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Abstract: Investigations into the structures of gas hydrates, the mechanisms of formation, and
dissociation with modern instruments on the experimental aspects, including Raman, X-ray, XRD, X-
CT, MRI, and pore networks, and numerical analyses, including CFD, LBM, and MD, were carried out.
The gas hydrate characteristics for dissociation and formation are multi-phase and multi-component
complexes. Therefore, it was important to carry out a comprehensive investigation to improve
the concept of mechanisms involved in microscale porous media, emphasizing micro-modeling
experiments, 3D imaging, and pore network modeling. This article reviewed the studies, carried
out to date, regarding conditions surrounding hydrate dissociation, hydrate formation, and hydrate
recovery, especially at the pore-scale phase in numerical simulations. The purpose of visualizing
pores in microscale sediments is to obtain a robust analysis to apply the gas hydrate exploitation
technique. The observed parameters, including temperature, pressure, concentration, porosity,
saturation rate, and permeability, etc., present an interrelationship, to achieve an accurate production
process method and recovery of gas hydrates.
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1. Introduction

Gas hydrates are components, such as ice crystals, configured from water molecules
under high-pressure and low-temperature conditions, from the bonding interaction be-
tween the confined water molecules with guest molecules and hydrogen bonds in the
water molecule structures [1,2]. Natural gas hydrates (NGH) are a promising energy source.
Several studies have looked into gas production from natural gas hydrate reservoirs as
renewable energy resources [3-5].

Methane hydrates (MH) are natural gas hydrates, abundantly obtainable in sediment
hydrates, and are currently being explored [6-9]. With an enormous global resource
volume of about 3000 trillion m?, and a high-energy storage capacity of 170 CHy v/v of
methane hydrate, energy recovery from natural methane hydrate is technically feasible
and economically viable [10]. Research on NGH exploitations involve production and
recovery of gas hydrates carried out by several approaches, i.e., numerical simulations,
and experimental and field trial exploitation for different technologies [3,11].

One of the most challenging problems is producing stable methane hydrates from
seabed located in complex flows and transportations, mostly in unconsolidated porous
layers [12,13]. Therefore, insight into MH formation and dissociation processes is es-
sential to establish appropriate technologies for safe and efficient energy recovery and
production [14].

Considerable works have been conducted throughout the years, involving experi-
mental and numerical research on the dissociation [3,6,15,16] and formation of methane
hydrates [14,16]. Numerous methods, such as thermal stimulation, depressurization, in-
hibitor injection, or a combination of these methods, have been promoted; they refer to the
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breakdown of the thermodynamic equilibrium of the gas molecule [6,14,17,18]. In order
to assess a prospective method of feasible gas production or exploitation from hydrate
reservoirs, various data are needed to examine the dissociation and formation process
in porous media, including saturation, porosity, and permeability [3,19-21]. Besides gas
production of methane from the extensive hydrate resource, an attempt to sequester CO; in
porous sediments is also concerning, due to the massive potential of a safe CO, mitigation
method [9,22,23].

An experimental approach can present essential parameters for the exploration and
exploitation of gas hydrates. In recent years, the modern analytical instruments and
techniques on the experimental aspects, including Laser Raman spectroscopy (Raman), X-
ray diffraction (XRD), X-ray computed tomography (X-CT), scanning electron microscope
(SEM), nuclear magnetic resonance (NMR), high pressure differential scanning calorimetry
(DSC), were conducted in the study of gas hydrate structure, formation mechanisms, and
phase equilibrium [24-29]. However, using the experimental aspect, there was difficulty
exploring some critical information (involving gas behavior), such as evaluating the state
of porous medium channels during methane hydrate dissociation, due to inadequate
experimental equipment, such as a lack of accurate measurements or observations on the
experimental equipment capacity, unrepresentative experimental conditions, for example,
due to samples not fitting to the real field, or damaged original field samples, human error,
and other variables [15,25,26,30]. Hence, numerous studies have conducted modeling or
numerical analysis to complete the relevant factors for the exploitation of gas hydrates.

One numerical simulation that has potential (when investigating the conditions of the
gas hydrate complexes) is the Lattice Boltzmann Method (LBM). LBM can solve the coupled
multiple process problems due to its capacity in computing the complex geometrical
boundaries [31]. Considering gas hydrate conditions for dissociation and formation are
multi-phase and multi-component complexes, particular attention should be paid to the
microscale effects of the gas hydrate processes in the microporous media channels [7].

In addition, the molecular dynamics (MD) simulation was implemented as a robust
method to overcome microporous media modeling by studying the performances of the
different systems and chemicals at the molecular stages [15,32]. Nowadays, MD simu-
lation is carried out to investigate the radial distribution function (RDF), mean square
displacement (MSD), thermal expansion coefficient, diffusion coefficient, heat capacity, and
thermal conductivity for different structures of gas hydrates at the various processes and
thermodynamic conditions [33-35].

Therefore, comprehensive research is needed to better understand the processes
and mechanisms involved, including hydrate dissociation conditions, hydrate formation,
hydrate recovery in microscale porous media, emphasizing micro-modeling experiments,
and 3D imaging [4]. The purpose of visualization of pores in sediments on a microscale
is to obtain a robust analysis of the characterization of the physical structure of marine
sediments, to model complex processes in sediment pores, such as the phenomenon of
multi-phase fluid flow and particle transport in applying gas exploitation techniques.

2. Natural Gas Hydrate in the Sediment

Natural gas hydrates (NGHs) are ice-like crystalline solids, consisting of water and
natural gas, referred to as burning ice. High pressure and low temperature conditions are
needed to form gas hydrates. The process occurs when water molecules are connected
to each other in an open structure and encage gas molecules to stabilize the clathrate
structure [2]. The trapped gas molecules are dominated most by methane—abundant
in nature with attractive energy potential [36]. Moreover, the affluent availability of gas
hydrates around the globe make them promising options as fuel resources [37].

Hydrate structures consist of three known structures; structure 1 (sI), structure 2 (sIl),
and structure H (sH), as shown in Figure 1 [38]. Each structure has a distinct set of water
molecule cages that form a unit cell. The existence of any structure depends on crystal
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lattice parameters, van der Waals force, and free diameters of cavities. Thus, gas hydrate
crystal structures are linked to their formation.
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Figure 1. Structure of natural gas hydrate [38].

The cubic s clathrate can only accommodate small-sized hydrocarbon molecules, such
as methane and ethane. It is the vastest spread structure in nature. Besides, sl can hold
non-hydrocarbon molecules, such as CO; and H,S [38]. The slI clathrate can accommodate
both small hydrocarbon molecules, such as C1, C2, propane (C3), and isobutene (i-C4). On
the other hand, sH clathrate called “large cage” can even hold molecules with significantly
more diameter than isobutene (i-C4), such as i-C5 [39]. In general, sl and sH are more
stable than sI [38].

Approximately 99% of the NGHs are found in oceanic sediments and remains in
onshore artic environments [40]. The NGH exploitation is generally emphasized on the
disturbance of the thermodynamic equilibrium of the hydrates, via depressurization,
thermal stimulation, and inhibitor injection, implemented independently or combined [14].

3. Modeling Regarding Dissociation and Formation of Gas Hydrate

Gas hydrate production on a commercial scale, from natural hydrates, remains chal-
lenging, due to poor understanding of hydrate-host sediment interactions for its existence
under low-temperature and high-pressure conditions [41]. Simulation modeling has been
widely used based on technology breakthroughs to design, operate, control, and optimize
the processes of exploitation and recovery of natural gas hydrates [42].

One of the main barriers in exploiting gas hydrates is hydrate reformation, which
needs to be handled adequately [14]. Hydrate dissociation involves an endothermic
process, which is strongly dependent on external energy supply. When the energy supply
is inadequate, the temperature will decrease during the hydrate dissociation process, to lead
the hydrate reformation [43]. Various methods have been proposed to assure safety and
efficiency in gas hydrate exploitation, including CHy gas leakage and wellbore blockages
due to hydrate reformation or ice formation [7]. According to Wang, Dong [30], the hydrate
dissociation stage has the potential to form ice, which could inhibit the dissociation process
due to the thickened ice. Variations of the pressure may indicate the possibility of hydrate
reformation or deformation in porous media. Moreover, heat change is a crucial factor
for hydrate dissociation or reformation; it shows a complex change as a result of the ice
formation or melting.
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Furthermore, many studies have focused on the formation of carbon dioxide. Carbon
capture and storage (CSS) is a credible technology used to mitigate CO, emissions [44—47].
There is the potential of a blockage pipe during CCS. Nakashima and Sato [48] performed
the formation of CO, hydrates by injecting CO, into the underwater sand sediments
under high pressure and low temperature conditions. However, the formation of these
hydrates can reduce the permeability, which has the potential to block the gas flow. It is
important to ensure that the injected gas expands over a large area, while maintaining
sufficient permeability to maximize the sequestration space. Another study based on Yu,
Sato [49] investigated the blockages by predicting the morphology of sediment hydrate
formation under gas-liquid two-phase flow conditions. The simulation results showed
that the formation of CO, hydrates (in the hydrate film behind the gas front) contributes
greatly to the saturation of CO, hydrates near the boundary, thereby occupying the pore
space of the sand sediments, resulting in reduced permeability and blocking the gas flow.
Takahashi, Sato [50] noted that the formation of gas hydrates on the interface between
gas and water consists of two stages: gas diffusion through the CO,-hydrate film and
the consequent CO,-hydrate formation on the interface between the film and water. It
also leads to a new reaction interface, which is part of the interface between the gas and
aqueous phases and is not covered with CO,-hydrate. Zatsepina and Pooladi-Darvish [51]
note that adjusting the injected CO, temperature could evade the hydrate formation in the
production pipeline, which often has formation clogging issues. Their results show that,
at the top and bottom, more hydrates are formed. The hydrate formation heat vanishes
to the cap and bedrock. Eventually, the CO, hydrate quantity is many times greater than
the original gas, in-situ. Apart from managing the injection rate, the presence of gaseous
hydrocarbon, in-situ, or injected impurities, CO, and reservoir cooling after the CO,
injection process, could intensify CO; storage capabilities in depleted gas pools. Besides
the blockage pipe, CO; leakage in hydrates is also considered. However, the probability of
that incident is immensely low, such as a massive earthquake or other catastrophes [47]. If
there is a CO; leak on the seabed, it will lower the pH of the seawater and can affect the
marine ecosystem [44]. Therefore, to predict the sealing potential of the CO, hydrate, it is
necessary to observe the effective permeability of the sediment after the CO, hydrate is
formed [23].

In addition to blockages and leakages, an important factor to predict the gas produc-
tion rate is the surface area of the gas hydrates [16,52,53]. Nakayama, Ogasawara [52]
proposed a model equation for the hydrate-specific surface area, by comparing the tempo-
ral change of the measured total gas production and its rate. Similarly, Ruan and Li [53] also
observed the surface area of methane hydrate by comparing experimental and numerical
simulation results during hydrate dissociation. The conceptual model for the hydrate
dissociation surface area is proposed based on the hydrate morphology, which is related to
the surface area of hydrate dissociation with the porosity, saturation, and average diameter
of the sand sediment particles. They discovered that the proposed model formula (for
the hydrate dissociation surface area, presenting the grain coating surface area) modeled
very well at low hydrate saturation, while the high hydrate saturation was suitable for
the pore-filling surface area. In addition, it was stated that the surface area of hydrate
dissociation had a significant impact on cumulative gas production.

Development of microscale devices integrated with modern analytical technologies
have been widely carried out, including laser Raman spectroscopy (Raman), X-ray diffrac-
tion (XRD), X-ray computed tomography (X-CT), scanning electron microscope (SEM),
nuclear magnetic resonance (NMR), high pressure differential scanning calorimetry (DSC);
these were conducted in the study of gas hydrate structures, formation mechanisms, and
phase equilibrium [24-29].

Using the MRI and X-ray computed tomography (X-ray CT), the main factors con-
trolled are the nucleation and growth of hydrates in the pore spaces of the sediments,
microscopically [24]. Whereas Raman spectroscopy, X-ray diffraction (XRD), and nuclear
magnetic resonance (NMR) are recognized as the three main methods used to evaluate
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the microstructures of gas hydrates [24]. Raman spectroscopy is the most prevalent way
to identify hydrate structures, formation and dissociation kinetics, and even gas storage.
Meanwhile, XRD is effectively used to determine the hydrate crystal structure. Moreover,
NMR is commonly applied to the study of multi-component gas hydrates. It has a high
sensitivity in observing guest molecular dynamics of various types of gas hydrates, so it
can be used to study the complex and multicomponent structures of gas hydrates [24-26].

Raman is a spectroscopic technique used to investigate the chemical bonds of guest
molecules and water molecules to obtain the configuration of the hydrate [24]. Zhang,
Du [25] reported the discovery of gas hydrates on the South China Sea by investigating
the in-situ chemical configurations and cage structures of hydrates using Raman. It is
stated that natural hydrate deposits, especially those in early formation stages, are not
monolithic single structures. However, they exhibit significant small-scale heterogeneities
due to the inclusion of free gas and surrounding seawater. The inclusions also serve as
indicators of possible mechanisms of hydration formation. Truong-Lam, Cho [54] observed
the formation and dissociation processes using in-situ Raman. They mentioned that, at the
beginning of the hydrate growth phase, the Raman peak intensity of methane (occupying
large and small cages) increased after a sudden drop of dissolved methane. Thereto, the
large cage encapsulation rate was faster than the small cage rate during the formation
of hydrates.

Moreover, Liu, Meng [55] demonstrated an exploitation gas hydrate in the Pearl River
Mouth (PRM) basin using Raman and XRD. Their results showed that the typical structure
1 (sI) with methane cage occupancy was more than 99.5% in large cages and 91.4% in
small cages, according to the hydration number of 5.90 by thermodynamic calculations.
The molecular composition of the hydrate bound gas indicated that the guest molecule
was predominantly methane (>99.9%), with trace amounts of ethane (0.04%) and propane
(0.01%). Liu, Meng [26] performed a systematic analysis of modern instruments, including
laser grain size analyzers, X-ray CT, scanning electron microscopy (SEM), XRD, Raman
spectroscopy, gas chromatography, and isotope mass spectrometry, on hydrate-carrying
sediment samples found from the Shenhu area of the South China Sea in 2016. Their result
showed that the sediment is much more refined than that recovered from the Shenhu area
in 2007. Based on Raman data and XRD analysis, gas hydrates exhibited a typical structure
1 (sI) hydrate, with methane molecule occupancy higher than 99.3% in large cages and
81.5-91.4% in small cages, respectively. The crystal lattice parameter was 11.89 A with a
hydration number of about 6.0. Methane was clearly the dominant component, ranging
from 97.6% to 99.95%.

X-ray computed tomography (CT) and magnetic resonance imaging (MRI) was re-
cently used to visualize MH dissociation in porous media. Fan, Sun [56] performed MRI
visualization and analysis for the dissociation of methane hydrate by controlling the de-
pressurization rate gradually to production pressure to avoid ice formation or hydrate
reformation during the depressurization process. MH dissociates spatially at the onset
of depressurization. Low production pressure can supply more sensible heat, and MH
dissociates rapidly under low production pressure. Due to insufficient heat transfer from
the surrounding thermostatic bath, a large amount of ice is generated spatially. Then ambi-
ent heat transfer promotes ice melting and dissociation of hydrates from the surrounding
walls. In addition, Lv, Jiang [57] presented the formation and dissociation of CHy hydrate
using MRI to understand the pore habits of CHy hydrate and gas seepage behavior in
hydrate-bearing sediment (HBS). The results showed that homogeneous sand packs of CHy
hydrates are preferably formed in the lowest water saturation. For heterogeneous sand
packs, the hydrate nucleation occurs in small grain sizes, and the final hydrate saturation
is the highest. In addition, the dissociation process of CH4 hydrate consisted of three
stages—the initiation stage, the rapid dissociation stage, and the post dissociation stage. In
addition, Almenningen, Gauteplass [58] visualized CO,-water drainage flow followed by
hydrate formation using high-field MRI. It is important to identify CO, flow and hydrate
growth patterns in sediment pores in order to obtain an effective hydrate sealing process.
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The image results interpret the nucleation of the hydrate at the liquid-liquid interface,
whereas the aqueous phase occurs only due to the presence of dissolved CO,. Furthermore,
the growth pattern of the pore-filling hydrates effectually lowers the permeability of the
sandstone and demonstrates the potential of CO, hydrates as a sealing process during
CO, sequestration.

As discussed above, effective permeability is a critical factor to predict gas produc-
tivity from CHy hydrate in underwater sand sediments as it affects the hydrate distribu-
tion [19,59]. Permeability is an important characteristic in hydrate-bearing porous media
to investigate the mobility of CHy and water can pass through the pore structure [3,45,60].
The permeability variation caused by hydrate dissociation will allow for further under-
standing on hydrate exploitation or gas production [19,20,59,61,62]. Chen, Yamada [59]
used thermal stimulation and found that the dissociation time is 2.23 times and 7.02 times
longer when the permeability is lowered. They also suggested that suitable warm-up and
increased permeability should be applied for an effective dissociation process based on
the temperature and permeability results. According to Gao and Li [63], by describing the
effect of effective stress and water saturation on the relative permeability of gases in tight
sandstones, the presence of water, and the effective stress, increased. The permeability jail
concept could be used to present field observations under the conditions of little water or
gas production. Since the relative permeability of the gas phase gives the opposite result to
water, hydraulic fracturing without water has great potential in effectively unlocking tight
gas resources.

As mentioned above, the permeability of HBS is one of the essential factors in ob-
serving the behavior and distribution of the fluid, as well as gas performance during
hydrate exploitation. The wettability of porous media dramatically influences the relative
permeability of two phases (gas—water) [64-66]. In addition, the wettability of HBS is a
critical factor for accurate numerical simulations to investigate multi-phase flow prediction
and seepage behavior in porous media in hydrate sediment, including CO, sequestration,
gas transportation, and storage [67]. In accordance with Wang, Zhao [64] investigated
the effects of the wettability of hydrate-bearing porous media on their seepage properties
using a pore network model combined with X-ray computed tomography (X-ray CT). The
simulation results showed that increasing the contact angle reduced the wettability of
hydrate-bearing porous media, thereby increasing the relative permeability of the water
phase and decreasing the gas phase of relative permeability at certain water saturation.
Furthermore, the study authors noted that the relative permeability of the gas—water phase
was influenced by the increases in the diameter of quartz sand particles. In addition,
increased wettability and connectivity could reduce the residual gas saturation. Finally, it
highly affects capillary pressure.

X-ray CT is one of the most reliable techniques to apply in examining the process
of dynamics in-situ and exploring the formation and dissociation mechanisms of gas
hydrates in the sediment matrices [21,45,68-71]. Moreover, micro-CT imaging analysis
presents essential information for establishing an accurate numerical model to observe
the permeability and other seepage factors of hydrate-bearing porous media [64,72,73].
Han, Kwon [70] utilized an X-ray CT to investigate the mechanism of fine migration of
HBS during depressurization. They found that fine migration was more prominent in the
coarse sands and with silty fine grains. Finally, depressurization of HBS can cause fine
particle movement (migration), which affects the fluid flow behavior in the sediments.
These factors will influence the long-term hydrocarbon production and wellbore stability,
or may reduce sediment strength [17,70].

In some research cases, observations were conducted on hydrates stored in microstruc-
ture sediments under the seabed or rock reservoirs [72]. X-ray CT imaging methods can
be used to accurately investigate the complex processes of formation, dissociation, and
migration of hydrate [74]. Furthermore, the color difference phase separation approach
can be used to separate the hydrate phase from the pore phase and grain phase [8,41,75].
Zhao and Zhou [8] conducted X-ray CT imaging experiments to evaluate the formation,
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migration, and dissociation of hydrates in sand pack specimens, at a microscale. The results
indicate that accumulated hydrates migrated over time increases, and the gas hydrate ratio
decreases by increasing the depth. In addition, the gas hydrates gradually accumulate
in the pore phase with the growth of the hydrates, and the hydrates increase to a certain
saturation. Then, due to the continuous growth of the hydrates, there will be a change from
gas hydrates to the water hydrates. Therefore, it can be concluded that increases in relative
porosity, relative pore size, and relative grain size can increases hydrate saturation due to
the gas hydrate conversion to water hydrate. In addition, permeability may decrease while
the hydrate phase in porous sediments increases due to occupation of the pore space by
the hydrates. Moreover, Gao-Wei, Cheng-Feng [75] observed the in-situ pore scale of the
gas hydrate distribution directly during the hydrate formation and dissociation process.
In the first phase of hydrate formation, most of the processes are sediment particles con-
nected to each other by hydrates or cementing models. In the next phase, the hydrates are
typically shaped like floating or contact models. Since saturation increases, the floating
hydrates begin to fuse with each other, and then the sediment particles cement again.
On the other hand, it is indeed necessary to study the evolution of pore structures and
fluid flow properties in HBS, which can be implemented by X-ray CT and pore network
models [72,76-79].

Mahabadi, Dai [79] applied the pore network extracted from micron-resolution CT
images to various morphologies and hydrate saturations, as shown in Figures 2 and 3.
Then the processes of gas invasion, gas expansion, hydrate dissociation, and gas and
water permeability were simulated. The results showed that excellent hydrate saturation
pursued higher gas inlet pressure, higher residual water saturation, as well a steeper water
retention curve. Increasing hydrate saturation allows gas permeability to decrease, but
has marginal effects on water permeability in sediments with homogenously distributed
hydrates. Under relative permeability conditions, it has impacts that are more apparent on
hydrate morphology than hydrate saturation. Meanwhile, sediments with heterogeneously
distributed hydrates tend to produce lower residual water saturation but higher gas and
water permeability.

80

o
o

5
o

Percent finer (%)

20

10 100
Grain Size (um)

Distributed

1024-pores

Figure 2. Pore-network modeling of hydrate distribution. (a) Specimen grain size distribution. (b) The 3D pore space was
presented by puCT scan. (c) Pore network model. (d) Various hydrate morphologies for hydrate saturations (S, = 0.2). It was
clarified that the model consists of hydrate pores (gray color) and water pores (transparent blue color) [79].
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Figure 3. Illustrations of gas and water flow behavior during gas expansion in sediment hydrates under the dissociation

process. The gas pores forming conductivity paths are represented in red, and the isolated gas pores are interpreted as
yellow. Water pore forming conductivity paths are colored blue, and isolated water pores are colored light blue [79].

A pore network model combined with X-ray CT was also applied to evaluate the
index properties and percolation characteristics of hydrate-bearing sediments [60,80,81].
According to Wang, Zhao [60], with the same level of water saturation, it was found that a
larger porosity induced a larger relative permeability of the water phase but provided a
smaller value of relative permeability of the gas phase. Wang, Zhao [80] declared that the
hydrate saturation increases and the absolute permeability decreases. In addition, under
the same water saturation, lower hydrate saturation leads to a larger relative permeability
of the water phase, whereas it did not apply to gas relative permeability. Moreover, Wang,
Wang [81] showed that the formation and dissociation of gas hydrates could lead to the
change of pore structures and flow properties. An increase in gas hydrate saturation can
induce a sharp decline in relative permeability of water, more immense irreducible water
saturation, and a smaller gas—water percolation zone, while inversely proportional to the
gas relative permeability. Finally, the gas hydrate dissociation will significantly affect the
flow properties when compared to gas hydrate formation.

Since the application of the experimental approach is limited to exploring some
important information on the complexity of real-scale condition surveys, it is necessary to
develop numerical studies that can be joined and compared with experimental results to
obtain more valid and accurate data [15,30]. By establishing numerical model for hydrate
dissociation in porous media, gas production can be modeled and compared with the
experimental data [6]. The hydrate dissociation process occurs by a heat and mass transfer
process in porous media with a multi-phase flow and reaction. Computational fluid
dynamics (CFD) is one numerical analysis technique that could be used to investigate
the problem. Yu, Sean [82] established a pore-scale model by considering porosity by the
CFD method and an unstructured grid to study the dissociation rate of methane hydrate
inhomogeneous porous media. Application of the very thin layers (VTL) method is possible
to calculate momentum, concentration, and thermal boundary layers by considering the
porosity factor. It was found that, as the porosity increases, the flux increases due to the fast
transport in large quantities. Indeed, the surface flux becomes saturated if the transport
process in bulk flow is faster than the dissociation rate.
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Similarly, Jeong, Chiang Hsieh [83] used the CFD method to establish a pore-scale
model of surface dissociation of CO;, hydrates through Lagrangian periodic boundary
conditions. In this study, the finite volume method (FVM) with unstructured mesh was
constructed in a representative, regular, face-centered cubic unit. Observations were con-
ducted by considering the surface mass transfer of CO,H and the heat transfer between the
hydrate and water. The results indicated that the overall flux dissociation distribution was
influenced by porosity in terms of water temperature. Thus, the higher water temperature
can lead to higher dissociation flux at the hydrate surface.

Gas hydrate (i.e., methane) is a complex multi-component and multi-phase fluid
flow process accompanied by mass transport and heat transfer in porous media [81]. One
method that can be implemented to analyze that process is LBM [31,61]. Due to its attractive
advantages, such as simplicity in coding, dealing with complex solid boundaries, and
parallelization, LBM has become a very popular CFD method in many fields, such as multi-
phase and multi-component flow, reactive flow, microscale, and nanoscale flow [66,84]. The
micro-flow simulation was also conducted via the Lattice Boltzmann method (LBM) with
pore-filling to evaluate the effect of hydrate on seepage characteristics in hydrate-bearing
sediment grain-coating habits in porous media [61]. In work by Hou, Ji [61], to better
understand the effects of hydrate on seepage properties in HBS, the micro-flow simulation
was applied via LBM with pore-filling and grain-coating habits in porous media. The
authors found that the mineral particle arrangement did not affect permeability variation.
However, the permeability variation was sensitive to the habit of hydrate-formation habit
and the morphology of hydrate-distribution morphology. According to Fuji, Kamada [44],
microscopic computational domains consisting of sand grains and water-CO; two phases,
using LBM, were used to investigate the distribution of microscopic hydrates, which
essentially controlled the effective permeability. The calculation results indicated the
differences in the distribution of hydrates in the pore space, and the value of effective
permeability depends on hydrate saturations, initial water saturation, and contact angles
of water on the sand surface. In addition, it can be concluded that the difference in gas
solubility has an impact on the difference in hydrate growth between CO, and methane
near the gas—-water interface.

In addition, the reduction of permeability by quicksand blockage was, clearly, directly
related to natural gas production [85]. Mitsuhori, Sato [86] simulated a numerical analysis
using LBM coupled with micro-CT for the two-phase flow of solid water in a frame sand
sediment. At first, the relatively larger particles were trapped by the frame sands, and
then smaller particles filled the space between the larger particles. Hence, the mean size
and the deviation as distribution factors are crucial parameters for the blockage. Zhang,
Zhang [31] used LBM by combining the gas hydrate dissociation kinetic model, the single-
phase flow LB model, the mass transport LB model, and the conjugate heat transfer LB
model. The results showed that the simulation using LBM could easily evaluate the reactive
transport framework effect to the coupled physicochemical thermal process and provide
an understanding of the methane dissociation process at the pore scale. Endothermic
reactions and heat transfer in porous media during the dissociation process result in
temperature changes. Dissociation is accelerated with increasing inlet temperatures for
both the pore-filling hydrate and the grain coating hydrate.

In addition to the studies discussed above, many studies have demonstrated the com-
bination of LBM and X-rays in the two-phase flow [62,65,84,86-89]. According to Zhang,
Kang [87], by simulating the gas distribution at different times, the high-density ratio
accentuated the fingering phenomenon. As the density ratio increases, the displacement
efficiency decreases. Moreover, as the density ratio increases, the gas saturation decreases in
big pores and becomes zero in small pores or even in big pores followed by small channels.
Meanwhile, due to the wettability of liquid, the residual liquid particularly distributes
in the small pores and the edge of big pores. In addition, lowering the viscosity can be
influential, increasing the recovery of the fluid.
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Chen, Verma [88] estimated the relative permeability of gas (krg) as a function of
the hydrate saturation curve (Spyq) using digital models of hydrate-bearing sand based
on the implementation of grain-attaching, coarse pore-filling, and dispersed pore-filling
hydrate habits. The pore-scale measurements and modeling showed that the kyg-Spyq
curves were similar regardless of the hydrate crystal conditions. The kg data in hydrate-
bearing sand could decrease (quite impressively) in the presence of porous hydrates, as
shown in Figure 4.

(d) 1 ; = A -

Black: experiment

Green: grain-attaching

0.84¢ <: initial patches L
[J, ¢: coarsening patches

Brown: coarse pore-filling

xq Blue: dispersed pore-filling ||

« | a - .
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(b) Coarse pore-filling
Syya =27% Shye
SN N,

Figure 4. Hydrate-bearing sand model. (a) Grain-attaching. (b) Coarse pore-filling. (c) Dispersed pore-filling habits. (d) Gas
relative permeability versus hydrate saturation data from the experimental and computational HBS [88].

Sand production greatly affects the reservoir stability and safety during gas hydrate
exploitation in HBS. The formation and dissociation of trapped gas structures were affected
by sand-bridge structures as a result of sand migration [85]. Yoshida, Yamaguchi [90]
developed a numerical simulation method in the pore-scale computational domain to
predict mud erosion caused by water flow. The simulation results showed that the erosion
rate decreased to zero in less than 10 days under the conditions of an average velocity
several times greater than the critical value for mud erosion. This can be inferred due to the
surface of the mud with large shear stress eroded first, resulting in a large enough space in
the pores of the sand grains, thereby slowing the water velocity to a value smaller than the
critical value.

The molecular dynamics (MD) simulation is seen as an effective method to provide a
molecular level of understanding on microscopic mechanisms, in regard to structural and
dynamical properties [33,91-93]. The MD method is needed to understand the molecular
structure of hydrates and the mechanism of dissociation or hydrate formation [15,34,94].

Yan, Li [92] observed the mechanism of methane hydrate dissociation by depressur-
ization using MD. The concentration gradient between the H,O molecules in the hydrate
surface layer and the inner layer forced the driving force of dissociation. The clathrates
gradually collapse, and then the hydrates dissociate, layer-by-layer. On the other hand,
it was also explained that the hydrate dissociation rate by depressurization was slower
than the thermal stimulation and the inhibitor injection as hydrates have low thermal
conductivity and temperature sensitivity [52,95]. Guo, Pan [95] used the MD simulation to
simulate methane hydrate in a porous medium by considering the thermal conductivity.
The authors noted that the thermal conductivity of methane hydrate increased with a tem-
perature increase and grew faster near the freezing point. Moreover, thermal conductivity
increases gradually under the same temperature as the decreases of the porous media pore
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sizes. It can be concluded that the different porous media pore sizes have a great effect
on the thermal conductivity of the hydrates. Eventually, at the rapid increase in thermal
conductivity, the dissociation process will begin immediately.

Moreover, MD was also used to investigate the mechanism/microscopic phenomena
and intermolecular forces in the methane hydrate dissociation [96,97]. Kondori, Zende-
hboudi [33] observed the stability of the water cage at various dissociation times, tempera-
tures, and pressures. They found that, based on the radial distribution function and the
mean squared displacement of oxygen—oxygen and carbon—carbon atoms, the stability of
the hydrate cage decreased with increasing temperature. However, with increasing cage
occupancy and pressure, the hydrate stability also increased. Moreover, the addition of an
inhibitor to a small cavity in the hydrate structure, such as methanol, can accelerate the dis-
sociation of the hydrate by creating new hydrogen bonds between the water molecules and
the inhibitor. In addition, Liu, Zhou [98] observed CO, dissociation with inhibitors using
MD. They found that the rate of dissociation of CO, hydrate increased in the presence of
two inhibitors, i.e., glycine, with a maximum concentration of 10% by weight and glucose,
1.2% by weight. Glycine aggregates on the solid-liquid surface of the initial structure, and
the clathrate hydrate structure is wrecked due to -OH single bonds and -NHj single bonds
with water hydrogen bonds in the hydrate structure. Meanwhile, glucose has a ring-shaped
structure and impaired functional groups, accelerating the hydrate dissociation due to
the synergistic impact of steric hindrance. Yagasaki, Matsumoto [97] investigated the
dissociation rate of methane with methanol and NaCl inhibitors. They found that the
dissociation rate of methane hydrate increases with the formation of methane bubbles
carried out by methanol and NaCl in the aqueous phase, because the bubbles absorb the
surrounding methane molecules. However, the mechanisms of the two inhibitors are very
different from each other. The bubbles from the NaCl solution increase the hydrophobic
interactions between the methane molecules. In contrast, bubbles in methanol are formed
due to it is amphiphilic.

Furthermore, a study on the constant energy of MD in the hydrate dissociation in
contact with water was also carried out to investigate the role of mass and heat transfer in
the dissociation rate [99-101]. According to Alavi and Ripmeester [100], under adiabatic
conditions, the rate of dissociation of methane clathrate is influenced by heat and mass
transfer from the breakdown of clathrate hydrate and methane gas discharge at the solid—
liquid interface and the diffusion of methane through water. The results show that the
temperature gradient between the clathrate and solution phases during the dissociation
process is crucial, since it provides significant heat transfer. In addition, it turns out that
the dissociation of clathrate does not occur gradually through the rupture of each cage but
rather is integrated with a row of structure 1 cages parallel to the interface, and dissociates
simultaneously [99,100]. Thus, huge amounts of methane gas are discharged close to the
surface, and bubbles can form, which affects the mass transfer rate close to the clathrate
phase surface.

In addition, MD has been considered a robust technique used to investigate crystal
growth mechanisms [102,103], the solid /liquid and gas/liquid interfaces [104-107]. Several
parameters were observed, such as potential energy changes, MSD of molecules, the
number of methane molecules close to the solid/liquid interface, and the position of
liquid/solid interfaces with time. Naeiji, Varaminian [105] demonstrated the kinetic growth
of hydrate using MD. Their results showed that the potential energy and MSD of molecules
in the layers close to the interfaces clearly reduced, indicating that the growth took place in
these layers. Furthermore, the model can interpret the whole process of hydrate formation
since the affinity as a driving force of the process exhibits that hydrate formation is a
process that proceeds on a natural path. Naeiji, Varaminian [104] studied the different
properties between methane/water and methane/water/hydrate systems. Their results
indicated that the thermodynamic properties of the methane/water/hydrate system were
lower than other systems, so the hydrate structure was more stable and reduced the system
energy surface.
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Moreover, the dissociation kinetics of CO, hydrates were investigated by molecular
dynamics (MD) [93,98,108]. Sarupria and Debenedetti [93] presented the results of a
molecular dynamics study of the dissociation behavior of CO;, hydrates. The results
showed that the dissociation rate depends on the fractional occupancy of each type of
cage but is difficult to interpret in terms of overall hydrate occupancy. In particular, it was
found that hydrates with overall occupancy depend on the emptying of large or small
cages. For the same overall dwelling, small and large filled cages will dissociate more
quickly with an empty large cage than with an empty small cage. Meanwhile, Zhang,
Zhao [109] investigated the formation of CO; hydrates by using MD; they stated that the
most influential factors were temperature and molecular numbers. Hydrates are more
likely to form in systems with a relatively large number of CO, molecules and relatively
low system temperatures.

4. Replacement Process of CH, by Injection of CO,

The replacement of CHy by CO, in methane hydrates is a feasible way to achieve CHy
production and CO; storage in the respective efforts of energy recovery and global warming
mitigation [110-115]. Energy reserves from fossils continue to decrease, leading to the
energy crisis and global warming [37,109,116-119]. Using CO to replace CHy in hydrate
sediments could either utilize CHy or store CO; as an embodiment of renewable energy
and environmental protection [120,121]. As part of the replacement process, it is crucial
to observe the formation of CO, hydrates [51,122]. Research advances and numerical
analyses in replacement processes that focus on laboratory studies have been carried out.
The methods used to study the CH4—CO; replacement processes are the same as in the
formation and dissociation of hydrates, i.e., Raman spectroscopy, X-ray diffraction (XRD),
magnetic resonance imaging (MRI), and X-ray CT [122-124]. While, numerical analysis can
be simulated precisely using CFD and MD [89,94,125-127].

Replacement feasibility is interpreted from kinetic and thermodynamic factors, as
well as various forms of CO, [23,102,123,124]. In addition, the difference in the phase
equilibrium for methane hydrates and CO, hydrates can decrease the possibility of replace-
ment reactions [121,123]. Figure 5 shows the equilibrium diagram of the CH;—CO,-H,O
system [121]. In the diagram, areas A and B lie above the equilibrium curve of H,O-
hydrate-CO, and below the H,O-hydrate-CH,4 curve. Therefore, theoretically, CH4 gas
and CO; hydrate can coexist in this area, but it was found that the CO, hydrate is more
stable than the CHy hydrate under certain conditions. For example, at 280 K, and a pressure
of 2 MPa, CO, can exist as a hydrate, but does not occur in methane. The replacement
reactions that occur between CO; replace methane in the clathrate compound allows be-
ing conducted at different phase behavior. For the development of hydrate treatment
technology, it is necessary to estimate the phase equilibrium data [22,43,46].

Zhou, Long [128] characterized the CH4—CO, hydrate using in situ Raman spec-
troscopy to analyze the dissociation and crystal reformation processes that occur in the
replacement of CH4—CO; hydrate. The results of the X-ray diffraction analysis showed
that the crystal structure of the CH4—CO, hydrate mixture was structure 1. This study
showed that the hydrate crystal unit collapsed as a single unit, without clear dependence
on the gas distribution in the hydrate phase. Moreover, for hydrates containing CHy,
Raman peaks of CHy and CO; in the hydrate phase showed a transient increase during the
hydrate dissociation process, indicating the reformation of the hydrate below the hydrate
dissociation surface. According to Ota, Saito [129], there was a replacement of CH4—CO,
in hydrate CHy with high-pressure CO,. These results indicated that the replacement
rate was affected by pressure and phase conditions where the driving force was directly
influenced by the difference in fugacity of the two guest components, between the fluid
and hydrate phases. When CHy4 hydrate was contacted with CO, under flow conditions,
measurements of the hydrate phase indicated the differences in the decomposition rate of
cages between medium (M-cage) and small (S-cage) cages in CH, hydrate, with M-cage
decomposition is faster than the S-cage. Furthermore, Xu, Cai [22] demonstrated the rela-
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tionship between total operating pressure and CH, partial pressure in a CHs—CO; binary
system with a CHs—CO; replacement rate and CHy recovery efficiency. On the other hand,
the replacement of CH4—CO; can occur well when the partial pressure of CH4 was lower
than the equilibrium pressure for the formation of pure CHy hydrate, and vice-versa for the
CO; parameter. In addition, lower partial pressure of CHy leads to a higher replacement
rate for a certain pressure condition. It can be concluded that the temperature and pressure
conditions constantly change in the replacement process, so these results are important as
a reference for the successful CH4—CO, replacement. Meanwhile, Ersland, Husebe [130]
investigated the replacement process of CHy and CO, by MRI. The process of replacing
CH4—CO; in the hydrate, without the addition of heat, has potential as a viable strategy
for thermodynamically stable long-term CO, sequestration, with the added benefit of
associated natural gas production. The MRI proved to provide great information on the
spatial distribution of hydrate growth, rate of hydrate formation, and rate of CH4—CO,
replacement.
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Figure 5. CHy -CO,-H,O phase equilibrium diagram. Areas A, B, C and D indicate the possibility of
phase changes for CO, and CHy4 hydrates which are affected by temperature and pressure [121].

For numerical modeling on CO, injected into methane hydrate, Sean, Sato [125]
modeled the dissociation process of methane hydrate under-water flow conditions, where
the hydrate thermodynamic was stable under pressure and temperature conditions. A
relatively low rate of dissociation without the formation of methane bubbles was obtained,
where the concentration of methane was dissolved in water and kept below the equilibrium
solubility. By combining the experimental results and numerical simulation of flow with the
CFD method, the dissociation rate constant was determined based on the ambient flow rate,
pressure, and temperature conditions. The results showed that the dissociation process
on the surface took place under isothermal conditions. Moreover, Fukumoto, Sean [131]
conducted an experiment of CO, hydrate dissociation under-water flow, obtaining hydrates
that were thermodynamically stable. In the model, hydrate dissociation was driven by
a low CO, mole fraction in water flow. The dissociation rate between the hydrate phase
and the aqueous phase was considered as the driving force. As a result, the intrinsic
dissociation rate constant of CO; hydrate was established.

Molecular dynamics (MD) simulation is an ideal method to study nucleation at the
molecular level since the size of the critical nucleus and formation rate occur on the
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nanoscale [89,94,106,132-134]. According to Bai, Zhang [133], the replacement pathway
included the melting of CHy4 hydrate near the hydrate surface and the subsequent formation
of an amorphous CO, hydrate layer. In the dynamic aspect, the replacement process took
place near the surface of CH4 hydrate relatively easily. However, as the replacement process
proceeds, the formation of the amorphous layer of the CO, hydrate provided a significant
barrier to the mass transfer of the guest CHy and CO; molecules, which prevented the
CHj hydrate from further dissociation and slowed the replacement rate. MD simulations
and stabilization energy calculations were carried out to understand the stability of CHy
hydrate, CO, hydrate, and CH4—CO; hydrate mixture. Hydrate stability decreased with
increasing temperature and time [135]. Based on the ratio of stabilization energy of small
and large cavities containing CH4 and CO,, it can be concluded that CO, molecules are
suitable for large cavities and vice-versa for CHy molecules [127,136]. In addition, during
the growth process, CHy and CO, molecules often replaced each other at certain cage
locations adjacent to the hydrate interface [136]. The replacement process occurred during
CO; injection into the CH, hydrate reservoir, due to the difference in chemical potential,
so the CHy molecule left the hydrate cage, and the empty cage was filled by the CO,
molecule [4]. Kossel, Bigalke [137] confirmed that the exchange of guest molecules and
gas hydrate dissociations also contributed to the dissociation of CHy. Approximately half
of the amount of CO, was bound by the exchange of CH, molecules, while the rest was
bound by the new CO; hydrates formation.

Other studies [127,133,135,137,138] investigated the dissociation and formation pro-
cess of methane and carbon dioxide hydrates by MD simulation. Kondori, James [135]
evaluated the stability and dissociation of gas hydrate structure 1 for CH4—CO; cases
using MD simulation, by considering various properties for gas hydrates, such as radial
distribution function (RDF), mean square displacement (MSD), lattice parameters, density,
potential energy, and molecular diffusion coefficient. Hydrate structures were obtained at
different conditions of pressure, temperature, and composition for CH4—CO,. The result
was concluded that the structure with the composition of CHy (25%) + CO; (75%) was
stable below 300K at 5MPa. This composition is the best configuration to achieve a stable
structure when the carbon dioxide and methane molecules are in large and small cavities,
respectively. Furthermore, for the bubble formation and evolution of CHy/CO, molecules
after dissociation, the size of CH4/CO,; bubbles is different; however, the shape of both
methane and carbon dioxide molecules are almost cylindrical. In addition, Tung, Chen [138]
used MD simulations to analyze the replacement that could occur without melting the
hydrogen-bonding network of water molecules. Their results suggest that replacement
occurs either through a direct exchange of methane and CO, or through the transient
co-location of methane and CO; in a single cavity. It was affected by the interfacial distance
between the liquid CO, and the solid clathrate hydrate. Based on numerical analysis, it
was feasible to replace methane hydrate with CO; in the solid phase without any attempt
to alter geological stability.

5. Conclusions

Comprehensive research is needed to understand hydrate dissociation mechanisms,
hydrate formation, and hydrate recovery conditions in microscale porous media. The aim
was to obtain a valid analysis when applying exploration and recovery techniques for gas
hydrates, based on the characteristics of the complex physical structures of hydrates in
sediment pores, such as multi-phase, multi-component fluid flow, and particle transport.
Analyzing dynamic temperatures, concentration distributions, and surface area is effective
when evaluating variations in hydrate decompositions, geological characteristics, and flow
field limitations of various types. Observations were emphasized on a numerical scale
or modeling on a microscale, and compared with experimental studies to obtain precise
data. The main points of the development of microscale numerical models are summarized
as follows:
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Microscale devices integrated with modern analytical technologies include Laser
Raman spectroscopy (Raman), X-ray diffraction (XRD), X-ray computed tomography
(X-CT), scanning electron microscope (SEM), nuclear magnetic resonance (NMR) and
high pressure differential scanning calorimetry (DSC).

Numerical analysis can be simulated using CFD, Lattice Boltzmann Method (LBM),
and molecular dynamics (MD). MD simulations consist of the radial distribution
function (RDF), mean square displacement (MSD), thermal expansion coefficient, dif-
fusion coefficient, capacity of heat, and thermal conductivity for various gas hydrate
structures under particular thermodynamic conditions.

Simultaneous analysis of hydrate dynamic numerical models is performed for tem-
perature, concentration, porosity, saturation rate, and permeability under different
hydrate formation coatings (sand coating, bridging, or spacing).

The gas hydrate exploitation process not only focuses on the formation, dissociation,
and recovery processes, but also considers the blockage and leakage of hydrates.
Dynamic analysis of impurities, such as salinity and mud, could be added to bulk
fluid; it can specifically correspond to the following:

e  Analysis of the effective surface area of the gas hydrate in the formation attached
to the sandstone in different forms.

e  Analysis of the influence of factors related to the pore size distribution of mineral
particles and hydrates on permeability changes in porous media.

e  Considering the formation characteristics of different hydrates, particle coating,
and pore-filling; the relationship between relative permeability and hydrate
saturation is proposed.

e Inthe process of hydrate conversion, gas hydrate is transformed into water phase
hydrate. The hydration saturation increases with the increase of relative porosity,
relative pore size, and relative particle size. The hydrate will reduce the porosity
due to the pore space occupied by the hydrate. Then, the permeability decreases
with the increase of the hydrate phase in porous sediments.

e In the pore space with capillary pores, micromorphic hydrates occur sponta-
neously, and the permeability decreases approximately linearly with the increase
of hydrate saturation during the nucleation process of the crystal grain sur-
face; the permeability is often higher than predicted by previous analysis model
values.

e In the transition zone simulation, the downward trend of permeability is con-
verted from the particle coverage model to the pore filling model, and the tortu-
osity and surface area are analyzed to understand the mechanism of permeability
reduction.

e Mud erosion is a result of the mud surface with tremendous shear stress; a
moderately wide space appears in the pores of the sand particles, which slows
down the water flow to less than the critical value.

Author Contributions: M.S. collected the data and wrote this paper; W.-Y.S. conceived, super-
visor and modified this paper. Both authors have read and agreed to the published version of
the manuscript.

Funding: This research was sponsored by the Ministry of Science and Technology, Taiwan, grant no.
MOST 109-2116-M-033-001.

Data Availability Statement: The data used to support the findings of this study are included within
the article.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Makogon, Y.F. Natural gas hydrates—A promising source of energy. J. Nat. Gas Sci. Eng. 2010, 2, 49-59. [CrossRef]
2. Sloan, E.D,, Jr.; Koh, C.A. Clathrate Hydrates of Natural Gases, 3rd ed.; CRC Press: Boca Raton, FL, USA, 2007. [CrossRef]


http://doi.org/10.1016/j.jngse.2009.12.004
http://doi.org/10.1201/9781420008494

Molecules 2021, 26, 5021 16 of 20

10.
11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Ruan, X.; Song, Y.; Liang, H.; Yang, M.; Dou, B. Numerical Simulation of the Gas Production Behavior of Hydrate Dissociation by
Depressurization in Hydrate-Bearing Porous Medium. Energy Fuels 2012, 26, 1681-1694. [CrossRef]

Merey, S.; Al-Raoush, R.I; Jung, J.; Alshibli, K.A. Comprehensive literature review on CHy-CO, replacement in microscale porous
media. J. Pet. Sci. Eng. 2018, 171, 48-62. [CrossRef]

Xie, Y,; Li, R.; Wang, X.-H.; Zheng, T; Cui, ].-L.; Yuan, Q.; Qin, H.-B.; Sun, C.-Y.; Chen, G.-J. Review on the accumulation behavior
of natural gas hydrates in porous sediments. J. Nat. Gas Sci. Eng. 2020, 83, 103520. [CrossRef]

Yin, Z.; Moridis, G.; Chong, Z.R.; Tan, HK.; Linga, P. Numerical analysis of experimental studies of methane hydrate dissociation
induced by depressurization in a sandy porous medium. Appl. Energy 2018, 230, 444-459. [CrossRef]

Wang, X.; Dong, B.; Li, W.; Yu, M.; Song, Y. Microscale effects on methane hydrate dissociation at low temperature in the micro
porous media channels by depressurization. Int. J. Heat Mass Transf. 2018, 122, 1182-1197. [CrossRef]

Zhao, Z.; Zhou, X.-P. Pore-scale effect on the hydrate variation and flow behaviors in microstructures using X-ray CT imaging. J.
Hydrol. 2020, 584, 124678. [CrossRef]

Chong, Z.R.; Yang, S.H.B.; Babu, P; Linga, P; Li, X.-S. Review of natural gas hydrates as an energy resource: Prospects and
challenges. Appl. Energy 2016, 162, 1633-1652. [CrossRef]

Yin, Z.; Linga, P. Methane hydrates: A future clean energy resource. Chin. J. Chem. Eng. 2019, 27, 2026-2036. [CrossRef]

Li, X.-S.; Xu, C.-G.; Zhang, Y.; Ruan, X.-K; Li, G.; Wang, Y. Investigation into gas production from natural gas hydrate: A review.
Appl. Energy 2016, 172, 286-322. [CrossRef]

Makogon, Y.; Holditch, S.; Makogon, T.Y. Natural gas-hydrates—A potential energy source for the 21st Century. J. Pet. Sci. Eng.
2007, 56, 14-31. [CrossRef]

Boswell, R.; Collett, T.S. Current perspectives on gas hydrate resources. Energy Environ. Sci. 2011, 4, 1206-1215. [CrossRef]
Yang, M.; Zhao, J.; Zheng, ].-N.; Song, Y. Hydrate reformation characteristics in natural gas hydrate dissociation process: A review.
Appl. Energy 2019, 256, 113878. [CrossRef]

Yin, Z.; Chong, Z.R; Tan, HK,; Linga, P. Review of gas hydrate dissociation kinetic models for energy recovery. J. Nat. Gas Sci.
Eng. 2016, 35, 1362-1387. [CrossRef]

Malagar, B.R.C.; Lijith, K.P; Singh, D.N. Formation & dissociation of methane gas hydrates in sediments: A critical review. J. Nat.
Gas Sci. Eng. 2019, 65, 168-184. [CrossRef]

Kou, X; Li, X.-S.; Wang, Y.; Zhang, Y.; Chen, Z.-Y. Distribution and reformation characteristics of gas hydrate during hydrate
dissociation by thermal stimulation and depressurization methods. Appl. Energy 2020, 277, 115575. [CrossRef]

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. Appl. Energy 2015, 145, 265-277. [CrossRef]

Fukumoto, A.; Kamada, K.; Sato, T.; Oyama, H.; Torii, H.; Kiyono, F.; Nagao, J.; Temma, N.; Narita, H. Numerical simulation of
pore-scale formation of methane hydrate in the sand sediment using the phase-field model. J. Nat. Gas Sci. Eng. 2018, 50, 269-281.
[CrossRef]

Fukumoto, A.; Sato, T.; Hirabayashi, S.; Brumby, P,; Kiyono, E; Ebinuma, T.; Narita, H. Microscale modelling of formation of
methane hydrate in porous media. Proc. Annu. Offshore Technol. Conf. 2010, 3, 1994-1998.

Dong, H.; Sun, J.; Lin, Z,; Fang, H.; Li, Y.; Cui, L.; Yan, W. 3D pore-type digital rock modeling of natural gas hydrate for permafrost
and numerical simulation of electrical properties. |. Geophys. Eng. 2018, 15, 275-285. [CrossRef]

Xu, C.-G,; Cai, J.; Yu, Y.-S,; Yan, K.-F; Li, X.-S. Effect of pressure on methane recovery from natural gas hydrates by methane-carbon
dioxide replacement. Appl. Energy 2018, 217, 527-536. [CrossRef]

Hamza, A.; Hussein, I.A.; Al-Marri, M.].; Mahmoud, M.; Shawabkeh, R.; Aparicio, S. CO, enhanced gas recovery and sequestration
in depleted gas reservoirs: A review. J. Pet. Sci. Eng. 2021, 196, 107685. [CrossRef]

Wu, N.-y,; Liu, C.-1; Hao, X.-1. Experimental simulations and methods for natural gas hydrate analysis in China. China Geol. 2018,
1, 61-71. [CrossRef]

Zhang, X.; Du, Z.; Luan, Z.; Wang, X.; Xi, S.; Wang, B.; Li, L.; Lian, C.; Yan, J. In situ Raman Raman Detection of Gas Hydrates
Exposed on the Seafloor of the South China Sea. Geochem. Geophys. Geosyst. 2017, 18, 3700-3713. [CrossRef]

Liu, C; Meng, Q.; Hu, G.; Li, C; Sun, ].; He, X.; Wu, N.; Yang, S.; Liang, J. Characterization of hydrate-bearing sediments
recovered from the Shenhu area of the South China Sea. Interpretation 2017, 5, SM13-SM23. [CrossRef]

Kneafsey, T].; Seol, Y.; Gupta, A.; Tomutsa, L. Permeability of Laboratory-Formed Methane-Hydrate-Bearing Sand: Measurements
and Observations Using X-Ray Computed Tomography. SPE |. 2010, 16, 78-94. [CrossRef]

Yang, M.; Chong, Z.R.; Zheng, J.; Song, Y.; Linga, P. Advances in nuclear magnetic resonance (NMR) techniques for the
investigation of clathrate hydrates. Renew. Sustain. Energy Rev. 2017, 74, 1346-1360. [CrossRef]

Chen, Q.; Liu, C.L.; Ye, Y.G. Differential Scanning Calorimetry Research of Hydrates Phase Equilibrium in Porous Media. Adv.
Mater. Res. 2012, 512-515, 2122-2126. [CrossRef]

Wang, X.; Dong, B.; Wang, F; Li, W.; Song, Y. Pore-scale investigations on the effects of ice formation/melting on methane hydrate
dissociation using depressurization. Int. J. Heat Mass Transf. 2019, 131, 737-749. [CrossRef]

Zhang, L.; Zhang, C.; Zhang, K.; Zhang, L.; Yao, J.; Sun, H.; Yang, Y. Pore-Scale Investigation of Methane Hydrate Dissociation
Using the Lattice Boltzmann Method. Water Resour. Res. 2019, 55, 8422-8444. [CrossRef]

Walsh, M.R.; Koh, C.A; Sloan, E.D.; Sum, A.K.; Wu, D.T. Microsecond Simulations of Spontaneous Methane Hydrate Nucleation
and Growth. Science 2009, 326, 1095. [CrossRef]


http://doi.org/10.1021/ef201299p
http://doi.org/10.1016/j.petrol.2018.07.032
http://doi.org/10.1016/j.jngse.2020.103520
http://doi.org/10.1016/j.apenergy.2018.08.115
http://doi.org/10.1016/j.ijheatmasstransfer.2018.02.056
http://doi.org/10.1016/j.jhydrol.2020.124678
http://doi.org/10.1016/j.apenergy.2014.12.061
http://doi.org/10.1016/j.cjche.2019.01.005
http://doi.org/10.1016/j.apenergy.2016.03.101
http://doi.org/10.1016/j.petrol.2005.10.009
http://doi.org/10.1039/C0EE00203H
http://doi.org/10.1016/j.apenergy.2019.113878
http://doi.org/10.1016/j.jngse.2016.04.050
http://doi.org/10.1016/j.jngse.2019.03.005
http://doi.org/10.1016/j.apenergy.2020.115575
http://doi.org/10.1016/j.apenergy.2015.02.040
http://doi.org/10.1016/j.jngse.2017.12.016
http://doi.org/10.1088/1742-2140/aa8a8e
http://doi.org/10.1016/j.apenergy.2018.02.109
http://doi.org/10.1016/j.petrol.2020.107685
http://doi.org/10.31035/cg2018008
http://doi.org/10.1002/2017GC006987
http://doi.org/10.1190/INT-2016-0211.1
http://doi.org/10.2118/139525-PA
http://doi.org/10.1016/j.rser.2016.11.161
http://doi.org/10.4028/www.scientific.net/AMR.512-515.2122
http://doi.org/10.1016/j.ijheatmasstransfer.2018.10.143
http://doi.org/10.1029/2019WR025195
http://doi.org/10.1126/science.1174010

Molecules 2021, 26, 5021 17 of 20

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Kondori, J.; Zendehboudi, S.; James, L. New insights into methane hydrate dissociation: Utilization of molecular dynamics
strategy. Fuel 2019, 249, 264-276. [CrossRef]

Kondori, J.; Zendehboudi, S.; Hossain, M.E. A review on simulation of methane production from gas hydrate reservoirs: Molecular
dynamics prospective. J. Pet. Sci. Eng. 2017, 159, 754-772. [CrossRef]

Sakemoto, R.; Sakamoto, H.; Shiraiwa, K.; Ohmura, R.; Uchida, T. Clathrate hydrate crystal growth at the seawater /hydrophobic-
guest-liquid interface. Cryst. Growth Des. 2010, 10, 1296-1300. [CrossRef]

Hester, K.C.; Brewer, P.G. Clathrate Hydrates in Nature. Annu. Rev. Mar. Sci. 2009, 1, 303-327. [CrossRef] [PubMed]

Ruppel, C.D.; Kessler, ].D. The interaction of climate change and methane hydrates. Rev. Geophys. 2017, 55, 126-168. [CrossRef]
Sloan, E.D. Fundamental principles and applications of natural gas hydrates. Nature 2003, 426, 353-359. [CrossRef] [PubMed]
Koh, C.; Sloan, E.; Sum, A.; Wu, D. Fundamentals and Applications of Gas Hydrates. Annu. Rev. Chem. Biomol. Eng. 2011, 2,
237-257. [CrossRef]

Ruppel, C.D.; Herman, B.M.; Brothers, L.L.; Hart, P.E. Subsea ice-bearing permafrost on the U.S. Beaufort Margin: 2. Borehole
constraints. Geochem. Geophys. Geosyst. 2016, 17, 4333-4353. [CrossRef]

Kerkar, P.B.; Horvat, K.; Jones, K.W.; Mahajan, D. Imaging methane hydrates growth dynamics in porous media using synchrotron
X-ray computed microtomography. Geochem. Geophys. Geosyst. 2014, 15, 4759-4768. [CrossRef]

Sun, Y,; L, X.; Guo, W. A review on simulation models for exploration and exploitation of natural gas hydrate. Arab. J. Geosci.
2014, 7, 2199-2214. [CrossRef]

Hassanpouryouzband, A.; Joonaki, E.; Farahani, M.V,; Takeya, S.; Ruppel, C.; Yang, J.; English, N.J.; Schicks, ].M.; Edlmann, K.;
Mehrabian, H.; et al. Gas hydrates in sustainable chemistry. Chem. Soc. Rev. 2020, 49, 5225-5309. [CrossRef] [PubMed]

Fuji, T.; Kamada, K.; Sato, T.; Oyama, H.; Yamaguchi, A.].; Tobase, T. Numerical simulation of crystal growth of CO; hydrate
within microscopic Sand pores using phase field model for the estimation of effective permeability. Int. J. Greenh. Gas Control.
2020, 95. [CrossRef]

Sadeq, D.; Iglauer, S.; Lebedev, M.; Rahman, T.; Zhang, Y.; Barifcani, A. Experimental pore-scale analysis of carbon dioxide
hydrate in sandstone via X-ray micro-computed tomography. Int. J. Greenh. Gas Control. 2018, 79, 73-82. [CrossRef]

Wang, X.; Zhang, F,; Lipiriski, W. Research progress and challenges in hydrate-based carbon dioxide capture applications. Appl.
Energy 2020, 269, 114928. [CrossRef]

Blackford, J.; Stahl, H.; Bull, ].M.; Berges, B.J.P.; Cevatoglu, M.; Lichtschlag, A.; Connelly, D.; James, R.H.; Kita, J.; Long, D.; et al.
Detection and impacts of leakage from sub-seafloor deep geological carbon dioxide storage. Nat. Clim. Chang. 2014, 4, 1011-1016.
[CrossRef]

Nakashima, T.; Sato, T. Numerical Modelling of CO, Gas Injection with Hydrate Formation: A Case Study in the Laboratory-Scale
Sand Sediment. In Geologic Carbon Sequestration; Springer: Cham, Switzerland, 2016; pp. 285-300. [CrossRef]

Yu, T; Sato, T.; Nakashima, T.; Inui, M.; Oyama, H. An integrated model for CO, hydrate formation in sand sediments for
sub-seabed CO, storage. Int. ]. Greenh. Gas Control. 2016, 52, 250-269. [CrossRef]

Takahashi, T.; Sato, T.; Inui, M.; Hirabayashi, S.; Brumby, P.E. Modeling of CO,-Hydrate Formation at the Gas-Water Interface in
Sand Sediment. Chem. Eng. Technol. 2012, 35, 1751-1758. [CrossRef]

Zatsepina, O.Y.; Pooladi-Darvish, M. CO; -hydrate formation in depleted gas reservoirs—A methodology for CO, storage. Energy
Procedia 2011, 4, 3949-3956. [CrossRef]

Nakayama, T.; Ogasawara, K.; Kiyono, E,; Torii, H.; Yamasaki, A.; Sato, T. Estimation of surface area of methane hydrate in the
sand sediment using a dissociation-rate model. Mar. Syst. Ocean. Technol. 2018, 13, 1-12. [CrossRef]

Ruan, X.; Li, X.-S. Investigation of the methane hydrate surface area during depressurization-induced dissociation in hydrate-
bearing porous media. Chin. J. Chem. Eng. 2020. [CrossRef]

Truong-Lam, H.S.; Cho, S.J.; Lee, J.D. Simultaneous in-situ macro and microscopic observation of CHy hydrate forma-
tion/decomposition and solubility behavior using Raman spectroscopy. Appl. Energy 2019, 255, 113834. [CrossRef]

Liu, C.; Meng, Q.; He, X,; Li, C.; Ye, Y,; Zhang, G.; Liang, ]. Characterization of natural gas hydrate recovered from Pearl River
Mouth basin in South China Sea. Mar. Pet. Geol. 2015, 61, 14-21. [CrossRef]

Fan, Z.; Sun, C.; Kuang, Y.; Wang, B.; Zhao, J.; Song, Y. MRI Analysis for Methane Hydrate Dissociation by Depressurization and
the Concomitant Ice Generation. Energy Procedia 2017, 105, 4763-4768. [CrossRef]

Lv, J,; Jiang, L.; Mu, H.; Xue, K.; Cheng, Z.; Wang, S.; Liu, Y. MRI investigation of hydrate pore habits and dynamic seepage
characteristics in natural gas hydrates sand matrix. Fuel 2021, 303, 121287. [CrossRef]

Almenningen, S.; Gauteplass, J.; Fotland, P; Aastveit, G.L.; Barth, T.; Ersland, G. Visualization of hydrate formation during CO,
storage in water-saturated sandstone. Int. J. Greenh. Gas Control. 2018, 79, 272-278. [CrossRef]

Chen, L.; Yamada, H.; Kanda, Y.; Okajima, J.; Komiya, A.; Maruyama, S. Investigation on the dissociation flow of methane hydrate
cores: Numerical modeling and experimental verification. Chem. Eng. Sci. 2017, 163, 31-43. [CrossRef]

Wang, J.; Zhao, ].; Zhang, Y.; Wang, D.; Li, Y.; Song, Y. Analysis of the effect of particle size on permeability in hydrate-bearing
porous media using pore network models combined with CT. Fuel 2016, 163, 34—40. [CrossRef]

Hou, J.; Ji, Y;; Zhou, K,; Liu, Y.; Wei, B. Effect of hydrate on permeability in porous media: Pore-scale micro-simulation. Int. J. Heat
Mass Transf. 2018, 126, 416—424. [CrossRef]


http://doi.org/10.1016/j.fuel.2019.02.125
http://doi.org/10.1016/j.petrol.2017.09.073
http://doi.org/10.1021/cg901334z
http://doi.org/10.1146/annurev.marine.010908.163824
http://www.ncbi.nlm.nih.gov/pubmed/21141039
http://doi.org/10.1002/2016RG000534
http://doi.org/10.1038/nature02135
http://www.ncbi.nlm.nih.gov/pubmed/14628065
http://doi.org/10.1146/annurev-chembioeng-061010-114152
http://doi.org/10.1002/2016GC006582
http://doi.org/10.1002/2014GC005373
http://doi.org/10.1007/s12517-014-1294-1
http://doi.org/10.1039/C8CS00989A
http://www.ncbi.nlm.nih.gov/pubmed/32567615
http://doi.org/10.1016/j.ijggc.2020.102960
http://doi.org/10.1016/j.ijggc.2018.10.006
http://doi.org/10.1016/j.apenergy.2020.114928
http://doi.org/10.1038/nclimate2381
http://doi.org/10.1007/978-3-319-27019-7_14
http://doi.org/10.1016/j.ijggc.2016.07.009
http://doi.org/10.1002/ceat.201100275
http://doi.org/10.1016/j.egypro.2011.02.334
http://doi.org/10.1007/s40868-017-0040-4
http://doi.org/10.1016/j.cjche.2020.10.014
http://doi.org/10.1016/j.apenergy.2019.113834
http://doi.org/10.1016/j.marpetgeo.2014.11.006
http://doi.org/10.1016/j.egypro.2017.03.1038
http://doi.org/10.1016/j.fuel.2021.121287
http://doi.org/10.1016/j.ijggc.2018.11.008
http://doi.org/10.1016/j.ces.2017.01.032
http://doi.org/10.1016/j.fuel.2015.09.044
http://doi.org/10.1016/j.ijheatmasstransfer.2018.05.156

Molecules 2021, 26, 5021 18 of 20

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Sugit, T.; Sato, T.; Nagao, J.; Jin, Y. Microscale Numerical Simulation For Estimating Permeability of Gas-Water And Solid-Water
Phases in Sand Sediment. In Proceedings of the Nineteenth International Offshore and Polar Engineering Conference, Osaka,
Japan, 21-26 July 2009; pp. 257-261.

Gao, H.; Li, H.A. Pore structure characterization, permeability evaluation and enhanced gas recovery techniques of tight gas
sandstones. J. Nat. Gas Sci. Eng. 2016, 28, 536-547. [CrossRef]

Wang, J.; Zhao, J.; Zhang, Y.; Wang, D.; Li, Y.; Song, Y. Analysis of the influence of wettability on permeability in hydrate-bearing
porous media using pore network models combined with computed tomography. . Nat. Gas Sci. Eng. 2015, 26, 1372-1379.
[CrossRef]

Hao, L.; Cheng, P. Pore-scale simulations on relative permeabilities of porous media by lattice Boltzmann method. Int. ]. Heat
Mass Transf. 2010, 53, 1908-1913. [CrossRef]

Zhao, J.; Kang, Q.; Yao, J.; Viswanathan, H.; Pawar, R.; Zhang, L.; Sun, H. The Effect of Wettability Heterogeneity on Relative
Permeability of Two-Phase Flow in Porous Media: A Lattice Boltzmann Study. Water Resour. Res. 2018, 54, 1295-1311. [CrossRef]
Lv, J.; Cheng, Z.; Xue, K.; Liu, Y.; Mu, H. Pore-scale morphology and wettability characteristics of xenon hydrate in sand
matrix—Laboratory visualization with micro-CT. Mar. Pet. Geol. 2020, 120, 104525. [CrossRef]

Chaouachi, M.; Falenty, A.; Sell, K.; Enzmann, F.; Kersten, M.; Haberthiir, D.; Kuhs, W.F. Microstructural evolution of gas hydrates
in sedimentary matrices observed with synchrotron X-ray computed tomographic microscopy. Geochem. Geophys. Geosyst. 2015,
16,1711-1722. [CrossRef]

Yang, L.; Falenty, A.; Chaouachi, M.; Haberthiir, D.; Kuhs, W.F. Synchrotron X-ray computed microtomography study on gas
hydrate decomposition in a sedimentary matrix. Geochem. Geophys. Geosyst. 2016, 17, 3717-3732. [CrossRef]

Han, G.; Kwon, T.H.; Lee, J.Y.,; Kneafsey, T.]. Depressurization-Induced Fines Migration in Sediments Containing Methane
Hydrate: X-Ray Computed Tomography Imaging Experiments. J. Geophys. Res. Solid Earth 2018, 123, 2539-2558. [CrossRef]

Ta, X.H.; Yun, T.S.; Muhunthan, B.; Kwon, T.H. Observations of pore-scale growth patterns of carbon dioxide hydrate using X-ray
computed microtomography. Geochem. Geophys. Geosyst. 2015, 16, 912-924. [CrossRef]

Mohammadmoradi, P.; Kantzas, A. Direct geometrical simulation of pore space evolution through hydrate dissociation in
methane hydrate reservoirs. Mar. Pet. Geol. 2018, 89, 786-798. [CrossRef]

Lv,J.; Zhao, J.; Jiang, L.; Liu, Y.; Mu, H. A review of micro computed tomography studies on the gas hydrate pore habits and
seepage properties in hydrate bearing sediments. J. Nat. Gas Sci. Eng. 2020, 83, 103555. [CrossRef]

Klapp, S.A.; Enzmann, F.; Walz, P.; Huthwelker, T.; Tuckermann, J.; Schwarz, J.O.; Pape, T.; Peltzer, E.T.; Mokso, R.; Wangner,
D.; et al. Microstructure characteristics during hydrate formation and dissociation revealed by X-ray tomographic microscopy.
Geo-Mar. Lett. 2012, 32, 555-562. [CrossRef]

Gao-Wei, H.; Cheng-Feng, L.; Yu-Guang, Y.; Chang-Ling, L.; Jian, Z.; Shao-Bo, D. Observation of gas hydrate distribution in
sediment pore space. Chin. J. Geophys. Chin. Ed. 2014, 57, 1675-1682. [CrossRef]

Lei, L.; Seol, Y.; Choi, J.-H.; Kneafsey, T.]. Pore habit of methane hydrate and its evolution in sediment matrix—Laboratory
visualization with phase-contrast micro-CT. Mar. Pet. Geol. 2019, 104, 451-467. [CrossRef]

Kou, X; Li, X.-S.; Wang, Y.; Wan, K.; Chen, Z.-Y. Microscale Experiment and Pore-Network Modeling Analysis of Growth Habit,
Pore Structure, and Permeability of Hydrate-Bearing Sediments. Energy Fuels 2021, 35, 8773-8785. [CrossRef]

Liang, H.; Song, Y.; Liu, Y.; Yang, M.; Huang, X. Study of the permeability characteristics of porous media with methane hydrate
by pore network model. J. Nat. Gas Chem. 2010, 19, 255-260. [CrossRef]

Mahabadi, N.; Dai, S.; Seol, Y.; Sup Yun, T.; Jang, ]. The water retention curve and relative permeability for gas production from
hydrate-bearing sediments: Pore-network model simulation. Geochem. Geophys. Geosyst. 2016, 17, 3099-3110. [CrossRef]

Wang, ].-Q.; Zhao, ].-F.; Yang, M.-]; Li, Y.-H.; Liu, W.-G.; Song, Y.-C. Permeability of laboratory-formed porous media containing
methane hydrate: Observations using X-ray computed tomography and simulations with pore network models. Fuel 2015, 145,
170-179. [CrossRef]

Wang, D.; Wang, C.; Li, C.; Liu, C.; Lu, H,; Wu, N.; Hu, G.; Liu, L.; Meng, Q. Effect of gas hydrate formation and decomposition
on flow properties of fine-grained quartz sand sediments using X-ray CT based pore network model simulation. Fuel 2018, 226,
516-526. [CrossRef]

Yu, P-Y.; Sean, W.-Y.; Yeh, R.-Y,; Hsieh, L.-H.C.; Hsu, R.-Q.; Sato, T. Direct numerical simulation of methane hydrate dissociation
in pore-scale flow by using CFD method. Int. |. Heat Mass Transf. 2017, 113, 176-183. [CrossRef]

Jeong, S.-M.; Hsieh, L.-H.C.; Huang, C.-Y.; Sean, W.-Y. Direct numerical simulation of CO, hydrate dissociation in pore-scale flow
by applying CFD method. Int. J. Heat Mass Transf. 2017, 107, 300-306. [CrossRef]

Zhao, J.; Yao, J.; Li, A.; Zhang, M.; Zhang, L.; Yang, Y.; Sun, H. Simulation of microscale gas flow in heterogeneous porous media
based on the lattice Boltzmann method. J. Appl. Phys. 2016, 120, 084306. [CrossRef]

Zhou, S,; Yang, L.; Lv, X.; Xue, K,; Zhao, J.; Liu, Y.; Yang, S. Fine sand migration in hydrate-bearing sediments and median grain
size ratio optimization of gravel pack. J. Nat. Gas Sci. Eng. 2021, 88, 103809. [CrossRef]

Mitsuhori, K.; Sato, T.; Hirabayashi, S.; Brumby, P.; Norimatsu, Y.; Nagao, J.; Jin, Y.; Konno, Y.; Ebinuma, T.; Narita, H. Microscale
Numerical Modelling For Permeability Reduction of Solid-Water Phases In Sand Sediment. In Proceedings of the Twentieth
International Offshore and Polar Engineering Conference, Beijing, China, 20-25 June 2010; Volume 1, pp. 161-164.

Zhang, L.; Kang, Q.; Yao, J.; Gao, Y.; Sun, Z.; Liu, H.; Valocchi, A.J. Pore scale simulation of liquid and gas two-phase flow based
on digital core technology. Sci. China Technol. Sci. 2015, 58, 1375-1384. [CrossRef]


http://doi.org/10.1016/j.jngse.2015.12.018
http://doi.org/10.1016/j.jngse.2015.08.021
http://doi.org/10.1016/j.ijheatmasstransfer.2009.12.066
http://doi.org/10.1002/2017WR021443
http://doi.org/10.1016/j.marpetgeo.2020.104525
http://doi.org/10.1002/2015GC005811
http://doi.org/10.1002/2016GC006521
http://doi.org/10.1002/2017JB014988
http://doi.org/10.1002/2014GC005675
http://doi.org/10.1016/j.marpetgeo.2017.11.016
http://doi.org/10.1016/j.jngse.2020.103555
http://doi.org/10.1007/s00367-012-0276-0
http://doi.org/10.6038/cjg20140530
http://doi.org/10.1016/j.marpetgeo.2019.04.004
http://doi.org/10.1021/acs.energyfuels.1c00775
http://doi.org/10.1016/S1003-9953(09)60078-5
http://doi.org/10.1002/2016GC006372
http://doi.org/10.1016/j.fuel.2014.12.079
http://doi.org/10.1016/j.fuel.2018.04.042
http://doi.org/10.1016/j.ijheatmasstransfer.2017.05.053
http://doi.org/10.1016/j.ijheatmasstransfer.2016.10.115
http://doi.org/10.1063/1.4961599
http://doi.org/10.1016/j.jngse.2021.103809
http://doi.org/10.1007/s11431-015-5842-z

Molecules 2021, 26, 5021 19 of 20

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Chen, X.; Verma, R.; Espinoza, D.N.; Prodanovi¢, M. Pore-Scale Determination of Gas Relative Permeability in Hydrate-Bearing
Sediments Using X-Ray Computed Micro-Tomography and Lattice Boltzmann Method. Water Resour. Res. 2018, 54, 600—-608.
[CrossRef]

Kang, D.H.; Yun, T.S,; Kim, K.Y.; Jang, J. Effect of hydrate nucleation mechanisms and capillarity on permeability reduction in
granular media. Geophys. Res. Lett. 2016, 43, 9018-9025. [CrossRef]

Yoshida, T.; Yamaguchi, T.; Oyama, H.; Sato, T.; Fytianos, G.; Kano, Y.; Nagao, J.; Tenma, N.; Narita, H.; Brumby, P.E. Pore-scale
numerical simulation of mud erosion in the subsea sand—mud alternate layer using lattice Boltzmann method. . Nat. Gas Sci.
Eng. 2016, 36, 62-70. [CrossRef]

Sarupria, S.; Debenedetti, P.G. Homogeneous Nucleation of Methane Hydrate in Microsecond Molecular Dynamics Simulations.
J. Phys. Chem. Lett. 2012, 3, 2942-2947. [CrossRef] [PubMed]

Yan, K.; Li, X.; Chen, Z.; Li, B.; Xu, C. Molecular dynamics simulation of methane hydrate dissociation by depressurisation. Mol.
Simul. 2013, 39, 251-260. [CrossRef]

Sarupria, S.; Debenedetti, P.G. Molecular dynamics study of carbon dioxide hydrate dissociation. J. Phys. Chem. A 2011, 115,
6102-6111. [CrossRef]

Ding, L.; Geng, C.; Zhao, Y. Molecular dynamics simulation on the dissociation process of methane hydrates. Mol. Simul. 2007, 33,
1005-1016. [CrossRef]

Guo, P; Pan, Y.-K,; Li, L.-L.; Tang, B. Molecular dynamics simulation of decomposition and thermal conductivity of methane
hydrate in porous media. Chin. Phys. B 2017, 26, 073101. [CrossRef]

Bagherzadeh, S.A.; Alavi, S.; Ripmeester, ].A.; Englezos, P. Evolution of methane during gas hydrate dissociation. Fluid Phase
Equilibria 2013, 358, 114-120. [CrossRef]

Yagasaki, T.; Matsumoto, M.; Tanaka, H. Effects of thermodynamic inhibitors on the dissociation of methane hydrate: A molecular
dynamics study. Phys. Chem. Chem. Phys. 2015, 17, 32347-32357. [CrossRef]

Liu, N.; Zhou, J.; Hong, C. Molecular dynamics simulations on dissociation of CO, hydrate in the presence of inhibitor. Chem.
Phys. 2020, 538, 110894. [CrossRef]

Bagherzadeh, S.A.; Englezos, P.; Alavi, S.; Ripmeester, ].A. Molecular simulation of non-equilibrium methane hydrate decomposi-
tion process. J. Chem. Thermodyn. 2012, 44, 13-19. [CrossRef]

Alavi, S.; Ripmeester, ].A. Nonequilibrium adiabatic molecular dynamics simulations of methane clathrate hydrate decomposition.
J. Chem. Phys. 2010, 132, 144703. [CrossRef] [PubMed]

Myshakin, E.M.; Jiang, H.; Warzinski, R.P; Jordan, K.D. Molecular Dynamics Simulations of Methane Hydrate Decomposition. J.
Phys. Chem. A 2009, 113, 1913-1921. [CrossRef] [PubMed]

Veesam, S.K.; Ravipati, S.; Punnathanam, S.N. Recent advances in thermodynamics and nucleation of gas hydrates using
molecular modeling. Curr. Opin. Chem. Eng. 2019, 23, 14-20. [CrossRef]

Yuhara, D.; Barnes, B.C.; Suh, D.; Knott, B.C.; Beckham, G.T.; Yasuoka, K.; Wu, D.T.; Sum, A.K. Nucleation rate analysis of
methane hydrate from molecular dynamics simulations. Faraday Discuss. 2015, 179, 463-474. [CrossRef]

Naeiji, P,; Varaminian, F.; Rahmati, M. Comparison of the thermodynamic, structural and dynamical properties of methane/water
and methane/water/hydrate systems using molecular dynamic simulations. J. Nat. Gas Sci. Eng. 2017, 44, 122-130. [CrossRef]
Naeiji, P.; Varaminian, F; Rahmati, M. The kinetic modeling of methane hydrate growth by using molecular dynamic simulations.
Int. ]. Heat Mass Transf. 2019, 142, 118356. [CrossRef]

Barnes, B.C.; Sum, A K. Advances in molecular simulations of clathrate hydrates. Curr. Opin. Chem. Eng. 2013, 2, 184-190.
[CrossRef]

Liang, S.; Kusalik, P.G. Explorations of gas hydrate crystal growth by molecular simulations. Chem. Phys. Lett. 2010, 494, 123-133.
[CrossRef]

Ma, Z.; Ranjith, P.G. Review of application of molecular dynamics simulations in geological sequestration of carbon dioxide. Fuel
2019, 255, 115644. [CrossRef]

Zhang, Y.; Zhao, L.; Deng, S.; Nie, X.; Du, Z. Molecular Dynamics Simulation on Carbon Dioxide Hydrate Formation. Energy
Procedia 2019, 158, 4648-4654. [CrossRef]

Hirohama, S.; Shimoyama, Y.; Wakabayashi, A.; Tatsuta, S.; Nishida, N. Conversion of CHy-Hydrate to CO,-Hydrate in Liquid
COy. J. Chem. Eng. Jpn. 1996, 29, 1014-1020. [CrossRef]

Ohgaki, K,; Takano, K.; Sangawa, H.; Matsubara, T.; Nakano, S. Methane Exploitation by Carbon Dioxide from Gas Hydrates—
Phase Equilibria for CO,-CH,4 Mixed Hydrate System. J. Chem. Eng. Jpn. 1996, 29, 478-483. [CrossRef]

Yoon, J.-H.; Kawamura, T.; Yamamoto, Y.; Komai, T. Transformation of Methane Hydrate to Carbon Dioxide Hydrate: In Situ
Raman Spectroscopic Observations. J. Phys. Chem. A 2004, 108, 5057-5059. [CrossRef]

Ota, M.; Morohashi, K.; Abe, Y.; Watanabe, M.; Smith, J.R.L.; Inomata, H. Replacement of CH, in the hydrate by use of liquid CO,.
Energy Convers. Manag. 2005, 46, 1680-1691. [CrossRef]

McGrail, B.P; Schaef, H.T.; White, M.D.; Zhu, T.; Kulkarni, A.S.; Hunter, R.B.; Patil, S.L.; Owen, A.T.; Martin, P.F. Using
Carbon Dioxide to Enhance Recovery of Methane from Gas Hydrate Reservoirs: Final Summary Report; U.S. Department of Commerce:
Springfield, VA, USA, 2007. [CrossRef]

Svandal, A.; Kvamme, B.; Granasy, L.; Pusztai, T.; Buanes, T.; Hove, ]. The phase-field theory applied to CO, and CH,4 hydrate. J.
Cryst. Growth 2006, 287, 486—490. [CrossRef]


http://doi.org/10.1002/2017WR021851
http://doi.org/10.1002/2016GL070511
http://doi.org/10.1016/j.jngse.2016.10.003
http://doi.org/10.1021/jz3012113
http://www.ncbi.nlm.nih.gov/pubmed/26292230
http://doi.org/10.1080/08927022.2012.718437
http://doi.org/10.1021/jp110868t
http://doi.org/10.1080/08927020701528524
http://doi.org/10.1088/1674-1056/26/7/073101
http://doi.org/10.1016/j.fluid.2013.08.017
http://doi.org/10.1039/C5CP03008K
http://doi.org/10.1016/j.chemphys.2020.110894
http://doi.org/10.1016/j.jct.2011.08.021
http://doi.org/10.1063/1.3382341
http://www.ncbi.nlm.nih.gov/pubmed/20406006
http://doi.org/10.1021/jp807208z
http://www.ncbi.nlm.nih.gov/pubmed/19128002
http://doi.org/10.1016/j.coche.2019.01.003
http://doi.org/10.1039/C4FD00219A
http://doi.org/10.1016/j.jngse.2017.04.010
http://doi.org/10.1016/j.ijheatmasstransfer.2019.07.006
http://doi.org/10.1016/j.coche.2012.12.002
http://doi.org/10.1016/j.cplett.2010.05.088
http://doi.org/10.1016/j.fuel.2019.115644
http://doi.org/10.1016/j.egypro.2019.01.741
http://doi.org/10.1252/jcej.29.1014
http://doi.org/10.1252/jcej.29.478
http://doi.org/10.1021/jp049683l
http://doi.org/10.1016/j.enconman.2004.10.002
http://doi.org/10.2172/929209
http://doi.org/10.1016/j.jcrysgro.2005.11.071

Molecules 2021, 26, 5021 20 of 20

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Ruppel, C.D. Methane Hydrates and the Future of Natural Gas; U.S. Geological Survey: Woods Hole, MA, USA, 2011; pp. 1-25.
Kuang, S.L. Global warming and carbon dioxide mitigation. Xiandai Huagong/Mod. Chem. Ind. 2007, 27, 1-12.

MacDonald, G.J. Role of methane clathrates in past and future climates. Clim. Chang. 1990, 16, 247-281. [CrossRef]

Archer, D. Methane hydrate stability and anthropogenic climate change. Biogeosciences 2007, 4, 521-544. [CrossRef]

Jung, ] W.; Espinoza, D.N.; Santamarina, J.C. Properties and phenomena relevant to CH;-CO; replacement in hydrate-bearing
sediments. J. Geophys. Res. Solid Earth 2010, 115, B10102. [CrossRef]

Zhao, J.; Xu, K; Song, Y.; Liu, W.; Lam, W.; Liu, Y.; Xue, K.; Zhu, Y; Yu, X;; Li, Q. A Review on Research on Replacement of CHy
in Natural Gas Hydrates by Use of CO,. Energies 2012, 5, 399—419. [CrossRef]

Ersland, G.; Husebg, J.; Graue, A.; Kvamme, B. Transport and storage of CO, in natural gas hydrate reservoirs. Energy Procedia
2009, 1, 3477-3484. [CrossRef]

Komatsu, H.; Ota, M.; Smith, R.L.; Inomata, H. Review of CO,—CHj clathrate hydrate replacement reaction laboratory studies—
Properties and kinetics. J. Taiwan Inst. Chem. Eng. 2013, 44, 517-537. [CrossRef]

Everett, S.M.; Rawn, C.J.; Chakoumakos, B.C.; Keffer, D.J.; Huq, A.; Phelps, T.J. Insights into the structure of mixed CO,/CHjy in
gas hydrates. Am. Mineral. 2015, 100, 1203-1208. [CrossRef]

Sean, W.Y,; Sato, T.; Yamasaki, A.; Kiyono, F. CFD and experimental study on methane hydrate dissociation Part I. Dissociation
under water flow. AICKE ]. 2007, 53, 262-274. [CrossRef]

Iwai, Y.; Nakamura, H.; Arai, Y.; Shimoyama, Y. Analysis of dissociation process for gas hydrates by molecular dynamics
simulation. Mol. Simul. 2010, 36, 246-253. [CrossRef]

Geng, C.-Y,; Wen, H.; Zhou, H. Molecular Simulation of the Potential of Methane Reoccupation during the Replacement of
Methane Hydrate by CO;. J. Phys. Chem. A 2009, 113, 5463-5469. [CrossRef] [PubMed]

Zhou, X; Long, Z.; Liang, S.; He, Y.; Yi, L.; Li, D.; Liang, D. In Situ Raman Analysis on the Dissociation Behavior of Mixed
CH4—CO, Hydrates. Energy Fuels 2016, 30, 1279-1286. [CrossRef]

Ota, M,; Saito, T.; Aida, T.; Watanabe, M.; Sato, Y.; Smith, R.L.; Inomata, H. Macro and microscopic CH4-CO, replacement in CHy
hydrate under pressurized CO,. AICKE ]. 2007, 53, 2715-2721. [CrossRef]

Ersland, G.; Husebg, J.; Graue, A.; Baldwin, B.A.; Howard, J.; Stevens, ]. Measuring gas hydrate formation and exchange with
CO; in Bentheim sandstone using MRI tomography. Chem. Eng. . 2010, 158, 25-31. [CrossRef]

Fukumoto, A.; Sean, W.-Y,; Sato, T.; Yamasaki, A.; Kiyono, F. Estimation of dissociation rate constant of CO; hydrate in water
flow. Greenh. Gases Sci. Technol. 2015, 5, 169-179. [CrossRef]

He, Z.; Gupta, K.M.; Linga, P,; Jiang, ]. Molecular Insights into the Nucleation and Growth of CH, and CO, Mixed Hydrates from
Microsecond Simulations. J. Phys. Chem. C 2016, 120, 25225-25236. [CrossRef]

Bai, D.; Zhang, X.; Chen, G.; Wang, W. Replacement mechanism of methane hydrate with carbon dioxide from microsecond
molecular dynamics simulations. Energy Environ. Sci. 2012, 5, 7033-7041. [CrossRef]

Qi, Y,; Ota, M.; Zhang, H. Molecular dynamics simulation of replacement of CHy in hydrate with CO,. Energy Convers. Manag.
2011, 52, 2682-2687. [CrossRef]

Kondori, J.; James, L.; Zendehboudi, S. Molecular scale modeling approach to evaluate stability and dissociation of methane and
carbon dioxide hydrates. . Mol. Lig. 2020, 297, 111503. [CrossRef]

Yi, L,; Liang, D.; Zhou, X.; Li, D. Molecular dynamics simulations for the growth of CH4-CO, mixed hydrate. ]. Energy Chem.
2014, 23, 747-754. [CrossRef]

Kossel, E.; Bigalke, N.K.; Deusner, C.; Haeckel, M. Microscale Processes and Dynamics during CH;—CO, Guest-Molecule
Exchange in Gas Hydrates. Energies 2021, 14, 1763. [CrossRef]

Tung, Y.T.; Chen, L.J.; Chen, Y.P; Lin, S.T. In situ methane recovery and carbon dioxide sequestration in methane hydrates: A
molecular dynamics simulation study. J. Phys. Chem. B 2011, 115, 15295-15302. [CrossRef] [PubMed]


http://doi.org/10.1007/BF00144504
http://doi.org/10.5194/bg-4-521-2007
http://doi.org/10.1029/2009JB000812
http://doi.org/10.3390/en5020399
http://doi.org/10.1016/j.egypro.2009.02.139
http://doi.org/10.1016/j.jtice.2013.03.010
http://doi.org/10.2138/am-2015-4929
http://doi.org/10.1002/aic.11060
http://doi.org/10.1080/08927020903307529
http://doi.org/10.1021/jp811474m
http://www.ncbi.nlm.nih.gov/pubmed/19361183
http://doi.org/10.1021/acs.energyfuels.5b02119
http://doi.org/10.1002/aic.11294
http://doi.org/10.1016/j.cej.2008.12.028
http://doi.org/10.1002/ghg.1469
http://doi.org/10.1021/acs.jpcc.6b07780
http://doi.org/10.1039/c2ee21189k
http://doi.org/10.1016/j.enconman.2011.01.020
http://doi.org/10.1016/j.molliq.2019.111503
http://doi.org/10.1016/S2095-4956(14)60208-4
http://doi.org/10.3390/en14061763
http://doi.org/10.1021/jp2088675
http://www.ncbi.nlm.nih.gov/pubmed/22091947

	Introduction 
	Natural Gas Hydrate in the Sediment 
	Modeling Regarding Dissociation and Formation of Gas Hydrate 
	Replacement Process of CH4 by Injection of CO2 
	Conclusions 
	References

