad, N.; Mandal, A. Enhanced formation of
methane hydrate using a novel synthesized anionic surfactant for
application in storage and transportation of natural gas. Journal of
Natural Gas Science and Engineering 2018, 56, 246−257.
(84) Stoporev, A.; Kadyrov, R.; Adamova, T.; Statsenko, E.; Nguyen,
T. H.; Yarakhmedov, M.; Semenov, A.; Manakov, A. Three-
Dimensional-Printed Polymeric Cores for Methane Hydrate En-
hanced Growth. Polymers 2023, 15 (10), 2312.
(85) Wieszczycka, K.; Staszak, K.; Woźniak-Budych, M. J.;
Litowczenko, J.; Maciejewska, B. M.; Jurga, S. Surface functionaliza-
tion-The way for advanced applications of smart materials. Coord.
Chem. Rev. 2021, 436, 213846.
(86) Yu, C.-H.; Betrehem, U. M.; Ali, N.; khan, A.; Ali, F.; Nawaz,
S.; Sajid, M.; Yang, Y.; Chen, T.; Bilal, M. Design strategies, surface
functionalization, and environmental remediation potentialities of
polymer-functionalized nanocomposites. Chemosphere 2022, 306,
135656.
(87) Sun, Z.-g.; Wang, R.; Ma, R.; Guo, K.; Fan, S. Natural gas
storage in hydrates with the presence of promoters. Energy Conversion
and Management 2003, 44 (17), 2733−2742.
(88) Ganji, H.; Manteghian, M.; Sadaghiani zadeh, K.; Omidkhah,
M.R.; Rahimi Mofrad, H. Effect of different surfactants on methane
hydrate formation rate, stability and storage capacity. Fuel 2007, 86
(3), 434−441.
(89) Zhong, Y.; Rogers, R. Surfactant effects on gas hydrate
formation. Chemical engineering science 2000, 55 (19), 4175−4187.
(90) Ganji, H.; Manteghian, M.; Rahimi Mofrad, H. Effect of mixed
compounds on methane hydrate formation and dissociation rates and
storage capacity. Fuel Process. Technol. 2007, 88 (9), 891−895.
(91) Lin, W.; Chen, G.-J.; Sun, C.-Y.; Guo, X.-Q.; Wu, Z.-K.; Liang,
M.-Y.; Chen, L.-T.; Yang, L.-Y. Effect of surfactant on the formation
and dissociation kinetic behavior of methane hydrate. Chem. Eng. Sci.
2004, 59 (21), 4449−4455.
(92) Sun, Z.; Wang, R.; Ma, R.; Guo, K.; Fan, S. Effect of surfactants
and liquid hydrocarbons on gas hydrate formation rate and storage
capacity. International journal of energy research 2003, 27 (8), 747−
756.
(93) Zhang, C.; Fan, S.; Liang, D.; Guo, K. Effect of additives on
formation of natural gas hydrate. Fuel 2004, 83 (16), 2115−2121.
(94) Seo, Y.-T.; Lee, H. 13 C NMR analysis and gas uptake
measurements of pure and mixed gas hydrates: Development of
natural gas transport and storage method using gas hydrate. Korean
Journal of Chemical Engineering 2003, 20, 1085−1091.

Energy & Fuels pubs.acs.org/EF Review

https://doi.org/10.1021/acs.energyfuels.4c03427
Energy Fuels 2024, 38, 19293−19335

19331

https://doi.org/10.1021/acs.jpcc.2c09121?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.2c09121?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fluid.2017.07.003
https://doi.org/10.1016/j.fluid.2017.07.003
https://doi.org/10.1016/j.fluid.2017.07.003
https://doi.org/10.1021/acs.energyfuels.3c02991?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.3c02991?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1029/2017JB015345
https://doi.org/10.1029/2017JB015345
https://doi.org/10.1038/s41598-019-42336-1
https://doi.org/10.1038/s41598-019-42336-1
https://doi.org/10.1016/j.compgeo.2021.104067
https://doi.org/10.1016/j.compgeo.2021.104067
https://doi.org/10.1016/j.compgeo.2021.104067
https://doi.org/10.1016/j.earscirev.2022.104233
https://doi.org/10.1016/j.earscirev.2022.104233
https://doi.org/10.1002/2015GC005811
https://doi.org/10.1002/2015GC005811
https://doi.org/10.1002/2015GC005811
https://doi.org/10.1002/ep.13601
https://doi.org/10.1002/ep.13601
https://doi.org/10.1002/ep.13601
https://doi.org/10.1016/j.cej.2021.130633
https://doi.org/10.1016/j.cej.2021.130633
https://doi.org/10.1021/acs.energyfuels.5b00881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.5b00881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp206483q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp206483q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp206483q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cej.2021.128937
https://doi.org/10.1016/j.cej.2021.128937
https://doi.org/10.1016/j.cej.2021.128937
https://doi.org/10.1021/acs.cgd.0c01331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.0c01331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.0c01331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fuel.2018.09.155
https://doi.org/10.1016/j.fuel.2018.09.155
https://doi.org/10.1016/S0022-0248(02)01576-2
https://doi.org/10.1029/2023JB027333
https://doi.org/10.1029/2023JB027333
https://doi.org/10.1016/j.cej.2022.135368
https://doi.org/10.1016/j.cej.2022.135368
https://doi.org/10.1016/j.cej.2022.135368
https://doi.org/10.1016/j.jngse.2020.103503
https://doi.org/10.1016/j.jngse.2020.103503
https://doi.org/10.1016/S0025-3227(03)00100-2
https://doi.org/10.1016/S0025-3227(03)00100-2
https://doi.org/10.1016/j.jcou.2024.102666
https://doi.org/10.1016/j.jcou.2024.102666
https://doi.org/10.1016/j.jcou.2024.102666
https://doi.org/10.1080/1064119X.2018.1443181
https://doi.org/10.1080/1064119X.2018.1443181
https://doi.org/10.1080/1064119X.2018.1443181
https://doi.org/10.1038/s43247-022-00490-x
https://doi.org/10.1038/s43247-022-00490-x
https://doi.org/10.1038/s43247-022-00490-x
https://doi.org/10.1016/j.gete.2018.09.007
https://doi.org/10.1016/j.gete.2018.09.007
https://doi.org/10.1016/j.jngse.2019.03.005
https://doi.org/10.1016/j.jngse.2019.03.005
https://doi.org/10.1016/j.energy.2024.130290
https://doi.org/10.1016/j.energy.2024.130290
https://doi.org/10.1016/j.energy.2024.130290
https://doi.org/10.1016/j.jngse.2018.06.016
https://doi.org/10.1016/j.jngse.2018.06.016
https://doi.org/10.1016/j.jngse.2018.06.016
https://doi.org/10.3390/polym15102312
https://doi.org/10.3390/polym15102312
https://doi.org/10.3390/polym15102312
https://doi.org/10.1016/j.ccr.2021.213846
https://doi.org/10.1016/j.ccr.2021.213846
https://doi.org/10.1016/j.chemosphere.2022.135656
https://doi.org/10.1016/j.chemosphere.2022.135656
https://doi.org/10.1016/j.chemosphere.2022.135656
https://doi.org/10.1016/S0196-8904(03)00048-7
https://doi.org/10.1016/S0196-8904(03)00048-7
https://doi.org/10.1016/j.fuel.2006.07.032
https://doi.org/10.1016/j.fuel.2006.07.032
https://doi.org/10.1016/S0009-2509(00)00072-5
https://doi.org/10.1016/S0009-2509(00)00072-5
https://doi.org/10.1016/j.fuproc.2007.04.010
https://doi.org/10.1016/j.fuproc.2007.04.010
https://doi.org/10.1016/j.fuproc.2007.04.010
https://doi.org/10.1016/j.ces.2004.07.010
https://doi.org/10.1016/j.ces.2004.07.010
https://doi.org/10.1002/er.909
https://doi.org/10.1002/er.909
https://doi.org/10.1002/er.909
https://doi.org/10.1016/j.fuel.2004.06.002
https://doi.org/10.1016/j.fuel.2004.06.002
https://doi.org/10.1007/BF02706941
https://doi.org/10.1007/BF02706941
https://doi.org/10.1007/BF02706941
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.4c03427?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(95) Ganji, H.; Aalaie, J.; Boroojerdi, S.; Rod, A. R. Effect of polymer
nanocomposites on methane hydrate stability and storage capacity. J.
Pet. Sci. Eng. 2013, 112, 32−35.
(96) Zhang, W.; Li, H.-Y.; Xu, C.-G.; Huang, Z.-Y.; Li, X.-S.
Research progress on the effects of nanoparticles on gas hydrate
formation. RSC Adv. 2022, 12 (31), 20227−20238.
(97) Lu, Y.-Y.; Ge, B.-B.; Zhong, D.-L. Investigation of using
graphite nanofluids to promote methane hydrate formation:
Application to solidified natural gas storage. Energy 2020, 199,
117424.
(98) Xu, M.; Fang, X.; Ning, F.; Ou, W.; Zhang, L.; Wang, D. Effect
of hydrophilic silica nanoparticles on hydrate formation during
methane gas migration in a simulated wellbore. Petroleum 2021, 7 (4),
485−495.
(99) Wang, F.; Liu, G.-Q.; Meng, H.-L.; Guo, G.; Luo, S.-J.; Guo, R.-
B. Improved methane hydrate formation and dissociation with
nanosphere-based fixed surfactants as promoters. ACS Sustainable
Chem. Eng. 2016, 4 (4), 2107−2113.
(100) Cao, Q.; Xu, D.; Xu, H.; Luo, S.; Guo, R. Efficient promotion
of methane hydrate formation and elimination of foam generation
using fluorinated surfactants. Frontiers in Energy 2020, 14, 443−451.
(101) Cox, S. J.; Taylor, D. J.; Youngs, T. G.; Soper, A. K.; Totton,
T. S.; Chapman, R. G.; Arjmandi, M.; Hodges, M. G.; Skipper, N. T.;
Michaelides, A. Formation of methane hydrate in the presence of
natural and synthetic nanoparticles. J. Am. Chem. Soc. 2018, 140 (9),
3277−3284.
(102) Song, Y.-M.; Wang, F.; Guo, G.; Luo, S.-J.; Guo, R.-B.
Amphiphilic-polymer-coated carbon nanotubes as promoters for
methane hydrate formation. ACS Sustainable Chem. Eng. 2017, 5
(10), 9271−9278.
(103) Liu, G.-Q.; Wang, F.; Luo, S.-J.; Xu, D.-Y.; Guo, R.-B.
Enhanced methane hydrate formation with SDS-coated Fe3O4
nanoparticles as promoters. J. Mol. Liq. 2017, 230, 315−321.
(104) Moridis, G. J.; Collett, T. S.; Boswell, R.; Kurihara, M.;
Reagan, M. T.; Koh, C.; Sloan, E. D. Toward production from gas
hydrates: current status, assessment of resources, and simulation-
based evaluation of technology and potential. SPE Reservoir Evaluation
& Engineering 2009, 12 (05), 745−771.
(105) Zavala-Araiza, D.; Omara, M.; Gautam, R.; Smith, M. L.;
Pandey, S.; Aben, I.; Almanza-Veloz, V.; Conley, S.; Houweling, S.;
Kort, E. A.; et al. A tale of two regions: methane emissions from oil
and gas production in offshore/onshore Mexico. Environmental
Research Letters 2021, 16 (2), 024019.
(106) Bhade, P.; Phirani, J. Gas production from layered methane
hydrate reservoirs. Energy 2015, 82, 686−696.
(107) Merey, S.; Al-Raoush, R. I.; Jung, J.; Alshibli, K. A.
Comprehensive literature review on CH4-CO2 replacement in
microscale porous media. J. Pet. Sci. Eng. 2018, 171, 48−62.
(108) Belosludov, R. V.; Zhdanov, R. K.; Gets, K. V.; Bozhko, Y. Y.;
Belosludov, V. R.; Kawazoe, Y. Role of methane as a second guest
component in thermodynamic stability and isomer selectivity of
butane clathrate hydrates. J. Phys. Chem. C 2020, 124 (34), 18474−
18481.
(109) Emmanuel, U. S.; Osokogwu, U. Investigation of Local
Inhibitor for Dissociating Hydrate Formation in Offshore Flow lines
in Nigeria. Journal of Energy and Natural Resources 2022, 11 (3), 82−
94.
(110) Ke, W.; Chen, D. A short review on natural gas hydrate,
kinetic hydrate inhibitors and inhibitor synergists. Chinese Journal of
Chemical Engineering 2019, 27 (9), 2049−2061.
(111) Maiti, M.; Bhaumik, A. K.; Mandal, A. Geological character-
ization of natural gas hydrate bearing sediments and their influence on
hydrate formation and dissociation. Journal of Natural Gas Science and
Engineering 2022, 100, 104491.
(112) Zhang, Y.; Bhattacharjee, G.; Kumar, R.; Linga, P. Solidified
hydrogen storage (Solid-HyStore) via clathrate hydrates. Chem. Eng. J.
2022, 431, 133702.
(113) Mwakipunda, G. C.; Abelly, E. N.; Mgimba, M. M.; Ngata, M.
R.; Nyakilla, E. E.; Yu, L. Critical Review on Carbon Dioxide

Sequestration Potentiality in Methane Hydrate Reservoirs via CO2-
CH4 Exchange: Experiments, Simulations, and Pilot Test Applica-
tions. Energy Fuels 2023, 37 (15), 10843−10868.
(114) Moridis, G. J.; Collett, T. S.; Boswell, R.; Kurihara, M.;
Reagan, M. T.; Koh, C.; Sloan, E. D. Toward production from gas
hydrates: current status, assessment of resources, and model-based
evaluation of technology and potential. SPE Unconventional Resources
Conference/Gas Technology Symposium, 2008; SPE, 2008; SPE-
114163-MS; DOI: 10.2118/114163-MS.
(115) Xu, C.-G.; Li, X.-S. Research progress on methane production
from natural gas hydrates. RSC Adv. 2015, 5 (67), 54672−54699.
(116) Kurihara, M.; Ouchi, H.; Narita, H.; Masuda, Y. Gas
production from methane hydrate reservoirs. Proceedings of the 7th
International Conference on Gas Hydrates (ICGH 2011), Edinburgh,
Scotland, United Kingdom; 2011.
(117) Moridis, G. J.; Sloan, E. D. Gas production potential of
disperse low-saturation hydrate accumulations in oceanic sediments.
Energy conversion and management 2007, 48 (6), 1834−1849.
(118) Konno, Y.; Masuda, Y.; Hariguchi, Y.; Kurihara, M.; Ouchi, H.
Key factors for depressurization-induced gas production from oceanic
methane hydrates. Energy Fuels 2010, 24 (3), 1736−1744.
(119) Choudhary, N.; Phirani, J. Effect of well configuration, well
placement and reservoir characteristics on the performance of marine
gas hydrate reservoir. Fuel 2022, 310, 122377.
(120) Yu, T.; Guan, G.; Abudula, A.; Yoshida, A.; Wang, D.; Song, Y.
Application of horizontal wells to the oceanic methane hydrate
production in the Nankai Trough, Japan. Journal of Natural Gas
Science and Engineering 2019, 62, 113−131.
(121) Mishra, C.; Dewangan, P.; Sriram, G.; Kumar, A.; Dakara, G.
Spatial distribution of gas hydrate deposits in Krishna-Godavari
offshore basin, Bay of Bengal. Marine and Petroleum Geology 2020,
112, 104037.
(122) Jin, J.; Wang, X.; Zhu, Z.; Su, P.; Li, L.; Li, Q.; Guo, Y.; Qian,
J.; Luan, Z.; Zhou, J. Physical characteristics of high concentrated gas
hydrate reservoir in the Shenhu production test area, South China
Sea. Journal of Oceanology and Limnology 2023, 41 (2), 694−709.
(123) Mohamadi-Baghmolaei, M.; Hajizadeh, A.; Azin, R.;
Izadpanah, A. A. Assessing thermodynamic models and introducing
novel method for prediction of methane hydrate formation. Journal of
Petroleum Exploration and Production Technology 2018, 8, 1401−1412.
(124) Ghiasi, M. M.; Noorollahi, Y.; Aslani, A. Methane hydrate:
Modeling and assessing the experimental data of incipient stability
conditions. J. Dispersion Sci. Technol. 2018, 39 (6), 848−861.
(125) Collett, T.; Bahk, J.-J.; Baker, R.; Boswell, R.; Divins, D.; Frye,
M.; Goldberg, D.; Husebø, J.; Koh, C.; Malone, M.; et al. Methane
Hydrates in Nature� Current Knowledge and Challenges. Journal of
chemical & engineering data 2015, 60 (2), 319−329.
(126) Hosseini, M.; Leonenko, Y. A reliable model to predict the
methane-hydrate equilibrium: An updated database and machine
learning approach. Renewable and Sustainable Energy Reviews 2023,
173, 113103.
(127) Loret, B.; Loret, B. Methane Hydrates: Mechanical Properties
and Recovery Issues. Fluid Injection in Deformable Geological
Formations: Energy Related Issues 2019, 305−367.
(128) Xu, T.; Zhang, Z.; Li, S.; Li, X.; Lu, C. Numerical evaluation of
gas hydrate production performance of the depressurization and
backfilling with an in situ supplemental heat method. ACS omega
2021, 6 (18), 12274−12286.
(129) Ouyang, Q.; Pandey, J. S.; von Solms, N. Insights into
multistep depressurization of CH4/CO2 mixed hydrates in
unconsolidated sediments. Energy 2022, 260, 125127.
(130) Sun, W.; Li, G.; Qin, H.; Li, S.; Xu, J. Enhanced Gas
Production from Class II Gas Hydrate Reservoirs by the Multistage
Fractured Horizontal Well. Energies 2023, 16 (8), 3354.
(131) Zhang, X.; Zhang, S.; Yuan, Q.; Liu, Q.; Huang, T.; Li, J.; Wu,
Q.; Zhang, P. Gas production from hydrates by CH4-CO2
replacement: Effect of N2 and intermittent heating. Energy 2024,
288, 129965.

Energy & Fuels pubs.acs.org/EF Review

https://doi.org/10.1021/acs.energyfuels.4c03427
Energy Fuels 2024, 38, 19293−19335

19332

https://doi.org/10.1016/j.petrol.2013.11.026
https://doi.org/10.1016/j.petrol.2013.11.026
https://doi.org/10.1039/D2RA03376C
https://doi.org/10.1039/D2RA03376C
https://doi.org/10.1016/j.energy.2020.117424
https://doi.org/10.1016/j.energy.2020.117424
https://doi.org/10.1016/j.energy.2020.117424
https://doi.org/10.1016/j.petlm.2021.11.004
https://doi.org/10.1016/j.petlm.2021.11.004
https://doi.org/10.1016/j.petlm.2021.11.004
https://doi.org/10.1021/acssuschemeng.5b01557?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.5b01557?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11708-020-0683-2
https://doi.org/10.1007/s11708-020-0683-2
https://doi.org/10.1007/s11708-020-0683-2
https://doi.org/10.1021/jacs.7b12050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b12050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b02239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b02239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molliq.2016.12.050
https://doi.org/10.1016/j.molliq.2016.12.050
https://doi.org/10.2118/114163-PA
https://doi.org/10.2118/114163-PA
https://doi.org/10.2118/114163-PA
https://doi.org/10.1088/1748-9326/abceeb
https://doi.org/10.1088/1748-9326/abceeb
https://doi.org/10.1016/j.energy.2015.01.077
https://doi.org/10.1016/j.energy.2015.01.077
https://doi.org/10.1016/j.petrol.2018.07.032
https://doi.org/10.1016/j.petrol.2018.07.032
https://doi.org/10.1021/acs.jpcc.0c05947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c05947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c05947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.11648/j.jenr.20221103.12
https://doi.org/10.11648/j.jenr.20221103.12
https://doi.org/10.11648/j.jenr.20221103.12
https://doi.org/10.1016/j.cjche.2018.10.010
https://doi.org/10.1016/j.cjche.2018.10.010
https://doi.org/10.1016/j.jngse.2022.104491
https://doi.org/10.1016/j.jngse.2022.104491
https://doi.org/10.1016/j.jngse.2022.104491
https://doi.org/10.1016/j.cej.2021.133702
https://doi.org/10.1016/j.cej.2021.133702
https://doi.org/10.1021/acs.energyfuels.3c01510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.3c01510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.3c01510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.3c01510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2118/114163-MS
https://doi.org/10.2118/114163-MS
https://doi.org/10.2118/114163-MS
https://doi.org/10.2118/114163-MS?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4RA10248G
https://doi.org/10.1039/C4RA10248G
https://doi.org/10.1016/j.enconman.2007.01.023
https://doi.org/10.1016/j.enconman.2007.01.023
https://doi.org/10.1021/ef901115h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef901115h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fuel.2021.122377
https://doi.org/10.1016/j.fuel.2021.122377
https://doi.org/10.1016/j.fuel.2021.122377
https://doi.org/10.1016/j.jngse.2018.11.027
https://doi.org/10.1016/j.jngse.2018.11.027
https://doi.org/10.1016/j.marpetgeo.2019.104037
https://doi.org/10.1016/j.marpetgeo.2019.104037
https://doi.org/10.1007/s00343-021-1435-9
https://doi.org/10.1007/s00343-021-1435-9
https://doi.org/10.1007/s00343-021-1435-9
https://doi.org/10.1007/s13202-017-0415-2
https://doi.org/10.1007/s13202-017-0415-2
https://doi.org/10.1080/01932691.2017.1398662
https://doi.org/10.1080/01932691.2017.1398662
https://doi.org/10.1080/01932691.2017.1398662
https://doi.org/10.1021/je500604h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/je500604h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.rser.2022.113103
https://doi.org/10.1016/j.rser.2022.113103
https://doi.org/10.1016/j.rser.2022.113103
https://doi.org/10.1007/978-3-319-94217-9_5
https://doi.org/10.1007/978-3-319-94217-9_5
https://doi.org/10.1021/acsomega.1c01143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c01143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c01143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.energy.2022.125127
https://doi.org/10.1016/j.energy.2022.125127
https://doi.org/10.1016/j.energy.2022.125127
https://doi.org/10.3390/en16083354
https://doi.org/10.3390/en16083354
https://doi.org/10.3390/en16083354
https://doi.org/10.1016/j.energy.2023.129965
https://doi.org/10.1016/j.energy.2023.129965
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.4c03427?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(132) Tian, H.; Yu, Z.; Xu, T.; Xiao, T.; Shang, S. Evaluating the
recovery potential of CH4 by injecting CO2 mixture into marine
hydrate-bearing reservoirs with a new multi-gas hydrate simulator.
Journal of Cleaner Production 2022, 361, 132270.
(133) Hassanpouryouzband, A.; Yang, J.; Okwananke, A.; Burgass,
R.; Tohidi, B.; Chuvilin, E.; Istomin, V.; Bukhanov, B. An
experimental investigation on the kinetics of integrated methane
recovery and CO2 sequestration by injection of flue gas into
permafrost methane hydrate reservoirs. Sci. Rep. 2019, 9 (1), 16206.
(134) Chen, Y.; Gao, Y.; Chen, L.; Wang, X.; Liu, K.; Sun, B.
Experimental investigation of the behavior of methane gas hydrates
during depressurization-assisted CO2 replacement. Journal of Natural
Gas Science and Engineering 2019, 61, 284−292.
(135) Liu, Y.; Strumendo, M.; Arastoopour, H. Simulation of
methane production from hydrates by depressurization and thermal
stimulation. Ind. Eng. Chem. Res. 2009, 48 (5), 2451−2464.
(136) Moridis, G. J.; Collett, T. S.; Dallimore, S. R.; Satoh, T.;
Hancock, S.; Weatherill, B. Numerical studies of gas production from
several CH4 hydrate zones at the Mallik site, Mackenzie Delta,
Canada. J. Pet. Sci. Eng. 2004, 43 (3−4), 219−238.
(137) Song, Y.; Cheng, C.; Zhao, J.; Zhu, Z.; Liu, W.; Yang, M.; Xue,
K. Evaluation of gas production from methane hydrates using
depressurization, thermal stimulation and combined methods. Applied
energy 2015, 145, 265−277.
(138) Jadhawar, P.; Yang, J.; Chapoy, A.; Tohidi, B. Subsurface
carbon dioxide sequestration and storage in methane hydrate
reservoirs combined with clean methane energy recovery. Energy
Fuels 2021, 35 (2), 1567−1579.
(139) Kharrat, M.; Dalmazzone, D. Experimental determination of
stability conditions of methane hydrate in aqueous calcium chloride
solutions using high pressure differential scanning calorimetry. journal
of chemical thermodynamics 2003, 35 (9), 1489−1505.
(140) Van De Ven, C. J.; Laurenzi, L.; Arnold, A. C.; Hallam, S. J.;
Mayer, K. U. The nature of gas production patterns associated with
methanol degradation in natural aquifer sediments: A microcosm
study. Journal of Contaminant Hydrology 2022, 247, 103988.
(141) Sun, Y.-F.; Zhong, J.-R.; Li, W.-Z.; Ma, Y.-M.; Li, R.; Zhu, T.;
Ren, L.-L.; Chen, G.-J.; Sun, C.-Y. Methane recovery from hydrate-
bearing sediments by the combination of ethylene glycol injection and
depressurization. Energy Fuels 2018, 32 (7), 7585−7594.
(142) Heydari, A.; Peyvandi, K. Study of biosurfactant effects on
methane recovery from gas hydrate by CO2 replacement and
depressurization. Fuel 2020, 272, 117681.
(143) Gupta, P.; Nair, V. C.; Sangwai, J. S. Polymer-Assisted
chemical inhibitor flooding: a novel approach for energy recovery
from hydrate-bearing sediments. Ind. Eng. Chem. Res. 2021, 60 (22),
8043−8055.
(144) Gajanayake, S.; Gamage, R. P.; Wanniarachchige, P.; Zhang,
D. Quantification of CO2 replacement in methane gas hydrates: A
molecular dynamics perspective. Journal of Natural Gas Science and
Engineering 2022, 98, 104396.
(145) Zhou, X.; Li, D.; Zhang, S.; Liang, D. Swapping methane with
carbon dioxide in spherical hydrate pellets. Energy 2017, 140, 136−
143.
(146) Palodkar, A. V.; Dongre, H. J.; Thakre, N.; Jana, A. K.
Microsecond molecular dynamics of methane-carbon dioxide
swapping in pure and saline water environment. Sci. Rep. 2022, 12
(1), 2634.
(147) Fujioka, T.; Jyosui, K.; Nishimura, H.; Tei, K. Extraction of
methane from methane hydrate using lasers. Japanese journal of
applied physics 2003, 42 (9R), 5648.
(148) Kadobayashi, H.; Ohnishi, S.; Ohfuji, H.; Yamamoto, Y.;
Muraoka, M.; Yoshida, S.; Hirao, N.; Kawaguchi-Imada, S.; Hirai, H.
Diamond formation from methane hydrate under the internal
conditions of giant icy planets. Sci. Rep. 2021, 11 (1), 8165.
(149) Young, C.; Shragge, J.; Schultz, W.; Haines, S.; Oren, C.;
Simmons, J.; Collett, T. S. Advanced distributed acoustic sensing
vertical seismic profile imaging of an Alaska North Slope gas hydrate
field. Energy Fuels 2022, 36 (7), 3481−3495.

(150) Wu, N.-y.; Liu, C.-l.; Hao, X.-l. Experimental simulations and
methods for natural gas hydrate analysis in China. China geology 2018,
1 (1), 61−71.
(151) Lu, C.; Xia, Y.; Sun, X.; Bian, H.; Qiu, H.; Lu, H.; Luo, W.;
Cai, J. Permeability evolution at various pressure gradients in natural
gas hydrate reservoir at the Shenhu Area in the South China Sea.
Energies 2019, 12 (19), 3688.
(152) Zhao, J.; Liu, Y.; Guo, X.; Wei, R.; Yu, T.; Xu, L.; Sun, L.;
Yang, L. Gas production behavior from hydrate-bearing fine natural
sediments through optimized step-wise depressurization. Applied
Energy 2020, 260, 114275.
(153) Ruan, X.; Li, X.-S. Investigation of the methane hydrate
surface area during depressurization-induced dissociation in hydrate-
bearing porous media. Chinese Journal of Chemical Engineering 2021,
32, 324−334.
(154) Nakayama, T.; Sato, T.; Ogasawara, K.; Kiyono, F.; Yamasaki,
A. Estimation of surface area of methane hydrate in sediments. ISOPE
Ocean Mining and Gas Hydrates Symposium, 2007; ISOPE: pp ISOPE-
M-07-008.
(155) Lee, H.; Seo, Y.; Seo, Y. T.; Moudrakovski, I. L.; Ripmeester, J.
A. Recovering methane from solid methane hydrate with carbon
dioxide. Angew. Chem. 2003, 115 (41), 5202−5205.
(156) Liang, H.; Yang, L.; Song, Y.; Zhao, J. New approach for
determining the reaction rate constant of hydrate formation via X-ray
computed tomography. J. Phys. Chem. C 2021, 125 (1), 42−48.
(157) Zakharov, V. E.; Dyachenko, A. I.; Vasilyev, O. A. New
method for numerical simulation of a nonstationary potential flow of
incompressible fluid with a free surface. European Journal of
Mechanics-B/Fluids 2002, 21 (3), 283−291.
(158) Swinkels, W. J.; Drenth, R. J. Thermal reservoir simulation
model of production from naturally occurring gas hydrate
accumulations. SPE Reservoir Evaluation & Engineering 2000, 3
(06), 559−566.
(159) Wilder, J. W.; Moridis, G. J.; Wilson, S. J.; Kurihara, M.;
White, M. D.; Masuda, Y.; Anderson, B. J.; Collett, T. S.; Hunter, R.
B.; Narita, H. An international effort to compare gas hydrate reservoir
simulators. Proceedings of the 6th International Conference on Gas
Hydrates, 2008; Vancouver, British Columbia, Canada, Vol. 7, pp 6−
10.
(160) Sun, X.; Wang, L.; Luo, H.; Song, Y.; Li, Y. Numerical
modeling for the mechanical behavior of marine gas hydrate-bearing
sediments during hydrate production by depressurization. J. Pet. Sci.
Eng. 2019, 177, 971−982.
(161) Ruan, X.; Li, X.-S.; Xu, C.-G. A review of numerical research
on gas production from natural gas hydrates in China. Journal of
Natural Gas Science and Engineering 2021, 85, 103713.
(162) Moridis, G. J.; Kowalsky, M. B.; Pruess, P. TOUGH+
HYDRATE v1.2 User’s manual: A code for the simulation of system
behavior in hydrate-bearing geologic media. Technical Report LBNL-
0149E-Rev, 2012; DOI: 10.2172/1173164.
(163) Silpngarmlert, S.; Ayala H, L. F.; Ertekin, T. Study of constant-
pressure production characteristics of class 1 methane hydrate
reservoirs. Journal of Petroleum Exploration and Production Technology
2012, 2, 15−27.
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