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1. Introduction

Currently, natural gas hydrates (NGHs) have been proposed as promising and envi-
ronmentally friendly carbon-based energy sources that are beneficial for mitigating the
traditional energy crises [1]. NGH is an ice-like crystal composed of methane molecules
enclosed in a water lattice under low temperature and high pressure, and it is mainly
enriched in deep marine reservoirs or permafrost zones [2]. The energy density of NGH
is extremely high because 1 m3 NGH can disassociate into 164 m3 methane at standard
temperature and pressure. In addition, the amount of organic carbon contained in NGH
is twice that of other traditional hydrocarbon reservoirs, according to the resource’s as-
sessment [3]. Therefore, studying the formation, exploration, and development of NGH
at a greater depth is imperative for promoting the commercial production and utilization
of NGH.

The exploration, exploitation, and further application of NGH are interrelated. Un-
derstanding the NGH’s formation and dissociation is the foundation of its exploration,
development, and applications. The exploration serves as a connecting link between for-
mation and development. The exploration is highly dependent on understanding the
formation characteristics and provides references for selecting development sites and
methods. The development directly tests the theories and practices of the formation and ex-
ploration and advances NGH to commercial production. Although some pilot productions
of NGH have been carried out in some countries and regions, some unforeseen problems
still remain, which limit its commercial exploitation [4,5]. The comprehensive research
on the properties and formation of NGH is paramount for guaranteeing its efficient and
effective exploration and development. An in-depth study of the fundamental properties
of NGH formation and dissociation can provide significant guidance for its exploration
and development [6]. The practices on the exploration and development, in turn, can also
provide helpful insights into its formation and dissociation. The Special Issue of Energies
on the subject area of “Formation, Exploration and Development of Natural Gas Hydrate”
aims to collect the latest research outputs on the theory and practice in basic properties,
novel exploration technology, and highly efficient development process. We hoep that this
Special Issue can spur advancements and provide a more effective strategy for the field
production of NGH.

2. Formation and Exploration of Natural Gas Hydrate

Distinct from conventional oil and natural gas deposits, marine NGH is widely en-
riched in argillaceous low-permeability sediment reservoirs, which are characterized by
non-diagenesis and weak cementation. The basic physical characteristics of marine hydrate
reservoirs and their spatial-temporal evolution are the decisive factors for understanding
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the reservoirs, which transform and realize the development of hydrate resources. Al-
though the phase equilibrium [7], structural properties [8], mass transfer mechanism [9],
heat transfer analysis [10], growth kinetics [11,12], and phase change parameters [13] of
NGH have been well-studied in the past, a need for a fundamental and thorough un-
derstanding of NGH formation and occurrence still remains. In particular, developing
high-precision, multi-dimensional, and comprehensive exploration technologies are the
future direction of deep-sea NGH exploration [14]. The advancement in this field will
be conducive to ascertaining the geological condition, revealing the reservoir-forming
mechanism, proving the NGH reserve, and disclosing the NGH distribution. This Special
Issue plans to collect the latest advancement in the formation mechanism and exploration
technologies of NGH and provides a basis for screening NGH’s sweet spots.

3. Dissociation and Exploitation of Natural Gas Hydrate

NGH is considered the most promising potential clean energy source for substituting
traditional energy sources [15]. Many countries, including Russia, Canada, the USA, Japan,
and China, have launched pilot field productions of NGH and have made rapid and im-
portant progress [16]. The development of NGH has moved from early field surveys and
laboratory tests into field production, and it is at the transitory stage of commercial produc-
tion [17]. Although some technologies, including depressurization [18], heat injection [19],
CO2 replacement [20], and other novel methods [21], have been widely studied, these
technologies are still immature because of their low yields, high costs, and low efficiencies.
In addition, the spatial-temporal variation and multiple-time-scale characteristics of heat,
fluid, stress, structure, and distribution in NGH reservoirs are unknown, impeding the
large-scale production of NGH. The joint development of hydrate and oil and gas with
multi-type, different occurrence forms, and various depths will be the critical points of
future deep-sea hydrate development strategies. This Special Issue will focus on the recent
advancement of the highly efficient exploitation method of NGH and drive the large-scale
and commercial development of NGHs.

4. Flow Assurance of Hydrate Blockage

Safe and efficient development has always been a central topic in the oil and gas
industry. Since 2000, significant oil and gas discoveries have been made in deep waters
around continental edges. Compared to onshore development, offshore development safety
issues are more prominent because of (i) more expensive offshore facilities and (ii) marine
ecological disasters caused by oil leakage and geological disasters by hydrate blockage [22].
Continuous accidents due to hydrate blockages were reported, such as Statoil Tommeliten-
Gamma, Norway, Wyoming Werner-Bolley, America, Jinzhou 20-2, China, Roncador Field,
Brazil, Marlim Field, Brazil, and others. Therefore, the flow assurance of hydrate blockage
management attracts increasing investigations from both scientists and engineers. Extensive
efforts have been made for accurate predictions as well as detection, effective prevention,
and functional remediation [23]. This Special Issue provides accounts of recent concepts and
technologies in flow assurance, and some novel methods such as interfacial modification
and green inhibitors would help the management of hydrate blockage.

5. Further Applications of Gas Hydrate

In recent years, hydrate-based technologies have been considered as promising alterna-
tives for solving numerous energy- and environment-related issues, such as H2 storage and
separation [24], CO2 geological sequestration [25], refrigerant as suitable cold storage [26],
heavy metal separation and desalination [27], and others [28]. Extensive efforts have been
dedicated to optimizing the hydrate growth rate and the application efficiency across
various scales. The latest research studies reported impressive experimental results and
functions with great promise; however, this field is still far from industrial application and
is limited by effective rapid formation methods and suitable adjustable systems. Thus, this
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Special Issue also pays attention to the new discovery of well-controlled hydrate phase
changes and development to promote the further application of gas hydrates.
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Principle and Feasibility Study of Proposed Hydrate-Based
Cyclopentane Purification Technology
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Abstract: The separation of azeotropic mixtures has conventionally been one of the most challenging
tasks in industrial processes due to the fact that components in the mixture will undergo gas–liquid
phase transition at the same time. We proposed a method for separating azeotropes using hydrate
formation as a solid–liquid phase transition. The feasibility of hydrate-based separation is determined
by analyzing the crystal structure and chemical bonds of hydrate. Taking the azeotrope cyclopentane
and neohexane in petroleum as an example, cyclopentane (95%) was purified to 98.56% yield using
the proposed hydrate-based cyclopentane purification technology. However, this is difficult to
achieve using conventional distillation methods. The proposed method is simple in operation and
yields a good separation effect. This study provides a new method for separating cyclopentane
and neohexane.

Keywords: azeotrope; cyclopentane; neohexane; hydrate; phase transition

1. Introduction

In many areas of industry, the separation of liquid mixtures is an important tech-
nology [1]. Some components in these liquid mixtures have great economic value after
purification, so the separation of these mixtures into their pure components is necessary. Of
all known liquid separation techniques, distillation is the most widely used technique [2]. It
has the advantages of simple operation and high controllability, and it is especially widely
used in oil separation. However, when some liquid mixtures boil, the liquid and gas phases
have the same composition. This condition is called azeotropism [1]. Due to the relative
volatility (α = 1), azeotropes cannot be separated by ordinary distillation [3]. Therefore,
some other methods have been invented to separate azeotropes, such as azeotropic distilla-
tion, extractive distillation, pressure-swing distillation, liquid–liquid extraction, adsorption,
membranes, etc. [4].

Cyclopentane (CP) and neohexane (22MB) are important industrial chemicals and
typical azeotropic mixtures [5]. CP can be used as a foaming agent as well as to produce
cyclopentanol and cyclopentanone [6]. When separating CP from a C5 hydrocarbon
mixture, the purity of the product is limited by the coexistence of 22MB in the system,
making the separation difficult [7]. For this near-boiling and azeotropic system, extractive
distillation is commonly used in industry for separation [8]. Extractive distillation (ED)
is an efficient technology for separating azeotropic and near-boiling-point systems [3].
Many researchers have studied extractants that separate CP and 22MB. For example,
Lee [9] used mixed solvents as extractants for ED. Sun and Zhao [10] found that N, N-
dimethylformamide (DMF), N-methylpyrrolidone (NMP) and cyclohexanol (CHOL) are
also suitable organic solvents for separating the mixture of CP and 22MB. However, the ED
process usually has drawbacks, such as smaller changes in relative volatility, large solvent

Energies 2023, 16, 4681. https://doi.org/10.3390/en16124681 https://www.mdpi.com/journal/energies5
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usage and high energy consumption. So, we need to develop new technologies that are
more energy efficient, environmentally benign and inherently safe.

Hydrate is a kind of nonstoichiometric cage-like crystal material formed by water and
other small molecular objects, also known as cage hydrate [11]. When water and guest
molecules have contact under proper conditions, the water molecules are connected by
hydrogen bonds to form some polyhedral cages, in which guest molecules of appropriate
size can be fixed to form solid hydrates. The hydrate former M can be described by the
following hydration reaction equation:

M + xH2O = M·xH2O (1)

where x is the hydration number [12]. However, when environmental conditions change
slightly, hydrates can be decomposed into water and guest molecules again. Hydrate
generation in oil and gas pipelines will cause plugging [13], but it is undeniable that gas
hydrate has the potential to be a new technology for the benefit of mankind. Because it is a
reversible phase-change mechanism that works by controlling temperature and pressure, a
series of hydrate-based technologies have been developed. The hydrate-based desalination
process is the earliest hydrate utilization technology [14]. At present, hydrate utilization
technology has been developed for gas separation, gas storage and transportation [15],
solution concentration and separation, hydrate cold storage and replacement mining [16].
Among these technologies, hydrate-based gas separation, gas storage and transportation,
and wastewater treatment are three of the most studied, mature and large-scale develop-
ments for commercial use [17]. At present, hydrate technology can be used to store methane
under conditions close to normal pressure [18].

Hydrate-based gas-mixture separation technology is widely discussed because of its
simple process, low cost, environmental friendliness and other characteristics [19]. Different
gas hydrates have different phase equilibria. By controlling temperature and pressure,
one kind of gas forms hydrate while the other gas remains unchanged, thus achieving gas
separation [20]. Compared with the crystallization method and liquefaction method, the
conditions for hydrate-based gas-mixture separation technology are milder, and the gas
forming the hydrate more readily than the others will be concentrated in solid hydrate [21].
The pressure required for gas hydrate formation is often lower than the pressure for
liquefaction, and using water as a promoter will not cause pollution. This means lower costs
and environmental friendliness. Using CO2 hydrate formation and dissociation to separate
CO2 from gas mixtures is perceived as a technically feasible method for carbon capture and
storage [22]. Hassanpourouzband et al. [23] successfully realized that more than 40% of CO2
can be separated in the form of hydrate by using gas hydrate formation and dissociation.
This method can effectively reduce the emissions of CO2 from fossil fuels and thus slow
down global warming [24]. CH4 separation from a gas mixture also has great significance
and important research value [25]. Zhang et al. [26] recovered CH4 from low-concentration
coal-mine CH4 by adding THF as the thermodynamic promoter. This is a good way to
use the coal-mine CH4. Hydrate-based gas separation is also very effective in separating
many other mixed gases. For example, Ko et al. [27] proposed a hydrate–liquefaction
combined method to separate SF6 from greenhouse gases. Kim et al. [28] analyzed the
viability of CHF3 separation using a gas-hydrate-based method. Wang et al. [29] separated
H2 from H2 and CH4 binary gas mixtures with various H2 concentrations using hydrate-
based technology, and the H2 content could be enriched to up to 94%. These studies show
that hydrate-based gas-mixture separation technology can achieve high gas-separation
efficiency, and the method is especially suitable for the gases which easily can form gas
hydrates [17]. However, at present, hydrate-based separation technology is mainly used to
separate gas, and the separation of liquid azeotropes has not been confirmed.

This paper is the first to explore the application of hydrate-based separation technology
in liquid azeotropes. CP and 22MB will form binary azeotropes and CP is an ideal guest
molecule to form hydrate. CP can form hydrate under normal pressure [30]. 22MB cannot
form hydrate under normal pressure and will be excluded from the crystal structure. At the
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same time, CP is insoluble in water, which makes it easy to separate the CP from water after
the subsequent decomposition of the hydrate. At present, some researchers have verified
the feasibility of separating CP and 22MB by hydrate phase change under normal pressure
through molecular simulation [31].

In this study, we conducted an experimental exploration of the treatment of a CP and
22MB mixture using hydrate-based separation technology. The hydrate crystal structure
and purification efficiency were studied. The results show that the hydrate phase-change
separation method has broad prospects for treating the mixture of CP and 22MB, high
purification efficiency and short treatment time.

2. Materials and Methods

2.1. Experimental Apparatus and Materials

Deionized water with a specific resistance of 18 MΩ was produced using Aquapro2S
via reverse osmosis. CP and 22MB were purchased from Aladdin Industrial Corporation
(Shanghai, China). An Oxford Instruments Low Field Nuclear Magnetic Resonance System
was used (Figure S1, Abingdon, UK). The model of X-ray diffractometer used was a Bruker
D8 Advance (Figure S2, Billerica, MA, USA) and the Raman spectrometer model was a
LabRAM HR Evolutione (Figure S3, Horiba, Kyoto, Japan). The model of refrigeration
constant-temperature circulating water bath was a Labtemp CC-4008E (Guangzhou, China).
The model of the magnetic stirrer was an AS ONE CS-4 1-4609-25 (Osaka, Japan). The
model of diaphragm vacuum pump was a GM-0.5A (Tianjin, China). The model of the
high-speed freezing centrifuge was an H1850R (Changsha, China).

2.2. Experimental Procedure and Conditions

CP and 22MB were used to configure mixtures of different concentrations. The concen-
tration of CP in the mixture was 70–95%. The experiment was divided into three parts. The
experimental process is shown in Figure 1. The first part of the experiment was to verify
whether hydrate can be formed. A sealed glass bottle was used as a reaction container.
The 70% CP (20 mL) was mixed with water (80 mL) at 2 ◦C and the electromagnetic stirrer
was set to 700 rpm. The reaction time was 12 h. It has been reported that it is very hard to
form CP hydrate in the static state, while NMR measurements cannot be performed in the
agitated state. So, detection by the nuclear magnetic resonance instrument was performed
before and after the reaction. We measured the T2 distribution via the low-field NMR
system using the following test parameters: time of recycle delay (RD) = 7500 ms; resonant
frequency (RF) = 12.71 Hz; number of echoes (NOE) = 46,296; and the time between the 90◦
pulse and the first acquired echo (Tau) = 0.0127 ms.

Figure 1. Experimental system.

The second part of the experiment was to detect the hydrate structure. The hydrate
generated in the first part of the experiment was vacuumed and then centrifuged for 5 min
at −5 ◦C and 4000 rpm to completely remove the residual liquid in the hydrate. The hydrate
was ground into powder under the protection of liquid nitrogen, and then tested by XRD
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and Raman spectrometer. The measurement temperature for XRD and Raman was set to
250 K to prevent hydrate decomposition during the measurement process. X-ray diffraction
analysis was conducted using filtered Cu Kα radiation (λ = 0.154 nm, operated at 40 kV
and 40 mA). The 2θ range was set from 5◦ to 60◦, with a step of 1.5◦ min−1. The Raman
analysis was conducted using a 532 nm laser. The experiment was repeated with CP (20
mL) and water (80 mL) antisense as control group.

The purpose of the last part of the experiment was to verify the separation effect.
Different concentrations of CP (70–95%) were used to generate hydrate under the above
experimental conditions. The separated hydrates decomposed at 20 ◦C to produce pure CP
and water. Because CP is insoluble in water, it was separated via liquid separation and its
purity was measured using gas chromatography.

The equation for calculating the purification efficiency based on the proposed hydrate
method is expressed as follows [32]:

Impurity removal ratio =
C0 − Cf

C0
×100% (2)

where C0 is the initial concentration of impurity, and Cf is the concentration of impurity in
the CP obtained from the decomposition of CP hydrate.

The hydrate conversion rate was calculated using equation [33]:

Conversion ratio =
mh
m0

× 100% (3)

where m0 is the mass of hydrate formation theoretically, and mh is the mass of hydrate
formation actually.

3. Results and Discussion

3.1. Nuclear Magnetic Resonance

Magnetic resonance imaging technology is a new optical measurement system often
used in medical and biological science research. In addition, many researchers have
conducted extensive research and observed the hydrate formation process by using nuclear
magnetic resonance (NMR) imaging technology [34].

NMR imaging systems are mainly used to capture images of hydrogen protons in
liquid water, and the nuclear-magnetic-signal intensity is proportional to the hydrogen
proton content. It is known that the NMR of fluids close to solids can be quite different
from that for pure fluids; these effects are strongly linked to the characterization of pore
fluids and fluid distributions in porous media through NMR measurements [35]. During
hydrate formation, hydrogen protons are mainly distributed in liquid water, and the
transverse relaxation time of the hydrogen protons in the hydrate is significantly shorter
than that in free water. Therefore, hydrate formation can be determined based on the
nuclear-magnetic-signal value of water measured using the NMR system.

NMR data from before and after the reaction were measured, as shown in Figure 2.
The 0.01–1 ms section represents the hydrate, and the peak area significantly increases after
the reaction. The 10–10,000 ms section represents the water, and the peak area significantly
decreases after the reaction [36]. The NMR results showed that the mixture of CP and
22MB reacted with water to form hydrates. Because the agitator used in the experiment
was magnetic, measurements could not be made during hydrate formation. According to
Kuang [36], in situ hydrate formation experiments can obtain more accurate data. However,
electromagnetic stirrers cannot be used in in situ experiments. We attempted to conduct
in situ hydrate formation experiments under static conditions, but no hydrate formation
occurred within 12 h. So, we had to use experiments that were not in situ. The consumption
of water can be calculated according to the change in the nuclear magnetic signal.
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Figure 2. T2 distribution of hydrate generated from the mixture of CP and 22MB and a real picture of
the hydrate.

3.2. X-ray Diffraction

The periodic arrangement of atoms in the crystal creates conditions for light diffrac-
tion [37]. The wavelength of X-rays is similar to the distance between atoms, and this
produces constructive interference at specific angles. Different diffraction patterns are
produced by X-ray scattering from different atomic structures. X-ray diffraction (XRD)
techniques use this principle to elucidate the crystalline nature of materials [38].

The hydrate crystals had three main structures: sI, sII and sH [39]. Cubic struc-
ture I contains small (0.4–0.55 nm) guests; cubic structure II generally occurs with larger
(0.6–0.7 nm) guests; and hexagonal structure H may occur only with mixtures of both small
and large (0.8–0.9 nm) molecules [40]. CP could react with water to form sII hydrates, and
22MB could not react with water to form sII hydrates. CP and 22MB can form sH hydrate
with other small molecules.

The structural type of the hydrate was determined by analyzing its X-ray diffraction
spectrum. Figure 3 shows a comparison between the X-ray diffraction (XRD) patterns of
the hydrate generated by the mixture, the CP hydrate, ice and the sII hydrate. The XRD
spectra of the ice and sII hydrate were determined by Yousuf [41].

θ

Figure 3. XRD spectra of hydrates of two samples showing characteristic peak positions of ice and sII
hydrates in lower half.

The mixture of CP and 22MB reacted with water to form sII hydrate (Figure 3). The
XRD wave patterns of the experimental group and the control group were consistent.
Compared with the standard peak position, the measured peak position had a certain left
deviation, which was caused by slightly different temperature and measurement error. In
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addition to the hydrate phase, significant ice diffraction peaks appeared in the XRD spectra
of the two hydrate samples, owing to water condensation and mixing into the samples
when the samples were ground under the protection of liquid nitrogen. Some peaks were
not obvious, which was caused by insufficient grinding. No characteristic wave peak of sH
hydrate was observed in the XRD spectrum of the mixture hydrate, preliminarily indicating
that no hydrate was formed from 22MB.

3.3. Raman Spectroscopy

Raman spectroscopy is considered to be one of the most reliable and versatile tools for
analyzing several materials under laboratory and field conditions [42]. Electromagnetic
radiation interacts with matter through absorption, transmittance or scattering phenomena.
This will cause the photon energy to change. The energy difference between the incoming
photon and the outgoing one is called “Raman shift” [43].

CP and 22MB in the hydrated state exhibited different Raman shifts. By analyzing the
Raman shift of the sample, the guest molecules in the hydrate could be determined.

The Raman peak position of the sample was the same as the CP hydrate (Figure 4). The
Raman peak near 896 cm−1 indicated the respiratory ring vibration of CP [44]. The Raman
peaks near 2876 and 2983 cm−1 corresponded to the C-H symmetric and C-H stretching
vibrations of CP, respectively [45]. Based on these three Raman peaks, the formation of
CP hydrate in the experiment was determined. According to Lv [46], the Raman peaks
near 3160 and 3340 cm−1 corresponded to O-H stretching vibration. The Raman peaks near
3160 cm−1 corresponded to the coupled symmetric O-H stretching mode of tetrahedrally
coordinated hydrogen-bonded water. The Raman peaks near 3340 cm−1 corresponded to
the O-H stretching mode of incomplete-tetrahedral-coordination hydrogen-bonded water,
indicating a water molecular-arrangement disorder. The peak positions of the Raman
spectra showed no difference for the formed CP hydrates with and without 22MB, which
indicated that the addition of 22MB had no impact on the structure of the produced CP
hydrates.

−

Figure 4. Raman characterization of samples.

3.4. Purification Results

The recovery ratio and purification effect are important parameters to indicate the
performance of purification methods. We calculated the reduction rate of impurity (22MB)
content in CP to express the purification effect. Because the purified CP was obtained by
decomposition of hydrate, we used the hydrate formation ratio to replace the CP recovery
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ratio. If the purity of CP is too low, it will affect the formation of hydrate, so we tried to
purify CP in the concentration range of 70–95%.

The impurity removal ratio determines the quality of the produced CP, which can be
monitored by gas chromatography–mass spectrometry and then calculated by Equation (2).
For the initially highest mass fraction of CP (95%), the purified CP fraction reached to
98.56%, corresponding to an impurity removal ratio of 71.2%. As shown in Figure 5, with
the increase in the initial mass fraction of CP from 70% to 95%, the impurity removal
ratio only ranged between 37.6% and 25.3% when using suction filtration alone. With
further centrifugal separation, the impurity removal ratio reached from 73.4% to 71.2%.
These results demonstrated that the initial CP concentration had a weak effect on the
impurity removal ratio, and the solid–liquid separation approach (i.e., suction filtration
and centrifugal separation in this study) had a significant influence on impurity removal
ration. The mass fraction of CP obtained by ordinary distillation is 80~85% [47]. Hydrate-
based separation technology can obtain CP with higher purity than ordinary distillation.
According to the detection using XRD and Raman, it was found that the hydrate structure
did not contain 22MB, but that a certain amount of 22MB may be attached to the surface of
the hydrate. Therefore, efficient solid–liquid separation methods may become the focus of
follow-up research.

Figure 5. Effect of mass fraction of CP on impurity removal ratio.

As can be seen in Figure 6, the hydrate formation rate was between 40.5% and 80.6%.
The hydrate formation ratio increased with the increase in CP purity. This is because the
existence of 22MB will inhibit the formation of CP hydrate to a certain extent. The hydrate
formation rate of 90% CP was almost the same as that of 95% CP, which means that the lower
concentration of 22MB had little effect on hydrate formation. The hydrate conversion ratio
calculated by measuring water consumption through T2 was different from the hydrate
conversion ratio measured by weighing. This may have been caused by the formation of
condensed water on the surface of the reactor during T2 measurement. The higher the
hydrate formation rate, the more CP will be recovered. When the purity of CP is too low, it
is difficult to form hydrates. In Figures 5 and 6, it can be observed that the conversion ratio
of hydrates has almost no effect on impurity removal. Conventional technology to obtain
high-purity CP requires increasing the number of plates in the distillation column, which
will greatly increase energy consumption. In contrast, our technology had excellent results
in purifying high-purity CP.

11



Energies 2023, 16, 4681

Figure 6. Effect of mass fraction of CP on hydrate conversion ratio.

Currently, as shown in Table 1, ED is commonly used in industry to purify CP. The
process consists of two parts, namely, an ED column and a recovery distillation column.
If you want to effectively separate CP and 22MB, the number of stages needs to be above
60. This means complex processes and high energy consumption. More importantly,
the conventional method requires gasification of CP, which is toxic and explosive. Our
technology is relatively safe.

Table 1. Comparison of extractive distillation and hydrate separation technology.

Extractive Distillation Hydrate Separation Technology

Process stages addition of extractant, vaporization (22MB), flow,
vaporization (CP), condensation

formation, separation,
decomposition

Device ED column (42~65 plates) recovery distillation column
(10~36 plates)

formation
reactor

decomposition
reactor

Temperature (◦C) 52.23 (overhead)~114.79
(bottom) 51.78 (overhead)~162.64 (bottom) 2 20

Pressure (kPa) 110 160 110 135 101 101
Additive N,N-dimethyl formamide (DMF) water

Feed: Additives 1:10 1:4
References [31,47,48]

4. Conclusions

This study shows that the hydrate-based process has great potential for treating CP
and 22MB mixtures. When the experimental temperature is 2 ◦C and the electromagnetic
stirrer is 700 rpm, this method can effectively deal with CP with a mass fraction of 70–95%.
The recovery ratio of CP is 40.5–80.6%, and the impurity removal ratio is more than 71.2%.
When 70% CP is to be purified, the recovery ratio of CP is 40.5%. When 95% CP is to be
purified, the recovery ratio of CP is 80.6%. This method performs better in the treatment of
high-purity CP, which is impossible for ordinary distillation. The volume of ED equipment
is too large to handle small amounts of CP. The proposed technique may be valuable for
separating high-purity CP from petroleum. This hydrate-based separation technology also
has the potential to be expanded to other azeotropes.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/en16124681/s1, Figure S1: Nuclear Magnetic Resonance
System; Figure S2: X-ray diffractometer; Figure S3: Raman spectrometer.
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Abstract: In the Shenhu Area of the South China Sea, although some numerical studies are conducted
on the gas production at well SHSC-4, the geomechanical responses have not been taken into
account, and the associated impact of permeability enhancement on gas production has not been
thoroughly investigated. In this study, pTOUGH+HYDRATE V1.5 coupled with the RGMS is applied
to account for geomechanical responses. Based on actual geological conditions, the reservoir model
has five layers: the hydrate-bearing layer (HBL), the three-phase layer (TPL), the free gas layer
(FGL), the overburden, and the underburden. The numerical results match the trial production data,
validating the numerical model. The analysis shows that gas production from the FGL contributed
the most (72.17%) to the cumulative gas production (Vg), followed by the TPL (23.54%) and the
HBL (4.29%). The cumulative water-to-gas ratio (RwgT) gradually decreased during gas production,
with the HBL exhibiting the highest value. Permeability enhancement can improve gas production,
with the FGL being the most responsive to such enhancement. It increased Vg by 87% and reduced
RwgT to 85%. To achieve more realistic production schemes and better enhance energy recovery, it is
advisable to conduct numerical investigations that incorporate geomechanical considerations due to
the intricate nature of hydrate-bearing sediments.

Keywords: permeability enhancement; geomechanical response; coupled geomechanics and flows of
fluid and heat; gas hydrate production; Shenhu Area

1. Introduction

1.1. Background

Natural gas hydrates (NGHs) are commonly referred to as combustible ice, which is
a non-stoichiometric cage crystalline compound [1], because of their ice-like appearance
and ability to be burned. NGH, being an unconventional source of clean energy, produces
the least amount of CO2 per unit of energy [2]. The potential reserves of hydrated gas
are over 1.5 × 1016 m3 and are widely distributed throughout the earth [3], with over
230 hydrate deposits discovered globally in ocean floors and permafrost zones. To extract
methane gas from hydrate reservoirs, the in-situ equilibrium condition (high pressure and
low temperature) of NGH must be broken, allowing it to decompose and be produced as
fluid. Four methods can be used for gas recovery from hydrate-bearing sediments, includ-
ing depressurization [4,5], thermal stimulation [6], inhibitor injection [7], and CO2–CH4
replacement [8–11]. National programs exist in many countries to research and produce
natural gas from gas hydrate deposits in order to discover the commercialization possibility
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of methane hydrate resources, leading to various studies on the Alaska North Slope [12–15],
the Mallik site in Canada [4,16,17], the Black Sea [18,19], the Krishna–Godavari basin in
India [20,21], the Ulleung basin in Korea [22,23], the Nankai Trough in Japan [24–26], and
the South China Sea [27–29] and Qilian Mountain [30] in China.

In general, both marine and terrestrial gas hydrate accumulations are targeted for ex-
ploitation. Extracting methane from hydrates can provide a significant global energy supply
as long as the operation is controlled to prevent any leakage. Concerns about potential envi-
ronmental risks are increasing, particularly regarding methane escape to the seafloor during
hydrate exploitation in marine region [31]. In addition to production leakage, the warming
atmosphere can disrupt the stability of hydrate fields, leading to the release of sequestered
methane into the sediments and soils above. The methane, along with methane-derived
carbon, can further contribute to greenhouse warming when it reaches the atmosphere [32]. If
this happens in the terrestrial region, it has the potential to cause a catastrophic disaster, even
with only around 1% of the global gas-in-place estimated to be in the permafrost-associated
NGH [33]. This topic has sparked interest in studies that aim to quantify natural gas hy-
drates from ice [34] and understand how gas hydrate-bearing permafrost sediments respond
to changes in environmental temperature [35]. While both NGH exploitation and global
warming can have environmental effects, the focus of this study is to evaluate the production
potential of offshore hydrate accumulations in the South China Sea.

The main focus of this study is on the Shenhu area located in the northern part of the
South China Sea. Between the years 2007 and 2016, the Guangzhou Marine Geological
Survey (GMGS) conducted three gas hydrate drilling expeditions, namely, GMGS1, GMGS3,
and GMGS4 [36]. During GMGS3, the team drilled a total of 23 sites for logging-while-
drilling (LWD) and 4 sites for core drilling. The results indicated that the average hydrate
saturation ranged from 13.7% to 45.2% [36]. Among these drilling sites, the first gas hydrate
production site, W17, was selected [29]. This was a significant accomplishment since
hydrates in the Shenhu area exist in clayey silt sediments, which pose production challenges
due to their low permeability and high levels of clays. The W17 well test demonstrated
the possibility of production in such a location, which accounts for 90% of total hydrate
reservoirs [37]. In 2017, the China Geological Survey set a new world record for gas hydrate
production by performing a successful offshore methane hydrate production test in the
Shenhu Area. The team used a single vertical well and depressurization for a production
period of 60 days, resulting in a total gas production of 3.09 × 105 ST m3, averaging
5.15 × 103 ST m3/d [29]. This achievement marked the most significant amount of gas
production and the longest production period in history. Recently, the China Geological
Survey performed another production test using a horizontal well for the first time in
the Shenhu Area, achieving a 30-day continuous gas production process. The total gas
production reached 8.614 × 105 ST m3, averaging 2.87 × 104 ST m3/d [27]. The gas
production rates in both production tests remain significantly below 5.00 × 105 ST m3/d,
which is necessary for the commercial exploitation of NGHs [1].

The commercialization of methane hydrate resources is a crucial challenge, necessitat-
ing the need for enhanced gas recovery from methane hydrate deposits and leading to the
exploration of various methods to increase gas production. The second production test in
the Shenhu area indicates that horizontal wells have been found to enhance gas production
by increasing the contact area between the well and the reservoir. However, the cost of hor-
izontal wells is 1.5 to 2.5 times more than vertical wells [38]. In addition to horizontal wells,
permeability enhancement (e.g., hydraulic fracturing), allowing gas to flow more freely
towards the wellbore, might be a cost-effective option for methane hydrate reservoirs to
stimulate gas production, resulting in a significant increase in gas recovery. This enhanced
gas recovery can maximize the productivity of wells and boost overall production rates, ul-
timately paving the way for the commercialization of methane hydrate resources. Previous
studies in the eastern Nankai Trough have demonstrated that permeability anisotropy and
permeability improvement can enhance gas recovery [24,39]. Therefore, it appears feasible
to improve gas recovery in the South China Sea via permeability enhancement as well.
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Conducting field tests to determine gas recovery via different production schemes
is impossible, thus necessitating the use of a numerical simulator to simulate production
performance. The most commonly used simulator for studying production behavior in
gas-hydrate-bearing sediments is TOUGH+HYDRATE (T+H). T+H is capable of describing
mass and heat flows, hydrate formation and dissociation, and the inhibitor effect [40].
When compared to other simulators available for hydrate simulations, T+H demonstrates
superior predictive results when assessing production feasibility for permafrost and marine
hydrates [41]. T+H has been utilized to identify gas recovery from low-permeability
hydrate reservoirs via depressurization [42], as well as natural gas hydrate reservoirs in
the eastern Nankai Trough [26]. Some studies have also incorporated a geomechanical
simulator to analyze geomechanical responses [43–45]. By utilizing these simulators, the
effectiveness of permeability enhancement can be determined.

In order to evaluate the potential for gas production resulting from permeability
enhancement in the South China Sea, various numerical simulations have been carried
out. In the Liwan 3 Area, Zhang et al. [46] focused on a methane hydrate reservoir with
the conditions of low permeability located at site LW3-H4-2. Their approach involved
the use of an enlarged, highly permeable well wall, which was proposed as a means of
promoting gas production. At site SH2 in the Shenhu Area, Li et al. [47] and Sun et al. [48]
suggested the stratification split grouting foam mortar method and hydraulic fracturing,
respectively, as methods to improve permeability for production enhancement. The lat-
ter study demonstrated the influences of horizontal and vertical fractures. Despite the
different methods used for permeability enhancement, Yu et al. [49] conducted a study
showing that gas production can be significantly enhanced by the complex mechanisms
associated with permeability enhancement at well SHSC-4. These models were based on
various geological conditions in the South China Sea and explored the impact of different
parameters, including permeability, on gas recovery.

Despite the progress made in enhancing gas production from methane hydrate de-
posits, the effect of permeability associated with geomechanical responses on gas produc-
tion enhancement has not been thoroughly investigated. Previous studies have predomi-
nantly relied on simplistic adjustments of formation porosity and permeability based on
pressure and temperature, with a primary focus on understanding the interplay between
system flow and thermal aspects. Unfortunately, these studies have overlooked the crucial
factors of media deformations and changes in stress fields. Geomechanics is a critical factor
in understanding the behavior of hydrate behavior because of the state and phase changes,
leading to changes in its porosity, permeability, and flow characteristics [4,50,51]. Specifi-
cally, changes in stress and pressure can cause the rock to compact or expand, affecting the
pore structure and connectivity. These changes in permeability can significantly impact the
flow of gas within the reservoir, influencing production rates and overall productivity.

Before commercial gas production from hydrate deposits can be developed, it is essen-
tial to address and understand the geomechanical response of hydrate-bearing sediments.
Particularly, potential wellbore instability and casing deformation are significant concerns
that must be tackled [52]. The application of mechanical loads to sediments containing
hydrates can cause hydrate dissociation and result in a substantial increase in pressure.
This pressure increase can negatively impact the wellbore assembly, the hydrate-bearing
sediments, and the surrounding formations, posing risks to their integrity and stability [50].
To prevent failures like tensile or buckling failure in the well assembly, it becomes crucial
to implement appropriate well design based on numerical simulations accounting for the
geomechanical response [53].

To evaluate the production potential in the South China Sea, it is crucial to have a
comprehensive understanding of the intricate interactions between permeability, geome-
chanical responses, and gas production enhancement. To gain a more accurate and holistic
understanding of these phenomena, it is imperative to consider the influence of media
deformations and stress field changes. Only a geomechanical model can accurately capture
the mechanical behavior of subsurface rocks, including (a) the deformation and potential
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failure of the reservoir media and well assembly; (b) the effects of changes in stresses, fluid
pressures, and temperatures on flow properties like porosity and permeability that control
production; and (c) the interdependence of system flow, thermal, and geomechanical prop-
erties. Hence, the accurate determination of (a) the impact of permeability enhancement
associated with geomechanical responses on hydrate development and (b) the effectiveness
of permeability enhancement can be achieved.

1.2. Targeted Accumulation

This study focuses on the oceanic hydrate accumulation at well SHSC-4 in the Shenhu
area (Figure 1), which is located in the northern South China Sea between the Xisha Trough
and Dongsha Islands and is structurally part of the Baiyun Sag of the Zhuer Depression [29].
The seafloor exhibits a complex topography, including various features such as eroded
channels, sea valleys, sea mounts, steep slopes, reverse slopes, plateaus, alluvial fans, and
slide fans [54]. The continental slope in the northern South China Sea displays both passive
and active continental features due to interactions between the Eurasian, Pacific, and
Indochina plates. The reservoir lithology is composed of clayey silt, with montmorillonite
and illite constituting over a quarter of the total minerals [29]. Based on the logging
interpretation and core analysis of SHSC-4, the overlying formation extends from the sea
bottom to a depth of 1495 m (201 m below seafloor (mbsf), with a water depth of 1266 m).
The NGH system at the test site comprises three intervals, with the first interval ranging
from 1495 to 1530 m (201–236 mbsf), and its pore space is filled with solid NGH and
liquid water. The second interval spans from 1530 to 1545 m (236–251 mbsf), and its pore
space is filled with three phases: solid NGH, free hydrocarbon gas, and liquid water. The
third interval spans from 1545 to 1572 m (251–278 mbsf), and its pore space is filled with
two phases: free hydrocarbon gas and liquid water.

Figure 1. Structural units in the northern South China Sea and the location of SHSC-4 (modified from
Li et al. [29]).
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1.3. Objectives

The objective of this study is to assess the technical feasibility of gas production and
production enhancement by the numerical simulation of oceanic hydrate accumulation in
the Shenhu Area of the South China Sea. Specifically, the study evaluates the impact of
increased permeabilities in the near-wellbore region on gas production associated with the
geomechanical responses. The analysis considers the properties and conditions obtained at
well SHSC-4; studies the gas production behavior at well SHSC-4 using a single vertical
well by depressurization; assesses the contribution of different layers to gas production;
and investigates the feasibility of permeability enhancement, the potential of increased gas
production, and the geomechanical response of the geological system during production. To
validate the accuracy of the numerical model used in the study, a 60-day simulation result
is compared against the actual trial production test conducted at well SHSC-4. The impact
of permeability enhancement is evaluated by quantifying the ratios of the cumulative gas
production and cumulative water-to-gas ratio, comparing them to the original conditions.

2. Methodology

2.1. Coupled Numerical Simulators

Two parallel simulators, pTOUGH+HYDRATE (pT+H) V1.5 and the Reservoir Ge-
oMechanics Simulator (RGMS) [55,56], based on an MPI (message passing interface) were
utilized in this study to simulate the coupled processes of flow, thermal, chemical, and
geomechanical processes associated with gas production induced by depressurization.
pT+H V1.5 is a parallel version of TOUGH+HYDRATE V1.5 used for conducting numerical
investigations of flow and thermal behavior in hydrate-bearing geologic media. The code
uses the integral finite difference method (IFDM) [57,58] for space discretization and the
Newton–Raphson (NR) iteration for a fully implicit solution. The computational domain
is decomposed into subdomains for efficient workload distribution to multiple processes.
The RGMS is a parallel geomechanical simulator that accurately characterizes deformations
and stresses in subsurface systems by employing parallel strategies in conjunction with
the finite element method (FEM). It has the capability to handle grids with Cartesian (2D
and 3D) and cylindrical (2D) coordinates. Additionally, the simulator can be used either
as a standalone or coupled with T+H, pT+H, and other simulators describing flow and
thermal behavior. To explore the geomechanical responses to gas production from hydrate
reservoirs, pT+H V1.5 and the RGMS are coupled via the fixed-stress split iterative scheme.
The coupling scheme was validated in previous studies [55,56].

2.2. Governing Equations
2.2.1. Flows of Fluid and Heat

The mass and energy balance equation includes the accumulation, flux, and source/sink
terms through a control volume in a porous medium [40], which is expressed as

d
dt

∫
Vn

MκdV =
∫

Γn
Fκ · ndA+

∫
Vn

qκdV, (1)

where t is the time, Vn is the volume of subdomain n, dV is the differential volume, Mκ

is the accumulation of component κ in terms of mass or heat, Γn is the surface area of
subdomain n, dA is the differential surface area, Fκ is the flux vector of component κ in
terms of mass or heat, n denotes the inward unit normal vector, and qκ is the source/sink
term of component κ.

For component κ, the mass accumulation Mκ is calculated by

Mκ = ∑
β = A,G,I,H

φSβρβXκ
β, κ = w, m, i, (2)

where β indicates phase (A refers to aqueous, G refers to gaseous, I refers to solid ice, and
H refers to solid hydrate), κ indicates component (w refers to H2O, m refers to CH4, and
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i refers to water-soluble inhibitor), φ represents the porosity, Sβ represents the saturation
of phase β, ρβ represents the density of phase β, and Xκ

β represents the mass fraction of
component κ in phase β.

The heat accumulation Mθ comprises contributions from both the rock matrix and all
the phases and is expressed by

Mθ =
∫ T

T0

(1 − φ)ρRCRdT + ∑β = 1,··· ,Nβ
φSβρβUβ + Qdiss, (3)

where ρR is the density of the rock, CR is the heat capacity of the dry rock, T is the
temperature, and Uβ is the specific internal energy of phase β. The energy change of
hydrate dissociation Qdiss is

Qdiss =

{
Δ
(
φρHSHΔH0) for equilibrium dissociation

QHΔH0 for kinetic dissociation
, (4)

where Δ() denotes the quantity change during a given timestep, and ΔH0 is the specific
enthalpy of hydrate dissociation, which can be calculated by Equation (5) from [59]:

ΔH0 = Cf (C1 + C2/T), (5)

where the conversion factor Cf is 33.72995 J·gmol·kg−1·cal−1,

C1 =

{
13521
6534

, and C2 =

{ −4.02 for 0 ◦C < Tc ≤ 25 ◦C
−11.97 for − 25 ◦C < Tc ≤ 0 ◦C

. (6)

It is important to note that hydrate dissociation can be treated in two ways: (a) a chemi-
cal equilibrium reaction (the hydrate is considered a thermodynamic state of the CH4 and
H2O system) or (b) a kinetic reaction (the hydrate is regarded as a distinct component) [60].
The former was employed in this study. Interested readers can refer to Moridis [40,61] for
in-depth information on the specifics of the two models and the associated thermodynamics.

The mass flux of component κ (e.g., H2O, CH4, and inhibitor) contributed by the
aqueous and gaseous phases is defined as

Fκ = ∑
β = A,G

Fκ
β = ∑

β = A,G
Xκ

βFβ, κ = w, m, i. (7)

Following Darcy’s law, the mass flux of phase β is defined as

Fβ = −k
krβρβ

μβ

(∇Pβ − ρβg
)
, (8)

in which, for phase β, krβ is the relative permeability, μβ is the viscosity, and Pβ is the fluid
pressure. Additionally, k is the absolute permeability tensor, and g is the gravity vector.

The heat flux is defined as

Fθ = −kθ∇T + ∑
β = A,G

hβFβ, (9)

where hβ is the specific enthalpy of phase β, and kθ is the composite thermal conductivity
considering the properties of medium and fluid.

2.2.2. Geomechanics

The quasi-static momentum conservation equation is based on the underlying assump-
tion that there is always equilibrium between the fluid and rock, which is calculated by

∇ ·σ+ ρbg = 0, (10)

20



J. Mar. Sci. Eng. 2023, 11, 1468

where σ is the total stress tensor. The bulk density ρb is found using

ρb = (1 − φ)ρR + φρ f , (11)

in which ρf is the saturation-weighted fluid density, which is calculated using

ρ f = ∑
β

Sβρβ. (12)

In accordance with convention, the equations below always consider tensile stress
as positive. The relationship that defines the stresses associated with the rock skeleton is
expressed as

σ = σ′ − αIPt = C : ε− αIPt, (13)

where C is the elasticity tensor, σ’ is the effective stress tensor, I is the identity matrix, and
ε is the strain tensor. Biot’s coefficient α [62] is defined as

α = 1 − Kdr
Ks

, (14)

where Ks is the skeletal grain modulus, and Kdr is the drained bulk modulus. The average
mobile fluid pressure Pt is calculated using

Pt =

∑
β

SβPβ

∑
β

Sβ
. (15)

By utilizing the assumption of infinitesimal deformation, the strain tensor is deter-
mined using

ε =
1
2

[
∇u + (∇u)T

]
, (16)

in which u is the displacement vector.

2.2.3. The Coupling Method between Geomechanics and Flows of Fluid and Heat

To investigate the geomechanical response during production, pT+H and the RGMS
were coupled with the fixed-stress split iterative scheme so that the changes in fluid pressure,
temperature, phase saturations, and associated stresses can be found. The accuracy and
reliability of the scheme were verified by comparing its numerical results and the analytical
solutions of Terzaghi’s problem [63] and McNamee–Gibson’s problem [64,65] in prior
research [55].

The scheme operates in a sequential manner as shown in Figure 2, where pT+H solves
the problem when the stress field is frozen. The strongly nonlinear equations are solved via
the NR iteration, and the porosity is calculated using

φk = φk−1 +
α(1 + εv)− φk−1

Kdr
δPt

k−1, (17)

in which k is the number of the NR iterations, Kdr is the drained modulus, εv is the volumet-
ric strain, and δPt

k−1 is the difference at the NR iteration k and k − 1.
Subsequently, the porosity in the RGMS is calculated using

φn = φ0 + αεv +
(α − φ0)(1 − α)

Kdr
(Pt − Pt0), (18)

where subscript n denotes the initial states.
pT+H and the RGMS solve the problem sequentially; do not proceed to the next time

step until
(

φn − φk
)

/φn is lower than a predetermined tolerance level.
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n

k 

Figure 2. Flow chart of the coupling method between geomechanics and flows of fluid and heat.

The mechanical properties of the hydrate are influenced by the existence of hydrate,
which is more pronounced when SH has a higher value. However, there is a scarcity of
research on how the properties are related to the hydrate phase. Rutqvist and Moridis [50]
proposed a standard approach that utilizes linear interpolation equations as follows:

Kdr = Kdr0(1 − SH) + Kdr1SH , (19)

and
G = G0(1 − SH) + G1SH , (20)

where G is the shear modulus, subscript 0 denotes SH = 0, and subscript 1 denotes SH = 1.

3. Numerical Model

3.1. The Geologic Model

The geological model was developed from a combination of geophysical surveys
and an analysis of core samples retrieved from the well. The model consists of five units:
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the overburden (OB), the hydrate-bearing layer (HBL), the three-phase layer (TPL), the
free gas layer (FGL), and the underburden (UB). The computational domain used in both
the production and geomechanical studies accurately represents the geological model,
encompassing the entire OB to the ocean floor and a portion of the UB that was thick
enough to fully account for the necessary heat and water exchange with the reservoir, and
provides a true zero-displacement boundary for geomechanical computations.

Combining geophysical surveys and core sample analysis from the well, the geolog-
ical model was developed (Figure 3), comprising five units: the overburden (OB), the
hydrate-bearing layer (HBL), the three-phase layer (TPL), the free gas layer (FGL), and
the underburden (UB). In pT+H V1.5 and the RGMS, the same computational domain
was utilized to represent the geological model, covering the entire OB to the ocean floor
and a thick enough portion of the UB to account for water and heat exchange within the
reservoir, and to make sure there was no displacement occurring at the bottom boundary
for geomechanical computations.

 
Figure 3. The geological model with layered geometries.

3.2. Domain Discretization

A 2D cylindrical domain with an outer radius of 300 m, as presented in Figure 4, was
utilized to investigate gas production with a single vertical well. The domain was divided
into 412 segments radially and 232 segments vertically, leading to 95,584 gridblocks. Grid-
blocks with different lengths were produced due to the high-resolution radial discretization
in the vicinity of the well; specifically, the segment length in the radial direction (Δr) of
0.10 m was used for rw < r ≤ 1 m, while that of 0.20 m was used for 1 m ≤ r ≤ 21 m. For
distances greater than 21 m but less than 300 m (rmax), Δr increased logarithmically for
r > 0.20 m. The segment length in the vertical direction (Δz) was 0.5 m in the hydrate
accumulation area and was larger in OB and UB. A mesh representation of the domain
used in this study is presented in Figure 5a, while a more detailed representation of the
grid near the wellbore is given in Figure 5b.

For each element, four equations were designed to account for the mass balance of
three components (H2O, CH4, and NaCl) as well as the heat balance of the system. Previous
research has demonstrated that a chemical equilibrium reaction provides an accurate result
during hydrate formation/dissociation in gas production [60]. To account for the scale
of the problem, a total of 560,000 equations were formulated, consisting of approximately
380,000 equations in pT+H V1.5 and 180,000 equations in the RGMS. Consequently, the
problem sizes necessitated the use of pT+H V1.5 and the RGMS to provide practical solutions.
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Figure 4. System geometry and configuration of the single vertical well with a radius of 0.05 m,
which is perforated from 201 mbsf to 268 mbsf as shown in the checkboard pattern, produced from a
cylindrical section at well SHSC-4.

Figure 5. Discretization of (a) the entire domain and (b) the region near the well.

3.3. Well Description

At the center of the cylindrical domain, the vertical production well was perforated
from 201 mbsf to 268 mbsf, covering the HBL, the TPL, and a portion of the FGL (Figure 4).
The well was treated as a pseudo-porous medium to use Darcy’s flow concepts within the
wellbore, of which the properties are as follows: the vertical permeability was 5 × 10−9 m2,
the porosity was 1, the capillary pressure was 0, the irreducible gas saturation was 0.005, and
the relative permeabilities had linear relationships with phase saturations. This approach
was able to simulate the pressure drop in a steel wellbore, which was validated in a previous
study [66]. The bottomhole pressure (Pbh) was 3 MPa [67] at a gridblock above the topmost
well gridblock.
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3.4. System Properties

Table 1 provides the properties used in pT+H V1.5 that are based on the previ-
ous studies [29,49,67,68]. The properties used in the RGMS are based on the previous
studies [53,69] as shown in Table 2.

Table 1. Properties, conditions, and models used in pT+H V1.5.

Properties, Conditions, Models Values

Initial pressure at the bottom of TPL 14.93 MPa
Initial temperature at the bottom of TPL 14.82 ◦C

Gas composition 100% CH4
Initial saturation of HBL SH = 0.34

Intrinsic permeabilities of HBL kh = 2.86 × 10−15 m2 = 2.9 mD; kz = kh
Porosity φ of HBL 0.35

Initial saturation of TPL SH = 0.31, SG = 0.078
Intrinsic permeabilities of TPL kh = 1.48 × 10−15 m2 = 1.5 mD; kz = kh

Porosity φ of TPL 0.33
Initial saturation of FGL SG = 0.078

Intrinsic permeabilities of FGL kh = 7.30 × 10−15 m2 = 7.4 mD; kz = kh
Porosity φ of FGL 0.32

Intrinsic permeabilities of OB kh = 9.87 × 10−18 m2 = 0.01 mD; kz = kh
Porosity φ of OB 0.10

Intrinsic permeabilities of UB kh = 9.87 × 10−18 m2 = 0.01 mD; kz = kh
Porosity φ of UB 0.10

Dry thermal conductivity kθd = 1 W·m−1·K−1

Specific heat CR 1000 J kg−1·K−1

Grain density ρR 2650 kg·m−3

Composite thermal conductivity model [40]
kθ = kθd +

(√
SA +

√
SH

)
(kθw − kθd)

+φSIkθ I

Relative permeability model EPM#2 [40]

krA = max
{

0, min
{[

SA−SirA
1−SirA

]n
, 1
}}

;

krG = max
{

0, min
{[

SG−SirG
1−SirA

]nG
, 1
}}

;

krH = 0

SirA, SirG, n, nG [69] 0.65; 0.03; 3.50; 2.50

Capillary pressure model [70]
Pcap = −P0

[
(S∗)−

1
λ − 1

]1−λ

S∗ = SA−SirA
SmxA−SirA

λ, P0, SirA, SmxA of HBLs 0.45; 104 Pa; 0.65; 1.0

Porosity–permeability relationship [71]
k
k0

= exp
[

γ

(
φ

φ0
− 1

)]

Empirical permeability reduction factor γ [71] 29.0

Table 2. Properties used in RGMS.

Properties Values

Young’s modulus of HBL E = 200 MPa at SH = 0;
E = 1.4 GPa at SH = 1

Young’s modulus of TPL E = 200 MPa at SH = 0;
E = 1.4 GPa at SH = 1

Young’s modulus of FGL E = 200 MPa
Young’s modulus of OB E = 70 MPa
Young’s modulus of UB E = 200 MPa
Poisson’s ratio of HBL ν = 0.15
Poisson’s ratio of TPL ν = 0.15
Poisson’s ratio of FGL ν = 0.45
Poisson’s ratio of OB ν = 0.45
Poisson’s ratio of UB ν = 0.45

Biot’s coefficient α = 0.99
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3.5. Initial Conditions

Table 1 presents the temperature and pressure values at the bottom boundary of the
TPL, which conform to the geothermal and hydrostatic gradients, respectively, as is typical
of most hydrate deposits. Following the initialization process outlined by Moridis and
Reagan [66], the simulation with the initial conditions continued until the entire domain
reached a steady state without any change in various distributions. For geomechanical
simulation, the initial total stress field was obtained by assuming that the initial effective
stress field was zero, without requiring the application of the overburden pressure.

3.6. Model Validation

In order to guarantee the prediction accuracy of gas production at well SHSC-4, it is
imperative to first validate the numerical model built earlier. As stated in the Introduction
section, a trial production test was conducted at well SHSC-4, lasting 60 days, with a
total gas production of 3.09 × 105 ST m3 [29]. Using the constructed model, a simulation
was performed to replicate the 60-day production, taking into account the geomechanical
responses. The simulation resulted in a total gas production of 3.08 × 105 ST m3, as depicted
in Figure 6. This successful replication serves as validation for the constructed model.

Figure 6. Comparisons of numerical simulation result and field test data.

3.7. Simulations Cases

The base case was based on the original formation information obtained from the
first test production at well SHSC-4 (Figure 4). In addition to the base case, this study
investigates whether the cumulative gas production can be improved by increasing the
permeabilities of the HBL, TPL, and FGL, individually. As illustrated in Figure 7, the
permeability was increased to ks within the region from 0 to the stimulated radius (rs) within
a specific layer. To assess the effectiveness of permeability enhancement, a permeability
enhancement ratio (fk = ks/k0) was proposed, in which k0 is the original permeability of the
layer. There are four different values of rs (0.3 m, 0.5 m, 1 m, and 2 m) and three different
values of fk (2, 4, and 8), combined with three layers, resulting in a total of thirty-six cases.
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Figure 7. The illustration of the permeability enhancement region within a layer.

4. Results and Discussion

In the analysis of the production potential associated with the geomechanical response
at well SHSC-4, the monitoring included various parameters related to flow and geome-
chanics both with and without permeability enhancement, which were obtained from pT+H
and the RGMS. The monitored flow-related parameters were pressure (P), temperature (T),
gas saturation (SG), hydrate saturation (SH), the production rates of CH4 and H2O (Qg and
Qw, respectively), and the cumulative production of CH4 and H2O (Vg and Mw, respec-
tively), The water-to-gas ratio was also monitored, both instantaneously (Rwg = Qw/Qg)
and cumulatively (RwgT = Mw/Vg). Geomechanics-related parameters monitored were
radial and vertical displacements (ur and uz, respectively) at key locations. To evaluate the
influence of permeability enhancement, the key parameters are Vg and RwgT. Specifically,
more gas and less water are desired after permeability enhancement, so larger Vg and
smaller RwgT values are better.

4.1. Base Case
4.1.1. Fluid Production

Figure 8a shows Qg produced at the well from the HBL, TPL, and FGL and all layers
in the base case. The value of Qg has an initial peak after production begins, followed
by a decline and minor fluctuations within a certain range in the subsequent production
period. The initial peak is caused by the rapid dissociation of hydrates near the wellbore
region and a subsequent surge in gas production rate after the bottomhole pressure drops.
In addition, the free gas in the TPL and FGL contributes to the initial peak of Qg. The
average gas production over the entire production period is 0.074 ST m3/s, which is far
below the gas production rate of 0.579 ST m3/s (=5.00 × 105 ST m3/d) required for the
commercial exploitation of NGHs [1]. Compared with hydrate deposits in Mount Elbert,
Alaska North Slope, where there exists a lag time before substantial gas production [14], the
hydrate deposit at well SHSC-4 does not exhibit such a lag phenomenon but instead has
the highest gas production rate in the early stage of production, indicating that this class of
hydrate deposit is conducive to exploitation. The contribution of each layer to the total gas
production rate was ranked from highest to lowest as FGL, TPL, and HBL, indicating that
the FGL is the primary source of gas production. This suggests that the FGL is the most
important layer for gas production in the studied area.
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Figure 8. Evolution of (a) the volumetric rate of the total CH4 production (Qg) and (b) the cumulative
volumes of CH4 produced at the well (Vg) in the base case.

Figure 8b shows Vg produced at the well from the HBL, TPL, and FGL and all layers
in the base case. As shown in the figure, in the later production period, since Qg fluctuates
within a certain range, Vg, which is the integral of gas production over time, shows a nearly
linear relationship with time. After 120 days of production, the FGL, TPL, and HBL ac-
counted for 72.17%, 23.54%, and 4.29% of the total cumulative gas production, respectively.
This also indicates that the FGL is the most important layer for gas production because it
has the highest contribution to the total cumulative gas production. It is anticipated that
the FGL will exhibit the most pronounced response to permeability enhancement.

Figure 9 shows Rwg and RwgT produced at the well from the HBL, TPL, and FGL
and all layers in the base case. Apart from directly evaluating production via Qg and
Vg, Rwg and RwgT can also be used to indirectly characterize production performance. In
real practice, more gas and less water are desired, so smaller Rwg and RwgT values are
better. Rwg produced from the HBL, TPL, and FGL and all layers decreased gradually
during production. Among the three layers, the HBL has the highest Rwg with the smallest
contribution to gas production observed in Figure 8. Moreover, Rwg produced from the
HBL is tens of times higher than those from TPL and FGL. If permeability enhancement is
carried out within HBL, gas production may increase, while water production may also
increase. RwgT reaches a short-term peak in the first two days of production and then shows
a decreasing trend throughout the entire production period. RwgT produced from the FGL
and all layers tends to stabilize in the later period of production. Due to the large RwgT
produced from HBL, the total RwgT was far higher than those from TPL and FGL.

Figure 10 shows ur and uz at key locations in the base case. As Pbh is lower than the
pressure of the formation, the reservoir is “squeezed” and moves toward the vertical well
in the radial direction, but the compaction is not significant. Although the location with
the largest radial displacement occurs at (r, z) = (1 m, −201 m), the absolute value does not
exceed 0.01 m when the simulation ends. In the vertical direction, the subsidence at the
top of the HBL and the uplift at the bottom are observed. As the gridblock that was set to
the bottomhole pressure is closer to the top of the HBL, the subsidence at the top of HBL is
more obvious, with a maximum level of no more than 0.08 m. Overall, the displacement
within the formation is not significant.
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Figure 9. Evolution of (a) the instantaneous water-to-gas ratio at the well (Rwg) and (b) the cumulative
water-to-gas ratio at the well (RwgT) in the base case.

Figure 10. Evolution of (a) ur and (b) uz at key locations in the base case.

4.1.2. Spatial Distributions

Figure 11 illustrates the spatial evolution of P in the base case. The cylindrical region
of pressure drop gradually expands over production time, with those in the HBL and FGL
being larger than that in the TPL. This is mainly due to the higher permeability of the HBL
and FGL compared to that of the TPL. Additionally, as the hydrate saturation is highest
in the hydrate layer and the effective permeability is lower, fluid replenishment becomes
difficult, resulting in the most significant pressure drop. Although the cylindrical region of
the pressure drops in the TPL and FGL is relatively small during production, the rates of
pressure drop are faster than that in the HBL. Particularly, the pressure drops in the FGL
and the lower part of the TPL are very significant. In previous studies [49,67], the pressure
drop area obtained using T+H was only not significant in the FGL, which differs from the
results in this study. It is evident that considering mechanical response leads to different
hydrate production mechanisms.

Figure 12 illustrates the spatial evolution of T in the base case. As hydrate dissociation
is endothermic, the low-temperature region generally indicates the location of hydrate
dissociation. In this figure, the low-temperature region is found in the FGL and the lower
part of the TPL, coinciding with the significant pressure drop area and indicating a large
amount of hydrate dissociates. Unlike production lasting over 1000 days in previous
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studies [49,67], the numerical simulation in this study was halted due to the temperature in
the low-temperature region reaching 0.01 ◦C after 120 days of production.

Figure 11. Evolution of the spatial distributions of pressure (MPa) in the reservoir of the base case.
(a) 1-day production, (b) 3-day production, (c) 10-day production, (d) 20-day production, (e) 30-day
production, (f) 60-day production, (g) 90-day production, and (h) 120-day production.

 

Figure 12. Evolution of the spatial distributions of temperature (◦C) in the reservoir of the base case.
(a) 1-day production, (b) 3-day production, (c) 10-day production, (d) 20-day production, (e) 30-day
production, (f) 60-day production, (g) 90-day production, and (h) 120-day production.

Figure 13 illustrates the spatial evolution of SH in the base case. Hydrate dissociation
occurs in the area where the significant pressure drop is shown in Figure 11 and the low
temperature is presented in Figure 12. Hydrates gradually dissociate during production,
but the unevenness of hydrate dissociation progress in each layer becomes apparent.
The dissociation rate of the HBL is relatively uniform, while the lower part of the TPL
undergoes hydrate dissociation, followed by hydrate formation. Moreover, in the FGL,
the hydrate forms and dissociates alternatively. This phenomenon may be caused by the
Joule–Thomson cooling effect, the capillary effect, the “upstream weighting” approach
applied in the simulator [72], and the equilibrium model used in this study. The cyclic
process of hydrate formation and dissociation in the FGL ultimately led to the temperature
reaching 0.01 ◦C, resulting in the simulation stopping.
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Figure 13. Evolution of the spatial distributions of hydrate saturation in the reservoir of the base case.
(a) 1-day production, (b) 3-day production, (c) 10-day production, (d) 20-day production, (e) 30-day
production, (f) 60-day production, (g) 90-day production, and (h) 120-day production.

Figure 14 illustrates the spatial evolution of SG in the base case. The evolution of gas
saturation in the base case is also presented. The gas saturation in the HBL and TPL gradually
expands, and some gas migrates from the TPL to the HBL. Gas dissociated from hydrate
in the lower part of the TPL migrates toward the wellbore radially and toward the HBL
vertically at a very slow rate due to the low permeability of the TPL (1.5 mD), resulting in
gas accumulation in the lower part of the TPL. In the FGL, a large amount of gas flows into
the wellbore because of the significantly lower wellbore pressure compared to the formation
pressure and higher formation permeability. The Joule–Thomson effect caused by the rapidly
migrating gas may have caused the low temperature in the FGL, meeting the conditions for
hydrate generation. Thus, hydrates are formed, hindering the radial gas migration in the FGL
and causing the gas to accumulate on the side away from the wellbore.

 

Figure 14. Evolution of the spatial distributions of gas saturation in the reservoir of the base case.
(a) 1-day production, (b) 3-day production, (c) 10-day production, (d) 20-day production, (e) 30-day
production, (f) 60-day production, (g) 90-day production, and (h) 120-day production.
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4.2. Effect of Permeability Enhancement
4.2.1. Fluid Production

In the following tables, the values marked in green are the minimum, while the values
marked in red are the maximum. Tables 3 and 4 present Vg with permeability enhancement
and its ratio relative to that in the base case after 120-day production, respectively. For
reference, the Vg in the base case (Vg,0) is 620,668 ST m3 following 120 days of production.
The permeability enhancement of three different layers (i.e., the HBL, TPL, and FGL) shows
that the larger the values of rs and kf, the more significant the increase in gas production.
When (kf, rs) = (8, 2 m), the Vg values, predicted by improving the permeabilities of the
HBL, TPL, and FGL, are 711,590, 706,541, and 1,160,649 ST m3, respectively. Compared to
the base case, the production was increased by 15%, 15%, and 87% corresponding to the
modification in the HBL, TPL, and FGL, respectively. In order to reach higher production,
the permeability of the FGL should be enhanced.

Table 3. The cumulative gas production with permeability enhancement (Vg) after 120-day production.

Cumulative Gas Production (ST m3)

rs (m)

0.3 0.5 1 2

kf

HBL
2 631,851 637,193 642,373 645,883
4 639,688 648,514 661,047 679,954
8 646,531 657,912 677,975 711,590

TPL
2 641,762 648,207 657,112 667,160
4 654,888 667,240 685,330 702,448
8 660,201 676,255 698,987 706,541

FGL
2 687,226 696,737 714,312 731,513
4 712,884 740,743 811,315 855,335
8 758,690 788,555 924,427 1,160,649

Table 4. The ratios of cumulative gas production with permeability enhancement (Vg) to that in the
base case (Vg,0) after 120-day production.

Vg/Vg,0

rs (m)

0.3 0.5 1 2

kf

HBL
2 1.019 1.028 1.036 1.042
4 1.032 1.046 1.066 1.097
8 1.043 1.061 1.094 1.148

TPL
2 1.035 1.046 1.060 1.076
4 1.056 1.076 1.106 1.133
8 1.065 1.091 1.128 1.140

FGL
2 1.109 1.124 1.152 1.180
4 1.150 1.195 1.309 1.380
8 1.224 1.272 1.491 1.872

Tables 5 and 6 present RwgT with permeability enhancement and its ratio relative to
that in the base case after 120-day production, respectively. For reference, the cumulative
water–gas ratio (RwgT,0) is 2.84 kg H2O/m3 CH4 following 120 days of production. The
results of permeability enhancement in the HBL show that the larger the values of rs and kf,
the larger the RwgT. The increase in permeability near the wellbore area in the HBL results
in a greater increase in water production than gas production, leading to a larger RwgT. The
results of permeability enhancement in the TPL and FGL show that the larger the values
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of rs and kf, the smaller the RwgT. When (kf, rs) = (8, 2 m), the RwgT values, determined by
permeability enhancement in the HBL, TPL, and FGL are 4.03, 3.17, and 2.41 kg H2O/m3

CH4, respectively. The resulting ratios of RwgT to RwgT,0 are 1.42, 1.12, and 0.85 when the
permeabilities of the HBL, TPL, and FGL are increased, respectively. To reduce the amount
of separated water required for unit gas production, the FGL should be treated to enhance
its permeability.

Table 5. The cumulative water-to-gas ratio with permeability enhancement (Rwg) after 120-day
production.

Cumulative Water-to-Gas Ratio (kg H2O/m3 CH4)

rs (m)

0.3 0.5 1 2

kf

HBL
2 3.599 3.624 3.676 3.760
4 3.683 3.739 3.834 3.939
8 3.725 3.800 3.920 4.029

TPL
2 3.373 3.349 3.318 3.282
4 3.325 3.283 3.226 3.172
8 3.308 3.256 3.192 3.173

FGL
2 3.308 3.307 3.289 3.221
4 3.294 3.268 3.159 2.969
8 3.234 3.236 3.066 2.406

Table 6. The ratios of cumulative water-to-gas ratio with permeability enhancement (RwgT) to that in
the base case (RwgT,0) after 120-day production.

RwgT/RwgT,0

rs (m)

0.3 0.5 1 2
2

kf

HBL
2 1.268 1.277 1.296 1.325
4 1.298 1.318 1.351 1.388
8 1.313 1.339 1.382 1.420

TPL
2 1.189 1.180 1.169 1.157
4 1.172 1.157 1.137 1.118
8 1.166 1.148 1.125 1.118

FGL
2 1.166 1.165 1.159 1.135
4 1.161 1.152 1.113 1.046
8 1.140 1.140 1.080 0.848

The radial and vertical displacements with permeability enhancement are not signifi-
cant, and therefore, further discussion is not included in this section.

4.2.2. Spatial Distributions

In this section, the figures depicting the spatial distributions of P, T, SH, and SG with
permeability enhancement after 120 days of production are arranged in a manner where
the rs values increase from left to right and the kf values increase from top to bottom. The
highest Vg and the lowest RwgT are achieved after increasing the permeabilities of the FGL,
and only the spatial distributions with permeability enhancement in the FGL are discussed.

Figure 15 shows the spatial distributions of P with permeability enhancement in the
FGL after 120 days of production.
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Figure 15. The spatial distributions of pressure (MPa) in the reservoir with permeability enhancement
in FGL after 120-day production. (a) (kf, rs) = (2, 0.3 m), (b) (kf, rs) = (2, 0.5 m), (c) (kf, rs) = (2, 1.0 m),
(d) (kf, rs) = (2, 2.0 m), (e) (kf, rs) = (4, 0.3 m), (f) (kf, rs) = (4, 0.5 m), (g) (kf, rs) = (4, 1.0 m), (h) (kf, rs) =
(4, 2.0 m), (i) (kf, rs) = (8, 0.3 m), (j) (kf, rs) = (8, 0.5 m), (k) (kf, rs) = (8, 1.0 m), and (l) (kf, rs) = (8, 2.0 m).

In cases where the value of kf is small, augmenting rs has an insignificant effect on
the area of pressure drop, and the spatial distributions of P remain relatively unchanged
compared to the base case. Conversely, when the value of kf is large, the increasing rs results
in a narrower area of pressure drop in the upper section of the FGL and the lower section
of the TPL, which is closer to the wellbore.

Figure 16 shows the spatial distributions of T with permeability enhancement in
the FGL after 120 days of production. When the value of kf is small, the varying rs has
a negligible effect on the spatial distributions of T compared to the base case, which is
comparable to the area of pressure drop presented in Figure 15. However, when kf equals 4,
an increase in rs results in a shrinkage of the low-temperature area within the FGL, with a
gradual shift of the lowest temperature from the upper to the middle section of the FGL.
Furthermore, when (kf, rs) = (8, 2 m), the low-temperature region within the FGL becomes
exceedingly small.

Figures 17 and 18 show the spatial distributions of SH and SG with permeability
enhancement in the FGL after 120 days of production, respectively. In Figure 17, as the kf
and rs values increase, the formation and dissociation of gas hydrate transpire in closer
proximity to the wellbore, thereby facilitating the production of gas dissociated from
gas hydrate. Furthermore, Figure 18 demonstrates that the formation of gas hydrate is
less likely to obstruct the flow of gas, resulting in less gas accumulating on the side of
the gas hydrate that is farther from the wellbore. These two figures collectively suggest
that augmenting kf and rs values is more conducive to gas production. This assertion
is supported by Tables 3 and 4, which indicate that larger kf and rs values yield higher
cumulative gas production.
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Figure 16. The spatial distributions of temperature (◦C) in the reservoir with permeability enhance-
ment in FGL after 120-day production. (a) (kf, rs) = (2, 0.3 m), (b) (kf, rs) = (2, 0.5 m), (c) (kf, rs) = (2, 1.0 m),
(d) (kf, rs) = (2, 2.0 m), (e) (kf, rs) = (4, 0.3 m), (f) (kf, rs) = (4, 0.5 m), (g) (kf, rs) = (4, 1.0 m),
(h) (kf, rs) = (4, 2.0 m), (i) (kf, rs) = (8, 0.3 m), (j) (kf, rs) = (8, 0.5 m), (k) (kf, rs) = (8, 1.0 m), and
(l) (kf, rs) = (8, 2.0 m).

Figure 17. The spatial distributions of hydrate saturation in the reservoir with permeability enhancement
in FGL after 120-day production. (a) (kf, rs) = (2, 0.3 m), (b) (kf, rs) = (2, 0.5 m), (c) (kf, rs) = (2, 1.0 m),
(d) (kf, rs) = (2, 2.0 m), (e) (kf, rs) = (4, 0.3 m), (f) (kf, rs) = (4, 0.5 m), (g) (kf, rs) = (4, 1.0 m), (h) (kf, rs) =
(4, 2.0 m), (i) (kf, rs) = (8, 0.3 m), (j) (kf, rs) = (8, 0.5 m), (k) (kf, rs) = (8, 1.0 m), and (l) (kf, rs) = (8, 2.0 m).
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Figure 18. The spatial distributions of gas saturation in the reservoir with permeability enhancement
in FGL after 120-day production. (a) (kf, rs) = (2, 0.3 m), (b) (kf, rs) = (2, 0.5 m), (c) (kf, rs) = (2, 1.0 m),
(d) (kf, rs) = (2, 2.0 m), (e) (kf, rs) = (4, 0.3 m), (f) (kf, rs) = (4, 0.5 m), (g) (kf, rs) = (4, 1.0 m), (h) (kf, rs) =
(4, 2.0 m), (i) (kf, rs) = (8, 0.3 m), (j) (kf, rs) = (8, 0.5 m), (k) (kf, rs) = (8, 1.0 m), and (l) (kf, rs) = (8, 2.0 m).

5. Conclusions

The following conclusions can be drawn from this study:

1. To evaluate the effectiveness of permeability enhancement considering the geomechan-
ical responses in the Shenhu area, a coupled simulation using pTOUGH+HYDRATE
V1.5 and the RGMS (Reservoir Geomechanics Simulator) is implemented.

2. Based on the geophysical surveys and analysis of core samples at well SHSC-4 located
in the Shenhu area of the northern South China Sea, the established numerical simula-
tion model is accurate, and the simulation results are highly consistent with the trial
production data, ensuring the reliability of the outcomes obtained in this study.

3. In the base case, the formation and dissociation of gas hydrates in the free gas layer
(FGL) alternate, ultimately resulting in a low-temperature region near 0 ◦C and leading
to the cessation of the simulation after 120 days of production. The cumulative gas
production reached 6.2 × 105 ST m3.

4. In the base case, the FGL contributes the most to gas production, accounting for
72.17% of the cumulative gas production (Vg), followed by the three-phase layer
(TPL), accounting for 23.54% of the cumulative gas production, and the hydrate-
bearing layer (HBL) contributes the least, accounting for only 4.29% of the cumulative
gas production.

5. In the base case, the cumulative water-to-gas ratio (Rwg) from the HBL, TPL, and FGL
gradually decreases during the production of gas hydrates. RwgT from the HBL, which
contributes the least to gas production, is the highest, with a value several times those
from TPL and FGL.

6. In the base case, the gas production obtained without permeability enhancement is
insufficient for commercial production. Permeability enhancement can be an option
used to increase gas production.
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7. After increasing the permeabilities of the HBL, TPL, and FGL with the same permeability
enhancement ratio (fk) and the same simulated radius (rs), the improvement effect
of modifying the FGL is the best, with a maximum increase of 87%. The required
mass of water separated from a unit of gas is the lowest when applying permeability
enhancement in the FGL, with a minimum value of 85% of the original separation mass.

8. The results of modifying the FGL show that the higher the degree of permeability
enhancement, the deeper the impact of permeability enhancement and the closer
the formation and dissociation of gas hydrates are to the wellbore, making it more
difficult for gas to be obstructed by the formation of gas hydrates, which is more
conducive to production.

9. Although permeability enhancement is attempted in this study, it did not extend the
production period as the simulation still ends due to low temperature in the FGL.
Future research should focus on exploring methods to prevent such low temperatures
from occurring in the FGL.

10. The results obtained by considering geomechanical responses differ from previous
numerical studies that only considered flow and thermal behaviors. This indicates that
neglecting geomechanical responses may result in an incorrect natural gas hydrate
production scheme. Therefore, future numerical studies should take geomechanical
responses into consideration to obtain more realistic results.

11. In future work, it is imperative to discover production schemes that effectively mitigate
the occurrence of a low-temperature region after 120 days of production, which cur-
rently causes disruptions in numerical simulations, thus enabling the extension of the
observation period. Moreover, new production schemes combined with permeability
enhancement should be explored to facilitate the achievement of production rates that
meet the necessary threshold for the commercial exploitation of natural gas hydrates.
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Nomenclature

Δ() Change in the quantity in parentheses
ΔH0 Specific enthalpy of hydrate dissociation/formation (J·kg−1)
∇ Del operator
CR Heat capacity of the dry rock (J·kg−1·K−1)
dA Differential surface (m2)
dV Differential volume (m3)
E Young’s modulus (Pa)
G Shear modulus (Pa)
G0 Shear modulus when the hydrate saturation is zero (Pa)
G1 Shear modulus when the hydrate saturation is one (Pa)
hβ Specific enthalpy of phase β (J·kg−1)
Kdr Drained bulk modulus (Pa)
Kdr0 Drained modulus when the hydrate saturation is zero (Pa)
Kdr1 Drained modulus when the hydrate saturation is one (Pa)
Ks Skeletal grain modulus (Pa)
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kr Radial permeability (m2)
krβ Relative permeability of phase β

kv Vertical permeability (m2)
kθ Composite thermal conductivity of the medium/fluid ensemble (W·m−1·K−1)
kθd Formation thermal conductivity under desaturated conditions (W·m−1·K−1)
kθw Formation thermal conductivity under fully liquid-saturated conditions (W·m−1·K−1)
kθ I Thermal conductivity of ice phase (W·m−1·K−1)
MA Cumulative mass of aqueous phase
MG Cumulative mass of gaseous phase
Mθ Heat accumulation term
Mκ Mass accumulation of component κ (kg·m−3)
P Pressure (Pa)
Pt Average mobile fluid pressure (Pa)
Pt,0 Initial equivalent pore pressure (Pa)
Pβ Pressure of phase β (Pa)
Qg Volumetric rate of CH4 well production
Qw Water mass production rate
qκ Source/sink term of component κ (kg·m−3·s−1)
r Radial direction
Rwg Instantaneous water-to-gas ratio
RwgT Cumulative water-to-gas ratio
Sβ Saturation of phase β

T Temperature (K or ◦C)
t Time (s)
ur Radial displacement (m)
uz Vertical displacement (m)
Uβ Specific internal energy of phase β (J·kg−1)
Vg Cumulative volume of CH4 produced at the well
Vn Volume of the subdomain (m3)
Xκ

β Mass fraction of component κ in phase β

z Direction along the z-axis
α Biot’s coefficient
Γn Surface of subdomain n (m2)
γ Empirical permeability reduction factor
εv Current volumetric strain
εv,0 Initial volumetric strain
μβ Viscosity of phase β (Pa·s)
ν Poisson’s ratio
ρb Bulk density (kg·m−3)
ρ f Fluid density (kg·m−3)
ρR Rock density (kg·m−3)
ρβ Density of phase β (kg·m−3)
φ Reservoir porosity
φ0 Initial porosity
Fκ Flux vector of component κ (kg·m−2·s−1)
Fβ Flux vector of phase β (kg·m−2·s−1)
Fκ

β Flux vector of component κ in phase β (kg·m−2·s−1)
g Gravitational acceleration vector (m·s−2)
k Absolute permeability tensor (m2)
u Displacement vector (m)
ε Strain tensor
σ Total stress tensor (Pa)
σ’ Effective stress tensor (Pa)
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Abstract: Large amounts of natural gas hydrates have been discovered in the Qiongdongnan Basin
(QDNB), South China Sea. The chemical and stable carbon isotopic composition shows that the
hydrate-bound gas was a mixture of thermogenic and microbial gases. It is estimated that microbial
gas accounts for 40.96% to 60.58%, showing a trend of decrease with the increase in burial depth.
A significant amount of gas hydrates is thought to be stored in the mass transport deposits (MTDs),
exhibiting vertical superposition characteristics. The stable carbon isotopic values of methane (δ13C1)
in the MTD1, located near the seabed, are less than −55‰, while those of the methane below the
bottom boundary of MTD3 are all higher than −55‰. The pure structure I (sI) and structure II (sII)
gas hydrates were discovered at the depths of 8 mbsf and 145.65 mbsf, respectively, with mixed sI and
sII gas hydrates occurring in the depth range 58–144 mbsf. In addition, a series of indigenous organic
matters and allochthonous hydrocarbons were extracted from the hydrate-bearing sediments, which
were characterized by the origin of immature terrigenous organic matter and low-moderate mature
marine algal/bacterial materials, respectively. More allochthonous (migrated) hydrocarbons were
also discovered in the sediments below the bottom boundary of MTD3. The gas hydrated is “wet
gas” characterized by a low C1/(C2 + C3) ratio, from 2.55 to 43.33, which was mainly derived from a
deeply buried source kitchen at a mature stage. There is change in the heterogeneity between the
compositions of gas and biomarkers at the site GMGS5-W08 along the depth and there is generally
a higher proportion of thermogenic hydrocarbons at the bottom boundary of each MTDs, which
indicates a varying contribution of deeply buried thermogenic hydrocarbons. Our results indicate
that the MTDs played a blocking role in regulating the vertical transportation of hydrate-related
gases and affect the distribution of gas hydrate accumulation in the QDNB.

Keywords: gas hydrate; biomarkers; extractable organic matter; sediment; mass transport deposits;
Qiongdongnan Basin

1. Introduction

Natural gas hydrate was formed by methane-dominated hydrocarbon gas and water in
the gas hydrate stability zone in low-temperature and high-pressure conditions [1–4]. They
preferentially occurred in shallowly buried subsea sediments or in permeable rocks in the
land tundra [4]. The total carbon fixed in the form of natural gas hydrate is enormous, which
is almost twice as much as the conventional fossil fuels [5]. Recently, natural gas hydrates
have received increasing attention worldwide because of their significant carbon storage
capability and their potential as a new energy resource [6]. A total of six natural gas hydrate
drilling expeditions were conducted in the South China Sea (SCS) by the Guangzhou
Marine Geological Survey (GMGS) between 2007 and 2019 [7–11]. During the fifth natural
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gas hydrate drilling expedition (GMGS5) in 2018, a complex gas hydrate system that was
characterized by abundant visible vein-like and massive gas hydrates was discovered in
the Songnan low-uplift block of the western Qiongdongnan Basin (QDNB) [8,10–12].

In the past five years, a series of geological and geochemical investigations have been
conducted to interpret the accumulation process and mechanism of the typical leakage-type
gas hydrates at the site GMGS5-W08 in the QDNB [8,12–14]. These hydrates predom-
inantly originate from deeply buried coaly type thermogenic gas sources via effective
faults [8,12–14]. Organic geochemical and Raman spectroscopic results suggest that the
gas hydrates at the site GMGS5-W08 are a mixture of structure I (sI) and structure II (sII)
gas hydrates derived from both the thermogenic and microbial gas sources. Variations in
the proportions of these gases along the depth profile result in distinct sI and sII hydrate
distributions [11,13,15]. The microbial gas and coaly type thermogenic gas migrated up-
ward to the gas hydrates stability zone through the combination of faults, gas chimneys,
and pipe-like gas pathways [10,13,16–19]. Gas chimneys, acting as migration conduits,
are formed due to high-pressure conditions from Oligocene thermogenic and Miocene
microbial gas accumulations [10,12–14,18,20,21]. In the deep-water sedimentary system,
including central channel sedimentary systems, curved channels, and mass transport de-
posits (MTDs) [22]. Three sets of MTDs have been identified using seismic and logging
data and are characterized via vertical superposition and fracture development. The three
MTDs are buried at depths of 0–58 mbsf, 58–98 mbsf, and 98–143 mbsf, respectively, and
are potential storage spaces for leakage-type gas hydrates. The bottom boundaries of each
MTD are shown in the Figure 1b,c.

 

Figure 1. Regional geographic map of the northern South China Sea and Qiongdongnan Basin
(QDNB). (a) Geographic location of the QDNB in the northwestern South China Sea and the location
of gas hydrate drilling site GMGS5-W08 in this study [7,8,12,13]; (b) representative seismic profiles at
site GMGS5-W08 [7,8,12,13], MTDn, mass transport deposit (n = 1–3); (c) well logging profiles of site
GMGS5-W08; (d–f) representative core photos of gas hydrates at the site GMGS5-W08.
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Notably, the geochemical characteristics of hydrate-related gas and sediments at the
site GMGS5-W08 show a strong vertical heterogeneity. For example, the proportion of
methane within the hydrate gas gradually decreased with the increase in buried depth [7].
However, the characteristics of the vertical geochemical heterogeneity and its controlling
factors have not yet been fully understood. On the basis of the systematic geochemical
analyses of hydrate-related gas and sediment samples from 0 mbsf to 188 mbsf, and with the
relevant results of previous studies, this paper aims to study the origin of hydrate-related
hydrocarbons and the hydrocarbons’ evolution during migration at the site GMGS5-W08.
Our results reveal a comprehensive control of the effect on natural gas hydrate geochemistry
via multiple factors, including gas sources, gas migration, and overlay cap rocks, which
may be highly significant for the exploration of natural gas hydrates in this region.

2. Geological Setting

The QDNB is a Cenozoic extensional basin located in the southeast of the Hainan
Island (Figure 1a) [13–24]. The basin underwent the Eocene–Oligocene rifting and the
Neogene–Quaternary depression structural evolution stages, in which four significant
tectonic events, i.e., the Shenhu, Zhujiang, Nanhai, and Dongsha movements, have been
further identified [19,25–27]. The deep-water area in the QDNB has been divided into
five third-order tectonic units, including the Songnan-Baodao, Lingshui, and Beijiao sags,
and the Songnan and Lingnan low uplifts. The QDNB was filled by eight formations
(from bottom to top), including the Eocene, lower Oligocene Yacheng Formation, upper
Oligocene Lingshui Formation, lower Miocene Sanya Formation, middle Miocene Meishan
Formation, upper Miocene Huangliu Formation, Pliocene Yinggehai Formation, and Qua-
ternary Ledong Formation (Figure 2) [19,21,27]. Two sets of source rocks, i.e., the Oligocene
marine and continental transitional source rocks (Yacheng and Lingshui Formations), and
the Miocene marine source rock (Sanya and Meishan Formations), have been found in the
QDNB. Several natural gas fields with huge reserves have been reported in the Meishan
and Huangliu Formation sandstone reservoirs of the Miocene submarine Central Canyon
System, such as the LS17-2, L18-1, and L25-1 gas fields [28–33]. The coal-bearing mudstones
in the Yacheng and Lingshui Formations were the main source rocks [30,31,34,35], and the
thick marine mudstones within the Miocene and Pliocene formations are considered to be
the regional cap rocks of the conventional petroleum system [23,31,33,36].

 
Figure 2. The representative seismic profiles crossing the site GMGS5-W08 showing the faults and
stratigraphic sequences in the Qiongdongnan Basin.
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During the GMGS5 and GMGS6 expeditions, a large amount of visible vein, nodular,
and massive gas hydrates were discovered in the QDNB [7,12–14,19,22]. A large number of
gas hydrate samples were drilled and obtained at site GMGS5-W08 in 2018 [7,8,12].

3. Samples and Methods

3.1. Sample Collection

A total of 20 hydrate-related gas samples were obtained from 0 mbsf to 188 mbsf at
the site GMGS-W08 in the QDNB, including 4 samples during the depressurization of
pressurized cores and 16 hydrate-bound gas samples. All the hydrate-related gas samples
were obtained and stored following the experimental method reported by Lai et al. [14].

In addition, a total of 11 core samples of clayey silt sediment were collected at the site
GMGS5-W08, with a burial depth ranging from 0 mbsf to 188 mbsf. All sediment samples
were wrapped in aluminum foil and stored at a temperature of −20 ◦C.

3.2. Geochemical Experiments of Gas Samples

The gas compositions were analyzed using an Agilent 7890A (Santa Clara, CA, USA)
gas chromatograph equipped with an HP-PLOT Q capillary column and flame ionization
detector, following the standards set by Lai et al. [14]. In addition, the stable carbon and
hydrogen isotopes were determined using a gas chromatography−isotope ratio mass
spectrometry system (GC-IR-IRMS, Thermo Finnigan MAT 253, San Jose, CA, USA) with
the same capillary column as used in the Agilent 7890A gas chromatograph.

3.3. Geochemical Experiments of Sediments
3.3.1. Total Organic Carbon Analyses

The 11 rock core samples were initially dried by freezing at a temperature of −80 ◦C.
After freeze drying, they were crushed to 80 mesh using an agate mortar. These powdered
samples were stored at −20 ◦C for subsequent analysis and testing. To remove inorganic
carbon, the powdered samples were treated with hydrochloric acid (1.5 mol/L). They were
then washed with deionized water for 48 h and subsequently dried at 80 ◦C for 24 h in
an oven. The total organic carbon (TOC) content was determined using an LECO CS-230
carbon/sulfur analyzer.

3.3.2. Rock-Eval Pyrolysis Analyses

Rock-Eval pyrolysis, following the procedure outlined by Espitali’e et al. [37] and
conducted using the OGE-VI rock pyrolyzer, was employed to assess the bulk geochemical
properties of 11 sedimentary rock samples. This analysis focused on four key parameters:
S1, S2, S3, and Tmax. S1 quantifies extractable hydrocarbon compounds released during
pyrolysis, S2 measures the hydrocarbons generated and retained post pyrolysis, S3 signi-
fies CO2 emissions during pyrolysis, and Tmax indicates the maximum temperature for
hydrocarbon generation during organic matter thermal maturation.

3.3.3. Extractable Organic Matter (EOM) and Gas Chromatography–Mass Spectrometry
(GC–MS)

The 11 samples underwent a 72 h extraction in a Soxhlet apparatus using a
dichloromethane/methanol (DCM/MeOH) solvent mixture (9:1, v/v). Initially, asphalt
removal was achieved with petroleum ether at room temperature over 12 h. Subsequently,
a silica/alumina column separation was employed to isolate saturated and aromatic hy-
drocarbon fractions from the deasphalting extract, using petroleum ether and a mixture of
petroleum ether and dichloromethane (2:1, v/v), respectively. Analysis of these fractions
was performed using Agilent 5975i and Agilent 5977i GC–MS systems, following the pro-
cedures and conditions described by Lai et al. [14]. All geochemical experiments on the
core samples were conducted at the National Key Laboratory of Petroleum Resources and
Engineering, China University of Petroleum (Beijing), Beijing, China.
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4. Results

4.1. The Geochemical Characteristics of Natural Gas

Table 1 presents the compositional analysis of three gas hydrate samples and 17 col-
lected gas data, detailing both gaseous hydrocarbon compositions and stable carbon isotope
compositions. The predominant component is methane (C1), ranging from 70.1% to 97.5%,
followed by moderate levels of ethane (C2) (2.2% to 18.5%) and propane (C3) (0.05% to
11.3%). Higher carbon number hydrocarbons (C3+) are present in limited quantities, rang-
ing from 0% to 4.10%. Notably, the C1/(C2 + C3) ratio varies from 2.55 to 43.33. In addition,
the values of stable carbon isotopes of C1 (δ13C1), C2 (δ13C2), and C3 (δ13C3), range from
−63.7‰ to −49.3‰, −29.2‰ to −22‰, and −24.6‰ to −20.6‰, respectively. Further-
more, the hydrogen isotope value of C1 (δD1) ranges from −181‰ to −171‰.

Table 1. Molecular and isotopic compositions of gas hydrates from GMGS5-W08.

Depth (mbsf)

Gaseous C1/(C2 + C3)
Isotopic Composition (‰)

ReferenceHydrocarbon Composition (%) Molar Ratio

C1 C2 C3 C3+ δ13C1 δ13C2 δ13C3 δD1

45 97.28 2.59 0.05 0.08 36.85 −58.3 −25.1 −20.2 n.d.
This study81.23 96.37 3.27 0.25 0.11 27.38 −58.8 −24.5 −20.2 n.d.

146 85.19 10.43 3.5 0.88 6.12 −51.2 −26.6 −22.7 n.d.

8 97.5 2.2 0.05 0.25 43.33 −59.5 −26 −22.4 −187

Data from [14]

17.07 96.95 2.6 0.1 0.35 33.32 −57.6 −26.6 −20.6 −169
60 95.6 3.4 0.7 0.3 23.32 −60.9 −28.4 −24.6 −181

63.18 96.2 3.3 0.39 0.11 26.07 −54.6 −22 n.d. −178
79 94.17 5.11 0.72 0 16.15 −58.6 −25.1 −21.6 −170

112.3 94.22 5.02 0.75 0.01 16.33 −53.8 −23.3 −20.7 −175
145.65 73.62 18.51 7.87 0 2.79 −49.3 −27.5 −23 n.d.

158 76.1 15.43 8.48 0 3.18 −50.4 −26.9 −22.2 −183
187.1 89.22 6.71 4.08 0 8.27 −50.4 −26.7 −23.2 −180

63.73 96.7 2.7 0.4 0.2 31.19 −63.7 −28.8 −23.7 n.d.
Data from [11]64.7 97.2 2.5 0.2 0.1 36 −61.1 −29.2 n.d. n.d.

170.2 72.5 12.1 11.3 4.1 3.1 −52 −27 −24.4 n.d.

87.35 92.2 5.3 1.65 0.85 13.27 n.d. n.d. n.d. n.d.

Data from [8]
89.66 90.5 6.3 2.24 0.96 10.6 n.d. n.d. n.d. n.d.
90.23 89.9 6.5 2.45 1.15 10.04 n.d. n.d. n.d. n.d.

142.39 87.4 9.3 1.94 1.36 7.78 n.d. n.d. n.d. n.d.
164.49 70.1 17.6 9.88 2.42 2.55 n.d. n.d. n.d. n.d.

Note: n.d., no data.

4.2. Bulk Geochemical Properties of Sediments

Table 2 presents the TOC contents and pyrolysis parameters of the 11 sediment samples.
The TOC contents exhibit remarkably low values, ranging from 0.29% to 0.71%, with an
average of 0.48%. The measured pyrolysis parameters, including S1, S2, and Tmax, also
exhibit notably low values, with averages of 0.06 mg/g, 0.23 mg/g, and 367 ◦C, respectively.
In contrast, the values of S3 are remarkably high, ranging from 1.12 to 1.57 mg/g, with
an average of 1.29 mg/g. The calculated pyrolysis parameters hydrocarbon index (HI),
oxygen index (OI), and production index (PI), range from 25.76 to 67.78 mg HC/g TOC,
221.75 to 444.14 mg CO2/g TOC, and 0.05 to 0.36, respectively.
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Table 2. Geochemical results of TOC, Rock-Eval pyrolysis and EOM of the hydrate-bearing sediments
at the site GMGS5-W08.

Depth (mbsf) Lithology
TOC

(wt.%)
Tmax

(◦C)
S1

(mg/g)
S2

(mg/g)
S3

(mg/g)
HI OI PI

Organic
Extracts
(mg/g)

Saturate
%

Aromatic
%

Resein
%

Asphaleten
%

2.50–2.85 Silty clay 0.63 370 0.05 0.28 1.50 44.11 236.29 0.15 0.99 5.15 1.46 5.92 87.47
9.10–9.15 Silty clay 0.71 376 0.02 0.37 1.57 52.26 221.75 0.05 0.23 21.67 13.61 21.11 43.61

45.20–45.30 Silty clay 0.56 387 0.08 0.34 1.42 60.67 253.39 0.19 0.21 19.83 17.53 15.80 46.84
87.15–87.25 Silty clay 0.55 366 0.09 0.25 1.23 45.45 223.64 0.26 0.33 25.47 12.17 12.17 50.19

112.20–112.25 Silty clay 0.58 359 0.12 0.23 1.34 39.40 229.57 0.34 0.25 14.78 16.36 17.15 51.72
145.55–145.65 Silty clay 0.36 374 0.09 0.16 1.26 44.26 348.55 0.36 0.36 7.88 4.44 1.21 86.46
148.00–148.14 Silty clay 0.45 374 0.10 0.19 1.24 42.53 277.59 0.34 0.31 3.68 11.95 8.28 76.09
148.60–148.70 Silty clay 0.49 374 0.10 0.19 1.12 38.61 227.60 0.34 0.24 13.20 3.37 16.57 66.85
164.10–164.20 Silty clay 0.45 373 0.10 0.18 1.13 40.00 251.11 0.36 0.25 13.20 3.37 16.57 66.85
176.20–176.30 Silty clay 0.40 375 0.09 0.16 1.24 39.92 309.38 0.36 0.36 18.18 4.71 11.45 65.66
187.20–187.30 Silty clay 0.44 382 0.11 0.20 1.18 45.19 266.61 0.35 0.37 19.44 5.30 13.13 62.12

Note: TOC, total organic carbon content, wt.%. Tmax, the temperature at which the S2 yield reaches a peak. S1, the
amount of free hydrocarbons (HC) in a sample before the analysis, mg HC/g rock. S2, the amount of hydrocarbons
that result from cracking of kerogen in a sample, mg HC/g rock. S3, the amount of carbon dioxide produced by
pyrolysis of organic matter in a sample. HI, hydrocarbon index, HI = S2/TOC × 100, mg HC/g TOC. OI, oxygen
index, OI = S3/TOC × 100, mg CO2/g TOC. PI, production index, PI = S1/(S1 + S2).

4.3. The Compositions of Biomarkers
4.3.1. Normal Alkanes and Acyclic Isoprenoids

The total ion current (TIC) of the saturated hydrocarbon displays a distribution pattern
of n-alkanes ranging from nC14 to nC35 (Figure 3a–d). Significant odd-to-even preference
(OEP, 0.65 < OEP < 2.26) and high carbon preference index (CPI, 0.86 < CPI < 2.02) are
observed in the nC23 to nC35 range (Table 3). In addition, the ratios of pristane to phytane
(Pr/Ph), Pr/nC17, and Ph/nC18 vary between 0.22 to 1.30, 0.65 to 1.00, and 0.61 to 0.77,
respectively.

Table 3. Selected biomarker parameters relative to the composition of n-alkanes, terpanes, and
steranes of EOM of samples at the site GMGS5-W08.

Depth (mbsf)

n-Alkanes and Isoprenoid Ratios Terpanes Steranes

Max.
Peak

Pr/
Ph

Pr/
nC17

Ph/
nC18

∑nC22+/
∑nC21−

CPI OEP TAR
C23TT/
C21TT

C24TeT/
C26TT

Ts/
(Ts + Tm)

St.C3122S/
(22S + 22R)

St.C2920S/
(20S + 20R)

St.C29ββ/
(ββ + αα)

C27

Diasterane/
St.C27

2.50–2.85 nC16,
nC31

0.22 0.85 4.78 0.76 1.21 1.23 0.47 2.14 0.86 0.44 0.38 0.42 0.41 0.67

9.10–9.15 nC16,
nC31

1.11 0.74 0.66 1.08 2.02 2.26 1.70 1.32 1.11 0.43 0.39 0.39 0.36 0.75

45.20–45.30 nC16,
nC31

1.01 0.71 0.61 1.09 1.88 2.09 1.56 1.39 0.89 0.43 0.40 0.31 0.30 0.42

87.15–87.25 nC16,
nC31

0.88 0.77 0.70 1.03 0.86 0.71 0.23 2.24 0.72 0.60 0.32 0.41 0.39 0.70

112.20–112.25 nC16,
nC31

0.88 0.65 0.65 0.66 1.55 1.82 0.58 1.50 0.67 0.70 0.51 0.58 0.47 0.58

145.55–145.65 nC17 1.24 0.83 0.72 0.64 0.83 0.65 0.13 1.63 0.53 0.73 0.50 0.32 0.35 0.59
148.00–148.14 nC17 1.21 0.68 0.63 0.73 0.83 0.68 0.19 1.65 0.49 0.71 0.50 0.43 0.35 0.68
148.60–148.70 nC17 1.09 0.73 0.73 0.75 1.81 2.19 0.75 1.45 0.51 0.70 0.53 0.33 0.34 0.64
164.10–164.20 nC17 1.30 1.00 0.77 0.88 0.89 0.89 0.35 1.39 0.52 0.70 0.56 0.27 0.27 0.29
176.20–176.30 nC17 1.11 0.73 0.66 0.49 1.37 1.56 0.29 1.38 0.54 0.71 0.54 0.30 0.34 0.52
187.20–187.30 nC17 1.19 0.76 0.69 0.50 1.46 1.73 0.37 1.44 0.59 0.69 0.55 0.34 0.33 0.65

Note: Max. peak, the main (max.) peak of n-alkanes. Pr, pristane. Ph, phytane. CPI, carbon preference index,
{[(nC23 + nC25 + nC27) + (nC25 + nC27 + nC29)]/(nC24 + nC26 + nC28)}/2 [38]. OEP, odd-to-even predominance,
(nC25 + 6 × nC27 + nC29)/(4 × nC26 + 4 × nC28) [38]. TAR = (nC27 + nC29 + nC31)/(nC15 + nC17 + nC19) [39]. CiTT,
Ci tricyclic terpane (i = 21–26). C24TeT, C24 tetracyclic terpane. Ts, 18α(H)-22,29,30-trisnorhopane. Tm, 17α(H)-
22,29,30-trisnorhopane. St.C27–29, C27–29 regular sterane.
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Figure 3. (a–d) n-alkanes distributions (total ion current, TIC) and (e–h) tricyclic terpane distributions
(m/z 191 mass fragmentograms) in saturated hydrocarbon fractions of some representative samples
at the site GMGS5-W08. CnTT, Cntricyclic terpane. C24TeT, C24 Tetracyclic terpane, similarly to other
compounds. R, S, the configuration of compounds.

4.3.2. Tricyclic Terpanes, Hopanes, and Steranes

A series of tricyclic terpanes (TTs), tetracyclic terpanes (TeT) (Figure 3e–h), and hopane
series (Figure 4a–d) in EOM are detected in the m/z 191 mass chromatograms. The ratios
of C23TT to C21TT and C24TeT to C26TT range from 1.32 to 2.24 and 0.49 to 1.11, respec-
tively (Table 3). Within the distribution patterns of the hopane series, a dominance of
C30 hopane (C30H) and C29H, and a high abundance of biological configuration isomers
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17β(H), 21β(H)-C29-31H (ββ-C29-31H) were observed (Figure 4a–d). In addition, the 18α(H)-
22,29,30-trisnorhopane (Ts) is slightly less abundant than the 17α(H)-22,29,30-trisnorhopane
(Tm), with Ts/(Ts + Tm) ratios ranging from 0.40 to 0.70 (Table 3). All the samples have an
extremely low abundance of gammacerane (Ga), oleanane (OL), and C33–35 homohopanes
(Figure 4a–d).

 
Figure 4. (a–d) Triterpane distributions (m/z 191 mass fragmentograms) and (e–h) sterane distribu-
tions (m/z 217 mass fragmentograms) in saturated hydrocarbon fractions of representative samples at
the site GMGS5-W08. C30H, C30Hopane, C29M, C29Moretane, similarly to other compounds. R, S, the
configuration of compounds. C27St, Regular C27 Sterane, C28S, Regular C28 Sterane, C29St, Regular
C29 Sterane.
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In the m/z 217 mass chromatograms (Figure 4e–h), numerous sterane homologues
have been identified. The C27 diasteranes are present in relatively high abundance, with
C27 diasteranes/C27 regular steranes ratios ranging from 0.29 to 0.75 and an average of 0.59
(Table 3). Furthermore, the distribution pattern of C27 to C29 regular steranes appears to
follow a distinctive V-shaped to L-shaped trend (Figure 4e–h). The ααα C2920S/(20S + 20R)
index and C29ββ/(ββ + αα) index vary between 0.27 to 0.58 and 0.27 to 0.47, respectively
(Table 3).

4.3.3. Aromatic Distributions

The aromatic hydrocarbons in sediment samples extract are mainly composed of
phenanthrene (Phen) (m/z 178), methyl phenanthrenes (m/z 192) (Figure 5a–d), naphtha-
lene (m/z 128), trimethyl naphthaleneon (m/z 170) (Figure 5e–h), chrysene, fluoranthene,
perilene, and some other components were detected in all EOM of sediments. The equiv-
alent vitrinite reflectance (%Rc and %Rcb), calculated based on the methylphenanthrene
index (MPI-1) [40] and the trimethylnaphthalene ratio (TNR-2) [40], ranges from 0.79% to
0.86% and 0.77% to 0.80%, respectively (Table 4).

In addition, the ratios of (3- + 2-MP)/(2-MP + 3-MP + 1-MP + 9-MP) (F1) and 2-MP/
(2-MP + 3-MP + 1-MP + 9-MP) (F2) [41] are relatively low, each measuring below 0.54 and
0.32, respectively (Table 4). The dibenzothiophenes to phenanthrene ratio (DBT/Phen)
varies between 1.22 and 2.12.

Table 4. Selected biomarker parameters and ratios of the samples calculated from phenanthrene,
methyl-phenanthrenes, trimethyl-naphthaleneon, methyl-phenanthrene, and dibenzothiophenes
distributions at the site GMGS5-W08.

Depth (mbsf) MPI-1 %Rc TNR-2 %Rcb F1 F2 DBT/Phen

2.50–2.85 0.65 0.79 0.61 0.77 0.50 0.28 1.94
9.10–9.15 0.62 0.77 0.61 0.77 0.50 0.30 1.22

45.20–45.30 0.65 0.79 0.61 0.77 0.50 0.29 1.55
87.15–87.25 0.72 0.83 0.65 0.79 0.54 0.32 1.69

112.20–112.25 0.77 0.86 0.66 0.80 0.54 0.32 2.12
145.55–145.65 0.76 0.85 0.64 0.78 0.53 0.31 2.08
148.00–148.14 0.74 0.85 0.65 0.79 0.53 0.31 2.03
148.60–148.70 0.74 0.85 0.65 0.79 0.54 0.32 1.90
164.10–164.20 0.72 0.83 0.64 0.78 0.54 0.32 1.68
176.20–176.30 0.75 0.85 0.64 0.78 0.53 0.31 1.88
187.20–187.30 0.76 0.86 0.66 0.79 0.53 0.32 1.94

Note: MPI-1, the methylphenanthrene index, [1.5 × (2-MP + 3-MP)]/(P + 1-MP + 9-MP) [40]. MP, methyl-
phenanthrenes. %Rc, calculated vitrinite reflectance, %Rc = 0.6 × MPI-1 + 0.4 [40]. TNR-2, the trimethylnaph-
thalene ratio, (1,3,7-TMN + 2,3,6-TMN)/(1,3,5-TMN + 1,3,6-TMN + 1,4,6-TMN). TMN, trimethyl-naphthaleneon.
%Rcb = 0.4 + 0.6 × TNR-2. F1 = (2-MP + 3-MP)/(2-MP + 3-MP + 1-MP + 9-MP) [42]. F2 = 2-MP/(2-MP + 3-MP +
1-MP + 9-MP) [41]. DBT, dibenzothiophene. Phen, phenanthrene.
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Figure 5. (a–d) Phenanthrene distributions (m/z 178 mass fragmentograms), methyl-phenanthrenes
distributions (m/z 192 mass fragmentograms), (e–h) naphthalene distributions (m/z 128 mass frag-
mentograms) and trimethyl-naphthaleneon distributions (m/z 170 mass fragmentograms) in aromatic
hydrocarbon fractions of representative samples at the site GMGS5-W08. hen, phenanthrene, and 3-,
2-, 9-, 1-MP are the 3-, 2-, 9-, 1-methyl-phenanthrenes, respectively. N, naphthalene, and 1,3,7-, 1,3,6-,
1,4,6 + 1,3,5-, 2,3,6-, 1,2,4-, 1,2,5-, 1,4,5-TMN are the 1,3,7-, 1,3,6-, 1,4,6 + 1,3,5-, 2,3,6-, 1,2,4-, 1,2,5-,
1,4,5-trimethyl-naphthaleneon, respectively.

51



Energies 2024, 17, 412

5. Discussion

5.1. Origin of Gas Hydrates

The revised genetic diagrams of C1/(C2 + C3) versus δ13C1 and δ13C1 versus δD1
proposed by Milkov and Etiope [43] can be applied to divide types of natural gas hydrates.
Figure 6 shows the gas hydrates and pressurized core degassing gas samples are mainly of
early mature thermogenic gas.

 
Figure 6. Genetic diagrams showing the genetic types of the hydrate-related gas samples at the site
GMGS5-W08. (a) Plot of δ13C1 versus C1/(C2 + C3). The diagram is modified from [43] (b) plot of δD1

versus δ13C1. The diagram is modified from [43]. CR, CO2 reduction; F, methyl-type fermentation;
SM, secondary microbial gas; OA, oil-associated thermogenic gas; EMT, early mature thermogenic
gas; LMT, late-mature thermogenic gas.

All samples are primarily consisted of C1 (Table 1, Figure 7a), with varying amounts of
C2 and C3, and trace amounts of C3+. The presence of C3 and C3+ gases in hydrate-related
gas suggests a contribution from thermogenic gases, as microbes typically produce C1
exclusively. The highest C1 content in the samples was 97.7%, which contrasts with the
C1 content of up to 99% in pure microbial gas from the Shenhu area in the South China
Sea [15]. Interestingly, the proportion of C1 gradually decreases along the vertical profile
(Figure 7a,b), while the δ13C1 values increase with increasing burial depth (Figure 7c).
In contrast, δ13C2 and δ13C3 values remain stable with depth (Figure 7d,e). These features
suggest that the contribution of microbial gas within the hydrate-related gas decreases with
increasing burial depth from top to bottom. It is generally accepted that the δ13C1 values
for microbial origin typically fall below −55‰, whereas thermogenic δ13C1 exhibits values
higher than −55‰ [13,14,26,44,45]. Unlike the purely microbial gas in the Shenhu area,
which has a maximum δ13C1 of −66‰, the range of δ13C1 within the samples is between
63.7‰ and −49.3‰ [15]. Therefore, it can be inferred that the vertical variations in natural
gas composition and stable carbon isotopic are mainly caused by the different mixing ratios
of microbial gas and thermogenic gas [13,14].

Based on the principle of mass conservation and stable carbon isotope fractionation of
methane, the relative proportions of microbial and thermogenic gas in gas hydrates can be
estimated [13,14,46]. In this study, we used the measured δ13C1 values of −28‰ for pure
thermogenic C1 [32,47] and −80‰ for pure biogenic C1 [13,14] to calculate the contribution
of microbial C1. The calculation results show that the proportion of microbial C1 in the gas
samples from site GMGS5-W08 ranges from 40.96% to 60.58%, progressively decreasing
with increasing burial depth (Figure 7f).

The C3+ gases, typically originating from thermogenic natural gas sources, play a
crucial role in the formation of sII gas hydrates [11,48,49]. Variations in the proportion
of microbial gases along the vertical profile influence the composition of gas hydrates,
particularly C1 content. This leads to the formation of distinct zones with different gas
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hydrate crystal types along the depth profile. Pure sI and sII gas hydrates were found at
depths of 8 mbsf and 145.65 mbsf, respectively, while a mixture of sI and sII gas hydrates
was identified within the depth range of 58 to 144 mbsf. The gas sample taken at 8 mbsf
exhibited high concentrations of C1 and C2 hydrocarbon gases but lacked C3 and C3+
hydrocarbons, with a δ13C1 value below −55‰. Conversely, the gas sample retrieved from
a burial depth of 145.65 mbsf displayed a lower C1 content and higher C2+ content, with a
δ13C1 value exceeding −55‰. Ultimately, based on the crystal structure of gas hydrates, the
hydrate deposits can be divided into three zones from top to bottom: Zone sI (0–58 mbsf),
Zone sI + sII (58–144 mbsf), and Zone sII (below 144 mbsf) (Figure 7). The boundaries
between the zones are located at the bottom boundaries of MTD1 (58 mbsf) and MTD3
(144 mbsf).

 
Figure 7. Vertical variation in the geochemical characteristics of the hydrate-related gas samples
at the site GMGS5-W08. (a) Vertical distribution of sample C1/C2+ values; (b) Vertical distribution
of sample C1/(C2+ C3) values; (c) Vertical distribution of sample δC1(‰)values; (d) Vertical dis-
tribution of sample δC2(‰)values; (e) Vertical distribution of sample δC3(‰)values; (f) Microbial
gas proportion = (δ13C mixed gas sample − δ13C pure thermogenic gas)/(δ13C pure primary microbial gas − δ13C

pure thermogenic gas). The diagram is modified from [14].

In summary, the varying contribution rates of thermogenic gases along the vertical
profile result in differences in the vertical distribution of sI and sII gas hydrates. The greatest
variation in thermogenic gas proportions occurs at the bottom boundaries of MTD1 and
MTD3. Below MTD3, thermogenic gases become the predominant component of hydrates.
The distribution of gas components is evidently influenced by the presence of MTDs,
indicating that the MTDs may play a sealing role in preventing gas migration upward.

5.2. Profile Variations in Geochemical Characteristics of EOM
5.2.1. Basic Geochemical Characteristics

Most sediment samples have TOC and HI values lower than 0.5% and 50 mg HC/g
TOC, respectively (Table 2, Figure 8a). In addition, the values of the pyrolysis parameters
S1 and S2 are extremely low (Table 2, Figure 8b), indicating a very low organic carbon in
the indigenous sediments and a minor potential for microbial gas generation.

In contrast, the values of S3 are relatively high (Table 2), which represents the signif-
icant production of carbon dioxide during organic matter pyrolysis and reflects a high
oxygen content in the organic materials. This is likely due to the low thermal maturation
levels. The Tmax values are significantly low, ranging from 359 to 387 ◦C (Table 2, Figure 8c).
Resins and asphaltics are the major components in the extracts of the eleven samples,
ranging from 1.21% to 21.11% and 43.61% to 87.47%, respectively (Table 2). The Tmax values
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and percentage distribution of the four fractions indicate a very low thermal maturation
level of the sediment samples.

 

Figure 8. Vertical variation in TOC and Rock-Eval pyrolysis of the hydrate-bearing sediments at the
site GMGS5-W08. (a) Vertical distribution of sample TOC values; (b) Vertical distribution of sample
S1 values and S2 values; (c) Vertical distribution of sample Tmax values.

In summary, the basic geochemical characteristics indicate that the abundance of EOM
in the sediment is low and that the EOM is in an immature stage.

5.2.2. Organic Matter Source

The distribution of n-alkanes is a common method for tracing the origin of organic
matter. Short-chain n-alkanes (<nC20) typically indicate contributions from algae and
microorganisms, whereas long-chain n-alkanes (>nC25) are associated with terrigenous
higher plants [50–52]. In this study, samples buried less than 58 mbsf predominantly exhibit
long-chain n-alkanes (Figure 3a), while others show a prevalence of short-chain n-alkanes
(Figure 3b–d). Near the seabed, we observe a bimodal distribution pattern (with maximum
peaks around nC16, and nC31) (Figure 3a). In contrast, deeper-buried sediment samples
display a unimodal pattern.

Furthermore, the TIC of saturated hydrocarbons demonstrates an even/odd predomi-
nance, particularly in the nC27-nC33 range, suggesting an origin from immature terrestrial
organic matter. Additional n-alkane parameters, including nC22+/nC21− and the terrige-
nous/aquatic index (TAR), help identify the sources of organic matter (Table 3, Figure 9a,b).
The TAR index is the ratio of (nC27 + nC29 + nC31)/(nC15 + nC17 + nC19), reflecting the
contribution of leaf waxes and algae to n-alkanes, reveals the input of terrigenous or-
ganic matter (Table 3, Figures 3a–d and 9). Higher nC22+/nC21− and TAR values within
MTD1 compared to MTD3 (Figure 9) indicate an increasing contribution of marine aquatic
organisms to organic matter with increasing burial depth.

These sediment samples consist of unconsolidated clays with relatively shallow burial
depths (0–200 mbsf) and low in situ temperatures (3.5–21 ◦C) [8], indicating an immature
diagenesis phase. Therefore, the immature terrigenous organic matter is likely sourced
from the terrigenous organic matters.

In addition to immature EOM, our analysis revealed several biomarker compounds in
mass chromatograms, originating from mature source rocks. These include isoprenoids
(Figure 3a–d), tricyclic terpanes (Figure 3e–h), hopanes (Figure 4a–d), diasteranes, regular
steranes (Figure 4e–h), and some other compounds. These biomarkers indicate the presence
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of allochthonous hydrocarbons in the extracts, helping identify the allochthonous hydro-
carbons origin. The distribution of steranes is widely used to infer the input of organic
matter sources. For example, high concentrations of C29 steranes suggest higher plant or-
ganic matter input, while C27 steranes indicate eukaryotic algae and animal sources [53,54].
We detected C27 to C29 regular steranes in all extracts, with high C27 and C29 abundance,
implying contributions from terrigenous and aquatic organisms. The C27 to C29 sterane dis-
tribution shifts from a V-shaped (above 85 mbsf) to an L-shaped pattern (below 145 mbsf),
indicating decreasing terrigenous influence with burial depth and a gradual reduction in
terrestrial plant contributions.

 
Figure 9. Vertical changes in showing various EOM inputs at the site GMGS5-W08. (a) Vertical
distribution of sample ∑nC22+/∑nC21− values; (b) Vertical distribution of sample TAR values.

The plot of Ph/nC18 versus Pr/nC17 (Figure 10) and the ternary diagram of C27–C29
regular steranes (Figure 11) depict the source of EOM in our samples. In MTD1, terrestrial
higher plants are the primary source, whereas MTD2 and MTD3 samples contain a mix of
EOM with a substantial contribution from aquatic organisms.

 

Figure 10. Phytane to n-C18 alkane (Ph/nC18) versus pristane to n-C17 alkane (Pr/nC17) showing
depositional conditions and type of organic matter at the site GMGS5-W08. The diagram is modified
from [55].
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Figure 11. Ternary diagram of regular steranes (C27, C28, and C29) at the site GMGS5-W08 showing
the relationship between sterane compositions and organic matter input. The diagram is modified
from [56].

In summary, indigenous organic matter primarily comprises immature terrigenous
material, while allochthonous hydrocarbons mainly originate from planktonic algae, bacte-
ria, and other microorganisms. Moreover, the contribution of terrigenous organic matter
decreases notably at the bottom boundary of MTD1 and MTD3 (Figure 9), coinciding
with the presence of gas hydrates zones. Below the bottom boundary of MTD3, organic
matter from mature source rocks and deeply buried thermogenic gas accumulate. Changes
in the parameters of these source rocks along the depth profile indicate that MTDs ob-
struct the upward migration of allochthonous hydrocarbons and gas hydrates, especially
thermogenic gas.

5.2.3. Depositional Environment of Organic Matter

Parameters derived from the distribution of TTs have historically played a pivotal role
in assessing depositional environments and organic matter conditions [57–59]. In this study,
all sediment samples exhibit a substantial abundance of C23TT, with C23TT/C21TT ratios
consistently exceeding 1.2 (Table 3). This observation implies that EOM in the shallowly
buried sediments of GMGS5-W08 predominantly originates from marine and saline environ-
ments, as opposed to terrestrial freshwater environments. In addition, C24TeT/C26TT ratios
can be used to determine the depositional environment [60], with C24TeT/C26TT ratios
consistently higher than 0.5 (Table 3, Figure 3b), suggesting an overfilled and balanced-fill
marine depositional environment. Moreover, parameters such as Pr/Ph and DBT/Phen
are commonly used to indicate the depositional environment. As shown in Figure 12, our
results illustrate that reducing conditions within the depositional environment become
more pronounced with increasing burial depth. Notably, significant variations in these
ratios become apparent at the bottom of the MTDs boundaries.

The ternary diagram of C19+20TT, C21TT, and C23TT by Xiao et al. [59] (Figure 13) and
the plot of Ph/Pr versus DBT/Phen (Figure 14) indicate that the EOM in the samples is
sourced from marine sediments.
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Figure 12. Vertical variation in showing various organic matter depositional environment at the site
GMGS5-W08. (a) Vertical distribution of sample Pr/Ph values; (b) Vertical distribution of sample
C24TeT/C26TT values; (c) Vertical distribution of sample DBT/Phen values.

Figure 13. Ternary diagram of C19+20TT, C21TT, and C23TT to discriminate the various depositional
environments at the site GMGS5-W08. The diagram is modified from [59].

 
Figure 14. DBT/Phen versus Pr/Ph to discriminate the various depositional environments at the site
GMGS5-W08.
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In summary, the biomarker parameters suggest that the allochthonous hydrocarbons
in the extracts primarily originate from source rocks within marine depositional environ-
ments. Meanwhile, the parameters indicate an anoxic condition below the bottom boundary
of MTD3 and a sub-anoxic condition above the bottom boundary of MTD1. These obser-
vations indicate a significant correlation between shifts in sedimentary environments and
the MTDs.

5.2.4. Maturity of Sediment Organic Matter

All samples exhibit immaturity, as evidenced by the Tmax values ranging from 359 ◦C
to 382 ◦C (Table 2, Figure 8c). The moderate to high OEP, mostly higher than 1.5 (Table 3),
indicates low thermal maturity. This is further supported by the presence of squalene, a
high abundance of C29–C31 ββ-hopanes (Figure 5a–d), and relatively abundant C29–C31
moretanes (Figure 5a–d).

Moreover, a set of biomarker compounds from mature source rocks serves as valu-
able indicators of allochthonous hydrocarbons maturity. The thermal maturity indicators,
including the C31 22S/(22S + 22R) ratio, Ts/(Ts + Tm) ratio, %Rc, %Rcb, F1, and F2, collec-
tively confirm the presence of mature EOM sources. Furthermore, these six parameters
demonstrate an increase in organic matter maturity with increasing burial depth, with
significant variations observed at the bottom boundary of MTD1 and MTD3 (Figure 15).
The six maturity parameters within MTD1 indicate that the EOM is in the immature-mature
stage. The values of the maturity parameters increase with increase in depth of burial, and
within MTD3 the EOM is in the mature stage. In addition, the pole ααα C2920S/(20S + 20R)
versus C29 ββ/(ββ + αα) and F1 versus F2 present low-mature to mature level and mature
level, respectively (Figure 16).

 

Figure 15. Vertical variation in maturity of the hydrate-bearing sediments at the site GMGS5-W08.
(a) Vertical distribution of sample C3122S/(22S+22R) values; (b) Vertical distribution of sample
Ts/(Ts+Tm) values; (c) Vertical distribution of sample %Rc values; (d) Vertical distribution of sample
%Rcb values (e) Vertical distribution of sample F1 values; (f) Vertical distribution of sample F2 values.

In general, the EOM within clay sediment extracts at relatively shallow burial depths
(0–200 mbsf) is expected to be in an immature stage. However, certain biomarker pa-
rameters related to saturated and aromatic hydrocarbons exhibit distinct characteristics
indicative of low to moderate organic matter maturity. This suggests the influence of al-
lochthonous hydrocarbons sources originating from deeply buried source rocks. Variations
in maturity parameters along the vertical profile suggest that MTDs serve as impediments,
obstructing the upward migration of allochthonous hydrocarbons.
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Figure 16. Diagram showing the maturity of the hydrate-bearing sediments at the site GMGS5-W08.
(a) Plot of C29 ββ/(ββ + αα) versus C29 20S/(20S + 20R). (b) Plot of F1 versus F2.

In summary, the proportion of thermogenic gas and biomarker parameters associated
with source input, depositional environment, and organic matter maturity consistently
display variations along the vertical profile. These observations strongly indicate the
upward migration of gases and hydrocarbons sourced from deeply buried reservoirs, with
MTDs playing a significant role as barriers impeding this migration process.

5.3. Implications for Gas Hydrate Exploration

The preliminary findings of this study indicate that MTDs act as barriers, hindering
the upward migration of both gas and EOM. Our research indicates significant changes
in the contribution of thermogenic gas in the hydrate-related gas and contributions of
allochthonous hydrocarbons in hydrate-bearing sediment extracts at the bottom bound-
aries of MTD1 and MTD3. These variations become more pronounced with burial depth.
Moreover, the proportion of thermogenic gas may affect the distribution of sII gas hydrates
along the vertical profile. Below the boundary of MTD3, the proportion of thermogenic gas
is over 50%, indicating a significant accumulation of sII gas hydrates.

In addition, allochthonous hydrocarbons are present in the sediment extracts. The
geochemical characteristics of the allochthonous hydrocarbons in the extracts indicate that
they are originated from marine source rocks of low to moderate maturity, and the organic
matter is derived from mixed organic matter with a significant contribution from aquatic or-
ganisms. The distribution is influenced by the presence of MTDs. The highest concentration
of allochthonous hydrocarbons is found at the bottom boundary of MTD3. Moreover, the
indigenous organic matter within MTDs can significantly influence various geochemical
parameters. Therefore, when evaluating gas source kitchens using geochemical indicators,
it is crucial to consider the influence of indigenous sediment within MTDs.

6. Conclusions

Based on a series of detailed geochemical analyses of hydrate-related gases and
hydrate-bearing sediments within GMGS5-W08 in the QDNB, the source of the thermogenic
gas and the influence of sediments on hydrate-related gas migration were investigated.
The main conclusions are as follows:

1. The decrease in C1 content and increase in δ13C1 with depth suggest an increasing
proportion of thermogenic gas, indicating that the MTDs act as cap rocks, impeding
the migration of gas from deep source rocks.
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2. The varying thermogenic gas contributions result in distinct changes in the distri-
bution of sI and sII gas hydrates along the depth profile. It is concluded that MTDs
significantly influence the distribution of sII gas hydrates, with important implications
for gas hydrate resource assessment and exploration.

3. Hydrate-bearing sediments contain both indigenous organic matter and allochthonous
hydrocarbons, with the allochthonous hydrocarbons originating from marine source
rocks of low to moderate thermal maturity. It is crucial to distinguish the influence of
indigenous organic matter when determining the origin of hydrate-related gas sources.

4. The vertical distribution patterns of source input, depositional environment, and
organic matter maturity parameters within hydrate sediments exhibit distinct trends.
These variations at the interfaces closely align with the boundaries of the MTDs,
indicating that MTDs prevent upward migration of allochthonous hydrocarbons from
depth and have a significant impact on the distribution of organic matter.
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Abstract: Enhancing the production capacity of natural gas hydrates (NGHs) is critical for its commer-
cial development. Complex structure wells may efficiently increase drainage areas while enhancing
exploitation efficiency. Based on the field data of China’s first offshore NGH test production, the
numerical method was used to analyze the production performance of different complex structure
well types by continuous depressurization production for 360 days under the preconditions of fixed
effective completion length of 300 m and a pressure difference of 6 MPa. Results indicated that the
complex structure well types deployed at the three-phase layer demonstrated superior production
performance within 240 days of production; the DLW2 and HW2 well types stood out, with an
average gas production rate Qg reaching 43,333 m3/d and a specific production index J of 24.1. After
360 days of production, benefiting from multi-layer combined production, the Cluster vertical well
deployed at the multi-layer had the best production performance, with an average Qg of 34,444 m3/d
and a J-index of 19.1. The research results provided insights into the complex structure well-type
selection strategy for NGH depressurization in this sea area.

Keywords: natural gas hydrate; Shenhu Sea area; complex structure well; numerical simulation;
TOUGH+HYDRATE

1. Introduction

Natural gas hydrates (NGHs) are widely present in permafrost regions and deep-sea
sediments. It is estimated that there is approximately 1015–1018 m3 CH4 in the global
NGH resources, which is considered to be enough to have the potential to replace fossil
fuels [1–5]. The first NGH field test production was completed in 2002 at the Mallik facility
in Canada [6]. Recent offshore NGH field test production at Japan’s Nankai Trough and
China’s Shenhu Sea area have demonstrated the feasibility and superiority of the depres-
surization method [7–10]. However, the offshore field test production capacity remains
significantly below the commercialization standard of 50 × 104 m3/d [1]. As a result,
improving gas recovery efficiency has become a critical challenge for the industrial ex-
ploitation of hydrates. Through the comprehensive analysis of various extraction methods
and technologies for NGHs, complex structure well types represented by a horizontal and
multilateral well are considered as the primary approaches to increasing NGH productiv-
ity [11]. Complex structure wells include all well types except that the traditional vertical
well, such as horizontal well, extended reach well, and multilateral well [12].

Therefore, extracting hydrates from complex structured wells has become a research
hotspot. For example, Xin X. et al. found that the deployment depth of the lateral branches
in a multilateral well is the key factor affecting production capacity [13]. Mao P. et al.
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evaluated the influence of different parameters related to helical multilateral well on pro-
duction capacity and believed that it had the potential to achieve commercial development
of natural gas hydrates [14]. Ye H. et al. discovered that a directional well and a multilateral
well can greatly improve productivity, particularly in a cluster well, which can enhance
gas productivity by around 2.2 times compared to a single well [15]. Mahmood M. et al.
compared the production capacity of a radial lateral well (RLW) and a horizontal snake
well (HSW) in extracting gas hydrates and found that RLW’s productivity is directly related
to the number, length, and radius of laterals; two key parameters affect HSW production
capacity: one is wellbore length, and the other is radius [16]. Jin G. et al. found that
under the same completion length, a multilateral well and a single well produced almost
equivalent amounts of gas and water. Interference near branch intersections improves the
hydrate dissociation [17]. Ye H. et al. evaluated the impact of different parameter settings
on the productivity of different well types, and the results showed that branch parame-
ters have the most significant impact on the productivity of a cluster horizontal well [18].
Hao Y. et al. found that a cluster multilateral well and a fishbone well are the optimal well
types for the short- and long-term development of hydrates, respectively [19]. Ye H. et al.
found that enlarging the wellbore diameter of a complex structure well can significantly
increase production capacity in short-term production [20]. Cao X. et al. found that well
interference occurs between lateral branches of a multilateral well, which is unfavorable for
gas production and becomes worse as the number of branches increases [21]. Jin G. et al.
estimated that 22 sets of multilateral wells each with a completion length of 1000 m are
sufficient to achieve commercial development of NGHs in China’s Shenhu Sea area [22].
He J. et al. simulated the productivity of a fishbone well with different lateral branch
numbers and found that the production capacity of the six-branch fishbone well was about
59.3% higher than that of the single horizontal well [23].

However, the previous research on complex structure wells mentioned above generally
targets 1~4 types of complex structure wells, such as cluster vertical well, cluster horizontal
well, herringbone lateral well, and radial lateral well. As of today, both single vertical
and single horizontal well have been validated for their technical feasibility through
hydrate production testing, and these two types of wells can significantly improve the
fault tolerance of the production system. The herringbone lateral well and radial lateral
well have not undergone actual application of hydrate production testing, and still face
technical challenges in the future. Previous research mainly focuses on the effects of
different well deployment or branch lengths, angles, and other parameters of complex
structure well on production capacity in the Class 3-type hydrate reservoir. Meanwhile,
it is still unclear which complex structure well type has the best production capacity and
cost advantage under the different parameter setting in the Class 1-type hydrate reservoir,
which consists of an upper hydrate layer and a lower free gas layer (where gas and water
can flow freely). The pressure and temperature distribution of the entire reservoir enables
the stable existence of hydrates. Therefore, based on the field data of China’s first offshore
NGH test production, we take up to eight types of complex structure wells as the research
object and use the numerical method to evaluate the production capacity of these well
types under the precondition of the total completion length of 300 m and a fixed pressure
difference of 6 MPa.

2. Methodology

2.1. Geological Background

China’s first offshore NGH test site is located between the Xisha and Dongsha sea
areas (Figure 1) [19]. Due to the exceptional geological and engineering conditions, this
site is assessed to be the best location for field trials. The water depth at this site is
about 1266 m and the seafloor temperature is around 3 ◦C with a geothermal gradient of
43.653 ◦C/km [24,25]. The reservoir is mainly composed of three layers: the free gas layer
(FGL, 251–278 mbsf, which is composed of low saturation free gas and water), the three-
phase layer (TPL, 236–251 mbsf, which contains hydrates, high saturation free gas, and
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water), and the gas hydrate-bearing layer (GHBL, 201–236 mbsf, which is rich in hydrate
and water) [26,27].

 

Figure 1. SHSC4 well location diagram (adapted from Ref. [19]).

2.2. Numerical Simulator

TOUGH+HYDRATE V1.0 is a well-known simulator widely used to predict NGH
production [28–30]. To overcome the major issue in hydrate modeling, numerous grids
are necessary for large-scale simulation [30]. Herein, we used the parallel version of this
code and adopted the equilibrium model in this work [31,32]. But it can only simulate
up to 50,000 grids, which is insufficient for predicting a large-scale model. Herein, we
adopted the parallel version of this code (pT+H v1.0) and the equilibrium model in this
work [31–33]. Furthermore, the user’s manual for this code has a detailed description of
the governing equations [27]. During the simulation process, we assumed that the Darcy’s
law is effective in the model and the wellbore is stable. The movement of geological media
was neglected. The main governing equations were given as follows [27,34]:

1. Components and phases

Phase(β) = A, G, H, I is aqueous, gas, hydrate, and ice, respectively; Component(κ) =
w, m, i, h is water, methane, salt, and hydrate, respectively.

2. Mass balance

The flow control equation for multi-component fluid mixtures follows mass conserva-
tion and is defined as follows:

d
dt

∫
Vn MκdV =

∫
Γn Fκ · ndΓ +

∫
Vn qκdV (1)

Here, Mκ is the mass accumulation, Fκ is the flux, and qκ is the source/sink ratio.

3. Energy balance
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The heat flow control equation follows energy conservation and is defined as follows:

d
dt

∫
Vn MθdV =

∫
Γn Fθ · ndΓ +

∫
Vn qθdV (2)

Here, θ is the heat component, Mθ , Fθ , and qθ are the heat accumulation, flux, and
source/sink ratio, respectively.

2.3. Model Construction and Well Type Design

The logging curve of SHSC-4 was used to establish the reservoir’s numerical model
(Figure 2a), and the domain was 510 × 680 × 117 m in (x, y, z). The boundary layer with
20 m is enough to eliminate the boundary effects [35]. The reservoir can be divided into
three layers based on the logging curve. The thicknesses of GHBL, TPL, and FGL were 35,
15, and 27 m, respectively [36]. To evaluate the gas production performance for different
complex structure well types, a total of eight well types, including twenty-four simulation
cases, were established in this work: (1) Cluster vertical well (CVW): CVW had four vertical
wellbores with a wellbore spacing of 180 m, each vertical wellbore was an open hole
completion with a length of 75 m and covered GHBL, TPL, and FGL (abbreviated as ML for
multi-layer), as shown in Figure 2b. (2) Radial lateral well (RLW): RLW1–3 each had three
lateral wellbores with a total open hole completion length of 300 m. RLW1’s three lateral
wellbores were located in the middle of the GHBL and TPL, as well as the upper part of the
FGL. RLW2’s three lateral wellbores were located at the top, middle, and lower part of the
GHBL. RLW3’s three lateral wellbores were located in the middle of the GHBL, as well as
the upper and lower parts of the FGL, as shown in Figure 2c. (3) Cluster horizontal well
(CHW): CHW1–3 each had three horizontal wells with a total open hole completion length
of 300 m. CHW1–3 were located at the middle of GHBL, TPL, and FGL respectively, while
CHW4 were located at the ML, as shown in Figure 2d. (4) Direction lateral well (DLW):
DLW1–4 each contained 2 lateral wellbores with a total open hole completion length of
300 m; DLW1–4 were located at the GHBL, TPL, GHBL and ML, respectively, as shown in
Figure 2e. (5) Herringbone lateral well (HLW): HLW1–3 had one main wellbore and two
lateral wellbores each, with a total open hole completion length of 300 m; HLW1–3 were
located at GHBL, TPL, and FGL respectively, as shown in Figure 2f. (6) Horizontal well
(HW): HW1–3 had an open hole completion with a length of 300 m; HW1–3 were located at
the middle of GHBL, TPL, and FGL, respectively, as shown in Figure 2g. (7) Horizontal
snake well (HSW): HSW1–3 with a open hole completion length of 300 m and located in
the middle of the GHBL, TPL, and FGL, respectively, as shown in Figure 2h. (8) Vertical
lateral well (VLW): VLW1–3 had four lateral wellbores with a total open hole completion
length of 300 m; VLW1–3 were located at the GHBL, TPL, and FGL, respectively, as shown
in Figure 2i. The above simulation cases were divided into four groups, as listed in Table 1.

The discretization was carried out by the following steps to reduce the number of
grids and decrease the computational resources: Different well type x-y plane domains
were discretized separately and then extruded into 3D discretized grids along the z-axis.
To depict the intricate multiphase flow near the wellbore, the minimum grid sizes in the x-,
y- and z-axis directions were 2 m, 2 m, and 1 m, respectively. The x-y plane domain of the
different well types, CVW, RLW, CHW, DLW, HLW, HW, HSW, and VLW were discretized
into 13,923, 2166, 7469, 3040, 5341, 1740, 5478, and 7055 grids, respectively. The total grid
was 1,127,763, 175,446, 604,989, 246,240, 432,621, 140,940, 443,718, and 571,455 respectively.
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Figure 2. Model schematic diagram and well type design: (a) Geological model and Logging curve of
SHSC-4 well. (b) Schematic diagram of CVW; (c) Schematic diagram of RLW; (d) Schematic diagram
of CHW; (e) Schematic diagram of DLW; (f) Schematic diagram of HLW; (g) Schematic diagram of
HW; (h) Schematic diagram of HSW; (i) Schematic diagram of VLW.
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Table 1. The main parameters of simulation cases.

Groups Case

Main Parameters

L/(m) l/(m) n
Location of
Open Hole

Section

A

CHW1 300 100 3

GHBL

DLW1 300 150 2
HLW1 300 50 2
HW1 300 / /

HSW1 300 / /
VLW1 300 75 4

B

CHW2 300 100 3

TPL

DLW2 300 150 2
HLW2 300 50 2
HW2 300 / /

HSW2 300 / /
VLW2 300 75 4

C

CHW3 300 100 3

FGL

DLW3 300 150 2
HLW3 300 50 2
HW3 300 / /

HSW3 300 / /
VLW3 300 75 4

D

CHW4 300 100 3

ML

DLW4 300 150 2
CVW 300 75 4
RLW1 300 100 3
RLW2 300 100 3
RLW3 300 100 3

Note: n is the quantity of lateral wellbore or single wellbore; ML is the abbreviation for multi-layer.

2.4. Initial and Boundary Conditions

The initial conditions of the model can be calculated by the code’s self-balancing
function, as shown in Figure 3 [36–39]. In order to establish the Dirichlet boundary, the top
and bottom of the model were set to a fixed temperature and pressure [40]. The wellbore
grids were given a fixed pressure difference of 6 MPa and pressure loss along the wellbore
was ignored.

The reservoir characteristics (porosity, permeability, saturation) of each sublayer were
according to the on-site measured data as follows: (a) The’ porosity values of the three
sublayers were 0.35, 0.33 and 0.32; (b) the permeability values of the three sublayers were
2.9, 1.5, and 7.4 mD; (c) the initial gas and hydrate saturations of the GHBL, TPL, and FGL
were extracted from the logging curve [9]. It was assumed that the mean porosity of the
OB and UB was 0.3 and the permeability was 2.0 mD. Table 2 lists the model’s detailed
parameter settings.

Table 2. Model’s detailed parameter settings.

Parameter Value and Unit

OB and UB’s thickness [9,21,26,41] 20 m
GHBL’s thickness [9,21,26,41] 35 m
TPL’s thickness [9,21,26,41] 15 m
FGL’s thickness [9,21,26,41] 27 m
OB and UB’s permeability 2.0 mD
GHBL’s permeability [9,21,26,41] 2.9 mD
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Table 2. Cont.

Parameter Value and Unit

TPL’s permeability [9,21,26,41] 1.5 mD
FGL’s permeability [9,21,26,41] 7.4 mD
Wellbore radius [9,21,26,41] 0.1 m
Salinity [9,21,26,41] 3.5%
GHBL and TPL’s hydrate saturation [9,21,26,41] Reference from logging curve (Figure 2a)
FGL’s gas saturation [9,21,26,41] Reference from logging curve (Figure 2a)
OB and UB’s porosity 0.30
GHBL’s porosity [9,21,26,41] 0.35
TPL’s porosity [9,21,26,41] 0.33
FGL’s porosity [9,21,26,41] 0.32
Grain density [21,26,41] 2600 kg/m3

Geothermal gradient [21,26,41] 43.653 ◦C/km
Grain specific heat [21,26,41] 1000 J·kg−1·K−1

Gas composition [21,26,41] 100% CH4
Dry thermal conductivity [21,26,41] 1.0 W·m−1·K−1

Wet thermal conductivity [21,26,41] 3.1 W·m−1·K−1

Capillary pressure model [21,26,41] Pcap = −P0

[
(S∗)−1/λ − 1

]1−λ
, S∗ = (SA−SirA)

(SmxA−SirA)

Maximum reference aqueous saturation of capillary SmxA
[21,26,41] 1

Porosity distribution index λ [21,26,41] 0.45
Entry pressure P0 [21,26,41] 104 Pa

Relative permeability model [21,26,41] KrA = [(SA − SirA)/(1 − SirA)]nA, KrG = [(SG − SirG)/(1 −
SirA)]nG

Permeability reduction exponent for aqueous phase nA
[21,26,41] 3.5

Permeability reduction exponent for gas phase nG [21,26,41] 2.5
Irreducible saturation of gas phase SirG [21,26,41] 0.03
Irreducible saturation of aqueous phase SirA [21,26,41] 0.30

Figure 3. Initial conditions of the model.
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2.5. Grid Independence Test

The numerical models established in this work were discretized separately in x-y plane
domains, and the total number of grids between these models was different. To verify the
errors of these models in predicting gas and water production within an acceptable range,
we conducted the grid independence test. First, a vertical well with a completion section
length of 70 m was set in the middle of these models, and then the same production pressure
difference of 6 MPa was applied for continuous production for 360 days. Figure 4 shows
the production results of these models within 360 days. The inconsistency number of grids
among different models has almost no impact on the overall gas and water production.
Therefore, these models can be used for subsequent comparison production performance
of different complex structure well types.

Figure 4. Grid independence test.

3. Results and Discussion

3.1. Well Types Deployed at GHBL
3.1.1. Gas and Water Characteristics

Figure 5a depicts the evolutions of the gas production rate (Qg) and cumulative
gas production (Vg) of different well types deployed in the middle of the GHBL within
360 days of production. In the initial stage (within 90 days), the Qg of CHW1, HLW1,
HW1, HSW1, and VLW1 were maintained relatively low. The presence of solid hydrates
resulted in very low effective permeability of reservoirs. With the decomposition of solid
hydrates, the seepage conditions near the wellbore gradually improved. After 90 days of
depressurization, the Qg and Vg curves began to show a sudden increase and enter the
second stage, which was due to the free gas from the TPL beginning to reach and flow into
the wellbores. In the later stage, it was gradually decreasing due to the effects of weak
driving force. Unlike the other well types, DLW1 has distinct gas production trends that
may likewise be separated into two stages. Qg steadily increases and achieves a high value
of 20,597 m3/d in the first stage (within 180 days) and then decreases to 12,966 m3/d by
360 days in the second stage. This is mainly because the lateral branches of DLW covered
the entire GHBL and the root ends reached TPL. Due to the weakened of pressure driving
force and the sustained Joule–Thomson effect, secondary hydrates were generated at the
root ends of its lateral branches. As a result, the average Qg is 16,666 m3/d with a total
Vg of 589 × 104 m3 after 360 days of production, which is better than the values of the
above well types. The evolution of the water production rate (Qw) corresponds to the gas
production behavior as shown in Figure 5b. The gas-to-water ratio Rgw (ST m3 of CH4/ST
m3 of water) is an important indicator for assessing gas production efficiency, and a high
Rgw means higher recoverability. DLW1 has a higher Rgw of around 170 after 360 days
of production, which indicates that it is more adaptable than the other well types during
production. Table 3 presents the production capacity of the aforementioned well types.
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Figure 5. Production performances of different well types deployed at the middle of GHBL within
360 days: (a) Gas production rate Qg and cumulative gas production Vg. (b) Water production rate
Qw and gas to water ratio Rgw.

Table 3. Productivity of different well types deployed at GHBL after 360 days of production.

Case
Average

Qg (104 m3/d)
Vg (104 m3)

Compared to the
Reference Case

DLW1 1.64 589 224.81%
HSW1 0.91 327 124.81%
HLW1 0.88 317 120.99%
VLW1 0.83 298 113.74%
CHW1 0.77 276 105.34%

HW1 (ref) 0.73 262 100.00%

3.1.2. Characteristics of Reservoir Parameters

As shown in Figure 6a, due to the pressure drop superposition effect, the pressure
drop areas between the main wellbore, and lateral branches of DLW1, HLW1, and VLW1
are larger. Similar to the pressure distribution diagram, in the temperature distribution
diagram, Figure 6b, under the Joule–Thomson effect and the heat absorption of hydrate
decomposition, the temperature near the wellbore of each well type significantly decreases
and the low-temperature areas between the main wellbore and lateral branches of DLW1,
HLW1 and VLW1 are larger. As shown in Figure 6c,d, after 360 days of production,
the saturation of hydrates near the wellbore tends to be almost zero. The released gas
accumulates near the wellbore, providing gas for long-term production.

3.2. Well Types Deployed at TPL
3.2.1. Gas and Water Characteristics

Figure 7a shows the evolutions of Qg and Vg of different well types deployed in the
middle of TPL within 360 days of production. When the different production well types
were deployed in the middle of TPL, the high-saturation free gas of TPL and the hydrate
decomposition gas of GHBL could be recovered at the same time, which greatly improved
the overall productivity performance. The Qg of all well types reached its peak in the
initial stage, but slowly decreased in the later stage due to the weakening of the pressure
driving force. As shown in Figure 8c, all well types generated a small amount of secondary
hydrates at the root and toe ends of the wellbore after 360 days of production. Among all
well types, the DLW2 and HW2 well types had the best productivity performance, with an
average Qg of 33,055 m3/d and a total Vg of 1190 × 104 m3 after 360 days of production,
and the Rgw of all well types tended to be around 300~400 after 360 days of production.
Table 4 presents the production capacity of the aforementioned well types.

71



J. Mar. Sci. Eng. 2024, 12, 508

Figure 6. Spatial distribution diagram of physical properties on different well types deployed at the
middle of GHBL, and t = 360 days.
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Figure 7. Production performances of different well types deployed in the middle of TPL within
360 days: (a) Gas production rate Qg and cumulative gas production Vg. (b) Water production rate
Qw and gas to water ratio Rgw.

Figure 8. Cont.
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Figure 8. Spatial distribution diagram of physical properties on different well types deployed in the
middle of TPL, and t = 360 days.

Table 4. Productivity of different well types deployed at the TPL after 360 days of production.

Case
Average

Qg (104 m3/d)
Vg (104 m3)

Compared to the
Reference Case

DLW2 3.31 1190 123.96%
HW2 3.31 1190 123.96%

HSW2 3.08 1110 115.63%
CHW2 3.06 1100 114.58%
HLW2 2.67 960 100.00%

VLW2 (ref) 2.67 960 100.00%

3.2.2. Characteristics of Reservoir Parameters

As shown in Figure 8a, the pressure distribution of different well types deployed in the
middle of the TPL is similar to that when deployed at the middle of the GHBL, with more
obvious and larger areas of pressure drop between the main and lateral branches. It can
be seen from Figure 8b that a large amount of gas from TPL is extracted in a short period,
which leads to a strong Joule–Thomson effect and the low-temperature areas generated
by all well types were significantly larger than those deployed at GHBL. As shown in
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Figure 8c,d, after 360 days of production, different amounts of secondary hydrates were
generated at the root and toe ends of all types of wellbores, and corresponding low gas
saturation areas also formed near the wellbores.

3.3. Well Types Deployed at FGL
3.3.1. Gas and Water Characteristics

Figure 9a depicts the evolutions of Qg and Vg of different well types deployed in the
middle of FGL within 360 days of production. The Qg curves of different well types show a
sudden increase at 8 days. This is because the high-saturation free gas from TPL begins to
reach and flow into the wellbores. Similarly, due to the effects of weak driving force, there
is a gradual decrease trend in the later stage. The Qg curves trend of DLW is inconsistent
with that of other well types. This is because the lateral branches of DLW cover the entire
FGL, and its Qg is the highest among all well types in the initial stage. Among all well
types deployed in the middle of the FGL, the HSW3 has the best gas performance, with
an average Qg of 24,222 m3/d and a total Vg of 872 × 104 m3 after 360 days of production.
Water production behaviors are similar to gas production, as shown in Figure 9b; the Rgw of
all well types remains steady around 135~180 after 360 days of production. Table 5 presents
the production capacity of the aforementioned well types.

 

Figure 9. Production performances of different well types deployed in the middle of FGL within
360 days: (a) Gas production rate Qg and cumulative gas production Vg. (b) Water production rate
Qw and gas to water ratio Rgw.

Table 5. Productivity of different well types deployed at the FGL after 360 days of production.

Case
Average

Qg (104 m3/d)
Vg (104 m3)

Compared to the
Reference Case

HSW3 2.42 872 118.16%
HW3 2.34 842 114.09%

CHW3 2.25 810 109.76%
DLW3 2.19 789 106.91%
HLW3 2.12 763 103.39%

VLW3 (ref) 2.05 738 100.00%

3.3.2. Characteristics of Reservoir Parameters

As shown in Figure 12a, due to the presence of a gas expansion effect in the FGL, the
pressure drop cannot be effectively transmitted to a distance; after 360 days of production,
the pressure gradient around the DLW’s wellbore is significantly lower than that of other
well types. The areas of pressure drop between the main wellbore and lateral branches of
other well types are bigger. As for the temperature distribution diagram (Figure 12b), due
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to the high initial sensible heat in the middle of the FGL, the low-temperature areas are not
obvious after 360 days of production for all well types.

3.4. Well Types Deployed at ML
3.4.1. Gas and Water Characteristics

Figure 11a depicts the evolutions of Qg and Vg of different well types deployed in
the middle of ML within 360 days of production. Due to the advantages of multi-layer
combined production, the Qg curves peaked early and then gradually declined with the
weakening of the driving force in the later stage. After 360 days of production, the CVW
well type stood out with a wellbore spacing of 180 m and an average Qg of 34,444 m3/d
with a total Vg of 1240 × 104 m3. It is worth noting that starting from 40 days, the Qg of the
CVW well type began to surpass that of other well types. After 135 days of production,
its Vg also began to surpass that of other well types. The RLW2 well had the highest
productivity among the RLW well types because its three lateral branches were located at
the upper, middle, and lower parts of the TPL, which means it could effectively recover
free gas from the TPL and FGL, as well as hydrate decomposition gas from the GHBL,
resulting in the average Qg of 26,527 m3/d with a total Vg of 955 × 104 m3 after 360 days of
production. The Rgw of all well types remained steady at around 200~300 after 360 days
of production, as shown in Figure 11b. Table 6 presents the production capacity of the
aforementioned well types.

Figure 10. Cont.
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Figure 10. Spatial distribution diagram of physical properties on different well types deployed in the
middle of FGL, and t = 360 days.

 

Figure 11. Production performances of different well types deployed at ML within 360 days: (a) Gas
production rate Qg and cumulative gas production Vg. (b) Water production rate Qw and gas to water
ratio Rgw.
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Table 6. Productivity of different well types deployed at the ML after 360 days of production.

Case
Average

Qg (104 m3/d)
Vg (104 m3)

Compared to the
Reference Case

CVW 3.44 1240 173.91%
RLW2 2.65 955 133.94%
RLW3 2.56 923 129.45%
RLW1 2.38 857 120.20%
DLW4 2.38 858 120.34%

CHW4 (ref) 1.98 713 100.00%

3.4.2. Characteristics of Reservoir Parameters

As shown in Figure 12a, it can be observed that the pressure gradient of the lower
part of the wellbore structure of all well types was greater than the upper part. Especially
for RLW3, the pressure gradient after 360 days of production were significantly lower
than other well types. This is mainly because the gas expansion effect in the lower gas-
bearing layer limited the pressure propagation. As for the temperature distribution diagram
(Figure 12b), the wellbore structures located at the GHBL and TPL layers of all well types
formed a noticeable low-temperature area around them. From Figure 12c,d, it can be
seen that due to the high initial sensible heat of the FGL, there was no secondary hydrate
formation near the wellbore structures located here. Secondary hydrates tend to generate
near the wellbore structures located at TPL with high-saturation free gas here, such as the
CVW well type where secondary hydrates are most prominent and the gas accumulates
near the wellbore.

Figure 12. Cont.
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Figure 12. Spatial distribution diagram of physical properties on different well types deployed at ML,
and t = 360 days.

3.5. Comparisons of Production Performances

In general, the average Qg is the most direct indicator used to evaluate the yield-
increasing effect, while relative criterion Rgw is used to evaluate hydrate production effi-
ciency. The yield-increasing mechanism of complex structure wells mainly depends on
enlarging the drainage area. However, the increase in production may not be entirely
related to the length of completion of the well. Herein, specific index J is recommended
as an additional indicator in this section to evaluate production capacity, which is mainly
affected by the well type. The following is the definition of the index [10]:

J = Qg/hΔP (3)

h represents the completion length (m), and P represents the pressure difference
(MPa). In this work, different complex well types were deployed at the GHBL, TPL, FGL,
and ML, respectively. The average Qg and the J index of these well types after 360 days
production are shown in Figure 13. Only in terms of production capacity, during the
240-day production period, the production performance of different complex well types
with different deployment were as follows: TPL > ML > FGL > GHBL, and the DLW2
and HW2 well types stood out, with an average Qg of 43,333 m3/d and a J-index of 24.1.
After 360 days of production, the CVW well type deployed at ML had the best production
capacity performance, with an average Qg of 34,444 m3/d and a J-index of 19.1. This
is mainly due to the advantage of the multi-layer combined production, as well as the
synergistic pressure reduction effect between wellbores. However, it is worth noting that
no matter what kind of well type is adopted, one single well production mode cannot
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meet the commercial development of the offshore NGH. The “well factory” production
mode such as a multi-complex well combined with depressurization is the best option for
economic exploitation of NGH. Herein, we suggest adopting the CVW as the basic well
type for the “well factory” production mode, not only because it has better production
performance, but also because the technology threshold and cost involved are relatively
low. CVW can improve system redundancy, and any single well can be easily converted
into a monitoring or injection well during the production process, which is beneficial for
adjusting production plans and requires further research.

 

Figure 13. Histogram of J and average Qg for different well types, and t = 120, 240 and 360 days.

4. Conclusions

Based on the field data of China’s NGH test production in the Shenhu Sea area, the
numerical method was used to evaluate the production capacity of different complex
structure well types by continuous depressurization production for 360 days under the
preconditions of fixed effective completion length of 300 m and a pressure difference of
6 MPa. The following results were obtained: during the 240-day production period, the
complex structure well deployed at the TPL demonstrated higher production performance,
and the DLW2 and HW2 well types stood out with an average Qg of 43,333 m3/d and a
J-index of 24.1. After 360 days of production, the CVW deployed at the ML had the best
production performance due to the advantage of the multi-layer combined production, as
well as the synergistic pressure reduction production effect between wellbores, with an
average Qg of 34,444 m3/d and a J-index of 19.1. According to the simulation results, CVW
has excellent gas production performance, with the advantages of low technical threshold
and cost. More importantly, CVW can improve the fault tolerance of the production system
and can easily convert any single well into a monitoring well or injection well. Herein, we
suggest adopting CVW as the basic well for the “well factory” production mode, which is
worth further research.

Author Contributions: Conceptualization, T.W.; Methodology, T.W.; Software, T.W.; Formal anal-
ysis, M.W. and Z.C.; Investigation, M.W. and Z.C.; Resources, L.T.; Data curation, Q.L. and J.Q.;
Writing—original draft, T.W.; Writing—review & editing, Z.L.; Visualization, Q.L. and J.Q.; Supervi-
sion, Z.L. and J.W.; Project administration, J.W. All authors have read and agreed to the published
version of the manuscript.

80



J. Mar. Sci. Eng. 2024, 12, 508

Funding: This research was funded by the National Key Research and Development Program of
China (No. 2021YFB3401405); National Key Research and Development Program of China (No.
SQ2023YFC2800361); Guangdong Basic and Applied Basic Research Foundation (No. 2022A1515011902);
Guangzhou Science and Technology Program (No. 202206050002); and the Director General’s Scien-
tific Research Fund of Guangzhou Marine Geological Survey, China (No. 2023GMGSJZJJ00027) for
financial assistance to this research.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare that they do not have any commercial or associative
interests that represent conflicts of interest in connection with the submitted work.

Nomenclature

Symbols
L open hole section length of wellbore (m)
l length of each lateral wellbore or single wellbore (m)
n quantity of lateral wellbore or single wellbore
t times (s)
x, y, z cartesian coordinates (m)
Qg gas production rates at well (m3/d)
Qw water production rates at well (m3/d)
Vg cumulative gas production at well (m3/d)
Rgw ratio of cumulative gas to cumulative gas(ST m3 of CH4/m3 of H2O)
J specific production index
T temperature (°C)
Pcap capillary pressure (Pa)
P0 entry pressure of capillary pressure model (Pa)
S* saturation for capillary pressure
SmxA maximum reference aqueous saturation of capillary
SirA irreducible saturation of aqueous phase
SirG irreducible saturation of gas phase
nA permeability reduction exponent for aqueous phase
nG permeability reduction exponent for gas phase
λ porosity distribution index
k permeability (m2)
krβ relative permeability of phase β

ϕ porosity
ρβ density of phase β

ρR density of rock grain (kg/m3)
Mκ mass accumulation of component κ, (kg/m3)
Fκ mass flux of component κ, kg/(m2·s)
qκ sink/source of component κ, kg/(m3·s)
Mθ energy accumulation (J/m3)
Fθ energy flux, J/(m2·s)
qθ sink/source of heat, J/(m3·s)
V volume (m3)
Γ surface area (m2)
β phase, β = A, G, H, I is aqueous, gas, hydrate, and ice, respectively
κ component, κ = w, m, i, h is water, methane, salt, and hydrate, respectively
Abbreviations
OB overburden layer
UB underburden layer
GHBL gas hydrate bearing layer
TPL three phase layer
FGL free gas layer
ML multi-layer
NGH natural gas hydrate
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HW horizontal well
CVW cluster vertical well
CHW cluster horizontal well
HLW herringbone lateral well
HSW horizontal snake well
VLW vertical lateral well
RLW radial lateral well
DLW direction lateral well
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Abstract: Multiphase flow entrainment in natural gas engineering significantly influences the safety
and efficiency of oil companies since it affects both the flow and the heat transfer process, but its
mechanisms are not fully understood. Additionally, current computational fluid dynamics (CFD)
methodologies seldom consider entrainment behavioral changes in pipe elbows. In this article, a
verified CFD method is used to study the entrainment behavior, mechanism, and changes in an elbow.
The results show that droplet diameter in a developed annular flow follows a negative skewness
distribution; as the radial distance (from the wall) increases, the fluctuation in the droplets becomes
stronger, and the velocity difference between the gas and the droplets increases linearly. Turbulence
bursts and vortices sucking near the wall jointly contribute to droplet entrainment. As the annular
flow enters the elbow, the secondary flow promotes the film expansion to the upper and lower parts
of the pipe. Droplets re-occur near the elbow exit intrados, and their size is much smaller than those
in the upstream pipe. Vortices sucking under low gas velocity play an important role in this process.
These findings provide guidelines for safety and flow assurance issues in natural gas production and
transportation and bridge the gap between multiphase flow theory and natural gas engineering.

Keywords: entrainment; liquid film; droplet; elbow

1. Introduction

Currently, gas-dominant multiphase flow (i.e., churn flow and annular flow) has many
natural gas engineering applications. Typically, in annular flow, high-speed gas moves
through the pipe center while a liquid film flows around the pipe wall [1–3]. In this process,
the strong interaction between the gas core and liquid film shears part of the liquid roll-
wave crests and leads to droplet entrainment [4]. Entrainment is critical in gas-dominant
multiphase flow since it affects the mass and heat exchanges between phases as well as
phase distribution and pressure drop. These changes destabilize the flow and make it hard
to predict, which negatively affects the safety and flow assurance in natural gas production
and transportation. Droplet entrainment characteristics are also important for developing
an accurate multiphase flow model [5,6]. However, the entrainment mechanism is not fully
understood, and the empirical models available are based on simplified assumptions in
specific conditions that are not accurate in many cases.

Some researchers have argued that the interfacial wave instability between two phases
affects droplet entrainment [7–9]. Depending on the liquid flow rate, two types of waves
exist on the liquid film: ripple waves and disturbance waves. When the liquid flow rate
is low, ripple waves (small-scale) occur, which exist for a short time and move slowly.
Therefore, droplets cannot be extracted from the liquid film. For high gas and liquid
flow rates, the disturbance waves (long-length) become dominant. Since disturbance
waves move faster than ripple waves, their amplitude is much higher, and their lifespan is
longer [10,11]. Usually, for pipelines with a small diameter, the disturbance waves occur
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coherently on the circumference [12]. According to the literature, high-speed gas shears off
the disturbance wave crest to form droplets; then, the droplets enter the gas core [13,14]. In
this process, the gas drag force, as well as gravity, deforms and stretches the crest against
the retaining liquid surface tension. As a result, the liquid ligament breaks up, and the
droplet enters the gas core. However, the liquid volume detached from the wave crest is
not taken into consideration in this mechanism, which makes it impossible to calculate the
entrainment rate.

There are many studies on liquid sampling, flow patterns, and factors that influence
liquid distribution as well as erosion using both experimental and simulation methods.
Some of these are summarized in Table 1.

Table 1. Literature review.

Authors Year Summary of Work Output

Wicks et al. [15] 1960 Isokinetic sampling experimental study
on droplet entrainment characteristics

A model to calculate the
droplet mass flow rate

Paleev et al. [16] 1966 Liquid film removal experimental
study on entrainment characteristics

An empirical correlation to
calculate film flow rate

Xu et al. [17] 2013 Water displacement characteristics
investigation in inclined pipe

Critical value of oil flow rate
to flush out trapped water

Haung et al. [18] 2013
Flow pattern observation in uphill and
downhill pipes using high-speed
camera

Experimental program to
judge flow pattern in
hilly-terrain flow

Parsi et al. [19] 2015 Experimental study on churn flow
using wire-mesh sensor

Interfacial structures
analysis of liquid film
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Pshenin et al. [22] 2022 Hydrocarbon evaporation losses
during loading of tanker fleets
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Wave undercut and
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Regarding the empirical modeling, for vertical flow, Oliemans et al. [25] developed a
correlation based on their experimental database that covers a wide range of flow conditions.
Later, Ishii and Mishima [26] derived a verified correlation based on the gas Weber number
and the liquid Reynolds number. Researchers also studied droplet sizes entrained in the
gas core and proposed correlations based on their experimental database. Most of the
correlations [27–29] considered the Weber number (the ratio between inertia and surface
forces) as a key parameter since it indicates the interaction between the external stress
force and the surface forces acting on droplets, an interaction which is important for the
droplet breakup mechanism and droplet size. Kolev [27] derived a correlation to calculate
the droplet diameter from Kelvin–Helmholtz instability. Fore [30] put forward a modified
expression to predict the volume median diameter in vertical and horizontal flows in a
pipe. Ishii [31] proposed a semi-empirical correlation to estimate the average maximum
droplet size for roll-wave entrainment.

Summarizing the entrainment models above, Wicks’s model and Paleev’s model are
based on experimental data in horizontal annular flow, so they are unlikely to provide a
precise prediction for vertical or inclined annular flow. In contrast, Oliemans’ and Ishii’s
models can provide accurate entrainment in vertical annular flow (superficial gas velocities
of 15 to 40 m/s, superficial liquid velocities of 0.06 to 0.2 m/s, and pipeline diameter of
6 to 32 mm) since they use a vertical annular flow database. Magrini’s experiments [32]
show that Paleev’s model provides the best prediction for horizontal annular flow. For the
entrained droplet size calculation, most of the correlations choose the Weber number as the
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key factor. Additionally, these semi-empirical correlations are based on experimental data
in specific conditions, which limits their applications.

In brief, the entrainment mechanism in annular flow is not fully understood; related
models and correlations are empirical and inaccurate, which limits their application in
practice. Many details on droplet entrainment are not included in the current CFD method-
ologies available in the literature, and no studies on how entrainment affects liquid film
behavior in the elbow were found.

In this article, a verified CFD method is used to study entrainment behavior in
pipelines. Firstly, entrainment characteristics like droplet diameter and velocity distri-
bution are analyzed in detail. Then, the entrainment mechanism is interpreted based on a
vortex theory. Lastly, entrainment changes in elbows are studied. These detailed analyses
of liquid film and droplet entrainment help to evaluate elbow safety, with elbows being
sensitive to erosion as well as corrosion, and solve flow assurance problems in natural gas
production and transportation.

2. Theories and Modeling

2.1. Entrainment Modeling

The correlation established by Wicks and Dukler [15] is shown below:

R =
qL
qG

·NWecr ·WLE

(dp/dL)G
(1)

where R is the entrainment group (unit ft3/lbf-hr); qL and qG are the mass flow rates of
liquid and gas, respectively; NWecr is the critical Weber number ranging from 13 to 22; WLE
is the droplet mass flow rate; and dp/dL is the pressure gradient.

The correlation developed by Paleev [16] is listed below:

FE = 0.015 + 0.44log
[(

ρC
ρL

)
·
(μLvSG

σ

)2 × 104
]

(2)

where ρC is the mixture density of the core defined as

ρC = ρG

[
1 + FE

(
vSL
vSG

)(
ρL
ρG

)]
(3)

where FE is the entrainment fraction; ρL and ρG are the density of the liquid and gas,
respectively; μL is the dynamic viscosity of the liquid; vSL and vSG are the superficial liquid
velocity and superficial gas velocity, respectively; and σ is the surface tension.

Oliemans’ model [25] is given below:

FE

(1 − FE)
= 10−2.52ρ1.08

L ρ1.08
G μ0.27

L μ0.28
G σ−1.8D1.72v0.7

SL v1.44
SG g0.46 (4)

Ishii’s model [26] is represented below:

FE = tanh
(

7.25 × 10−7N1.25
WeSG

N0.25
ReSL

)
(5)

where

NWeSG =
ρGv2

SGD

σ
[
(ρL−ρG)

ρG

]1/3
(6)

NReSL =
ρLvSLD

μL
(7)
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2.2. Droplet Size

The critical Weber number is the most widely used criterion to estimate the droplet
size; for the condition of high density difference (droplet in gas core), the empirical value
of the Weber number is 12. The expression is as follows [27]:

Wecrit =
ρGu2

g∅d

σ
= 12 (8)

where Wecrit is the critical Weber number, ug is the gas velocity, and ∅d is the droplet diameter.
For annular flow, the volume median diameter of the droplet derived by Fore [30] can

be calculated using the following equation:

∅vm

D
= 0.106·We−

1
2

g Re
1
10
g (9)

where ∅vm is the droplet volume median diameter, and Weg and Reg are the gas Weber
number and the gas Reynolds number, respectively.

Weg =
ρgv2

SGD
σ

(10)

Reg = ρgvSGD/μg (11)

This correlation is simple and accurate enough to predict the droplet volume median
diameter in horizontal and vertical pipelines.

The semi-empirical correlation to estimate the average maximum droplet size pro-
posed by Ishii [26] is as follows:

∅max = 0.031
σ

ρgv2
SG

Re
2
3
g

(
ρG
ρL

)− 1
3
(

μG
μL

) 2
3

(12)

where ∅max is the average maximum droplet size.

3. Experimental Background

The experimental data used for liquid entrainment verification in this study were
taken from Magrini [32]. In the experiment, air from the compressor and water from the
tank were measured separately and then mixed to develop a horizontal annular flow in a
76.2 mm ID pipeline. Then, the fluid entered the test section after it was fully developed.
The test section included two parts: the isokinetic sampling section and the film removal
section. The isokinetic sampling section measured the liquid entrainment in the gas, and
the film removal section determined the liquid film flow rate. Finally, the fluid flowed out
of the system from the outlet.

The isokinetic sampling section included an L-shape isokinetic probe, two valves, a
container, and a gas flowmeter. The probe inlet was placed against the gas flow direction
so that the droplets in the gas core could enter the probe easily. The probe could be located
at different positions of the pipe cross-section. Valves were applied to control the sampling
rate and keep the gas velocity in both the probe and the pipeline the same. The sampled
droplets were collected in the container, and the sampled gas was vented out through the
flowmeter. Then, the container was weighed to calculate the entrainment.

The film removal section includes an inserted porous sleeve that allows the liquid
film to pass through, and the cavity between the sleeve and outer shell is used to store the
sampled liquid. When passing the film removal section, liquid film passes through the
porous section and enters the cavity. The entrained droplets in the pipe center move out
directly without being removed. The collected liquid is used to calculate the film flow rate.
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In these experiments, the superficial gas velocity ranged from 40 m/s to 80 m/s, and
the superficial liquid velocity ranged from 0.0035 m/s to 0.04 m/s. Each test lasted for
5 min. The entrainment flux at each location can be calculated as

Ex =
VE

Aprobets
(13)

The entrainment fraction can be calculated as

FE =

∫
Ex∂A

ApipevSL
(14)

where EX is the entrainment flux, VE is the collected liquid volume, tS is the sample time,
and A is the cross-sectional area.

4. CFD Simulation

It is difficult to acquire details of the entrainment process since it is random and
changes fast. Fortunately, CFD can provide abundant information about the whole domain
at any specific time. For liquid entrainment simulation, a volume of fluid (VOF) model
based on the Euler method is adopted, in which the interface between immiscible fluids
can be obtained. The main steps in the liquid entrainment simulation are as follows:
(1) solve the single set of momentum equations shared by all the phases; (2) track the
volume fraction in each computational cell through the domain; (3) solve the volume
fraction equation through implicit time discretization. A flow chart representing the
methodology is shown in Figure 1.

Figure 1. Flow chart for the methodology.

4.1. Geometry

The geometry used in this investigation is shown in Figure 2. The upstream length, L,
is 10D, the curvature radius of the elbow is 1.5D, and the downstream length is 3D.
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Figure 2. Geometry configuration of the computational domain.

4.2. Meshing

A high-quality mesh is critical for a successful simulation. Since the entrainment
process occurs at the interface of the two phases near the wall, elements in this region were
refined to obtain the details. Figure 3 provides the overview and cross-section details of
the mesh.

Figure 3. Mesh configuration of the domain: (a) overview, (b) inlet section, (c) near wall,
(d) outer wall).
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It can be seen that the domain is meshed by polygonal cells. Polygonal cells can reduce
the skewness, improve the parallel solver load balancing, and minimize communication
by decreasing the number of partition interface cells [33]. Figure 3c shows an enlarged
view of the near-wall region, where the first-layer thickness of the mesh is 20 μm and the
maximum cell size is 1 mm, the growth ratio is 1.2, and the row number of the boundary is
5. The length of the cells in both circumferential and axial directions is 1 mm, and the total
number of elements is 11,338,564. Since the maximum cell size is in the same order as the
droplet size, this mesh can reveal detailed information during the entrainment process.

4.3. Simulation Settings and Boundary Conditions

In this study, the annular flow simulation is performed first to analyze the entrainment
process in the pipeline. The settings of the simulation are shown in Table 2.

Table 2. Settings of the flow simulation.

Items Settings

Multiphase model Volume of fluid
Turbulence model k-e Realizable
Pressure–velocity coupling SIMPLE
Interface modeling Sharp
Spatial discretization Second-order upwind
Primary phase Air
Secondary phase Water
Phase interaction Surface tension force modeling
Surface tension coefficient 0.072 N/m
Near-wall treatment Enhanced wall treatment

The boundary conditions of the flow simulation are shown in Table 2. Water (liquid
phase) enters the pipe circumferentially along the pipe wall, and the water entrance is
ring-shaped. Air (gas phase) enters the pipe in the center of the cross-section, and the shape
of the air entrance is a circle. The superficial gas velocity is 24.6 m/s, and the superficial
liquid velocity is 0.1 m/s; the initial values of the corresponding air and water mass flow
rates are listed in Table 3, and the time step is 0.000005 s.

Table 3. Boundary conditions of the flow simulation.

Items Settings

Air inlet (mass flow inlet) 0.145 kg/s
Water inlet (mass flow inlet) 0.456 kg/s
Outlet (pressure outlet) Atmosphere
Turbulence intensity 5%
Turbulence viscosity ratio 10
Wall No slip
Wall contact angle 90◦

Once the mass flow rate difference between the inlet and outlet decreases below
0.01 kg/s and the flow state in the pipe becomes steady, the simulation can be stopped.

5. Results and Discussion

5.1. Entrainment Fraction Validation

In this section, experimental data from the literature [32] is adopted to verify the
entrainment fraction in a CFD simulation. The working conditions in both experiments and
simulations are the same. The superficial gas and liquid velocities are 40 m/s and 0.01 m/s,
respectively. The entrainment fractions measured by isokinetic sampling and film removal
methods in a vertical orientation are 0.42 and 0.51, respectively.
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Based on Equations (18)–(20), the entrainment fractions calculated by Oliemans’ and
Ishii’s models are 0.53 and 0.55, respectively. As for the simulation, at the position 1D
before the elbow entrance, the area-weighted average void fraction of the gas core and pipe
cross-section are extracted and converted to the average entrainment fraction using the
following equations:

Ad = hgc Ac (15)

A f = hP AP − Ad (16)

FECFD = Ad/
(

Ad + A f

)
(17)

where Ad and A f are the area of droplets and liquid film in the cross-section, respectively;
Ac is the area of the gas core; hgc and hP are the liquid holdup of the gas core and pipe
cross-section, respectively; and FECFD is the entrainment fraction calculated using CFD.
The entrainment fractions calculated above use Equations (4)–(7) and are summarized in
Table 4.

Table 4. Entrainment fraction obtained using different methods.

NReSL NWeSG Experimental Data Oliemans’ Model Ishii’s Model CFD Data

1520 2376 0.4 0.53 0.55 0.47

As shown in Table 4, the entrainment fraction measured using isokinetic sampling is
smaller than that of the film removal method. Droplets adhering to the small diameter tube
surface may cause this difference. As for the film removal method, the liquid collected may
contain the redeposited droplets, which makes the measured value larger. Thus, the real
value should be between 0.42 and 0.51. Both Oliemans’ model and Ishii’s model give larger
values than the experiments, indicating that the two models are not accurate enough. The
entrainment fraction predicted using CFD is 0.47, just within the range (0.42 to 0.51), so the
entrainment fraction predicted with CFD is reasonable.

5.2. Entrainment Behavior in the Pipeline

After the flow simulation stops, the phase contours as well as the velocity vectors of
the pipeline longitudinal section and representative cross-sections are extracted to analyze
the entrainment behavior in the pipeline.

5.2.1. Entrainment Distribution

Figure 4 shows the phase distribution and velocity vector in the pipeline. It can be
seen that as the upstream length increases, the gas in the pipe center moves much faster
than that near the wall, the gas velocity fluctuation in the pipe becomes obvious, and the
uniform liquid film starts waving and then breaks up into droplets (see Figure 4b). Then,
the droplets are gradually entrained into the pipe center by the high-speed gas. When the
upstream length reaches 6D, the droplet distribution seldom changes, and the entrainment
process reaches dynamic equilibrium. After entering the elbow, most of the droplets hit the
elbow extrados and coalesce into liquid film. Then, the film flows along the extrados side
to the downstream pipe (see Figure 4c).
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Figure 4. Phase distribution and velocity vector of the pipeline: (a) overview; (b) enlarged view of
the upstream; (c) enlarged view of elbow and downstream; (d) representative cross-sections.
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Representative cross-sections of the upstream pipe are extracted to reveal more infor-
mation (see Figure 4d). At an upstream length of 2D, there is a film wave at the right side
of the cross-section (circled). The corresponding velocity vectors indicate that a turbulence
burst here contributes to the wave. When the upstream length reaches 2.4D, the film
becomes discontinuous, and “liquid bridges” (circled) occur, which are also related to the
turbulence bursts near the wall. As the flow develops, turbulence bursts become stronger
and break the liquid bridges into droplets, and then, the droplets are entrained into the
pipe center by the gas. At an upstream length beyond 6D, the droplets are distributed
uniformly in the pipe cross-section. Droplet coalescence (circled) is also found in the flow
at an upstream length of 7D.

Other researchers like Zahedi [34] and Farokhipour [21] also studied liquid distribution
in annular flow pipelines. Zahedi [34] only reported the liquid distribution in the middle
of the elbow (elbow angle = 45◦), and no liquid was found at the elbow extrados; however,
this seems inaccurate, because droplets carried by the gas core will hit the extrados and
form a liquid film. Farokhipour’s simulation [21] showed the liquid film distribution in the
elbow well, but no droplets can be observed in the figures. Compared with their studies,
the simulation in this study provides more details of droplet distribution, like droplet
coalescence, which can be seen as a remedy for entrainment simulation. Another difference
is the grid. Other researchers use hexahedral cells in their simulations, but polygonal cells
are adopted in this study to reduce skewness to obtain more accurate results. Additionally,
droplet distribution and entrainment changes in the elbow are also investigated, which
have not featured in other simulations.

5.2.2. Entrainment Characteristics

Further, the void fraction (area-weighted average) of the cross-sections (every 0.25D)
in the upstream section is extracted and summarized in Figure 5.

Figure 5. Relationship between upstream length and area-weighted average void fraction of the pipe
cross-sections.

It can be seen that for the upstream length of 2D, the void fraction is steady but
fluctuates slightly around 0.95. As the upstream length increases to 6D, the void fraction
rises to 0.978. Meanwhile, its fluctuation becomes stronger, and droplets start to take shape
and enter the gas core. Then, after 6D, the void fraction becomes steady again, with its value
fluctuating more vigorously between 0.978 and 0.981. It seems that for the annular liquid
inlet, the liquid droplet entrainment and re-deposition process reach dynamic equilibrium
when the upstream length is beyond 6D.

According to Ishii and Kataoka [5,35], for the case where the liquid is injected smoothly
as a film at the inlet, the entrained fraction expression takes the form of exponential
relaxation. For the case in this study, the trend of the curve in Figure 5 is also exponential
relaxation, which means the CFD results here are reasonable.

Then, the droplet information (droplet number, droplet diameter, droplet velocity, and
droplet position (radial distance from the wall)) in the pipeline’s longitudinal section is
collected to further analyze the entrainment. Droplet diameters and positions are measured
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by the scale of the phase distribution contour; droplet velocity is determined by the velocity
vector in the center of the droplet.

Figure 6 shows a histogram of the relationship between droplet diameter and droplet
number distribution in the longitudinal section in the developed annular flow. It can be
seen that the droplet number roughly follows a negative skew distribution. Most droplet
diameters are distributed in a 1 mm to 2.5 mm range, and the droplet number in the range
of 2 mm to 2.5 mm is the largest, while in the range of 0 to 0.5 mm, it is the smallest.

Figure 6. Relationship between droplet diameter and droplet number distribution.

In contrast to one study [36], for the conditions of low-pressure (below 3 atm) and
low-viscosity fluid (water), the droplet diameter distribution in this study is similar to
the upper limit log-normal (ULLN) distribution given by Mugele and Evans [37]. The
maximum size of the droplet can be calculated based on the Kelvin–Helmholtz instability
and critical Weber number.

∅dmax =
Wecritσ

ρG(vG − vL)
2 (18)

where ∅dmax is the maximum diameter of the droplet, and Wecrit is the critical Weber
number, which equals 12. For this study, the maximum diameter of the droplet calculated
using this equation is 2.7 mm, which is represented by the last bar in Figure 6.

For this study, the calculated volume median diameter of the droplet is 1.1 mm, while
the volume median droplet diameter predicted using CFD simulation is 1.7 mm (54.5%
higher than the calculated value). Further improvement may be achieved by refining the
mesh, which is limited by the current computational resources.

Figure 7 shows the relationship between the radial distance (from the wall) and the
droplet diameter in a developed annular flow. As shown in this figure, the average value
of all the droplet diameters is 1.81 mm. Droplet diameter fluctuates around the average
value, and its amplitude increases with the radial distance.

Figure 7. Relationship between radial distance (from the wall) and droplet diameter.
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Table 5 presents the variance distribution of droplet diameters. It can be seen that
as the radial distance (from the wall) increases, the expectation of the droplet diameter
varies very slightly around 1.81 mm, by less than ±0.05 mm. However, for the variance,
it increases from 0.19 to 0.63. This means that the change in droplet diameter becomes
increasingly unstable the closer the droplet is to the gas core. This may be because droplets
closer to the pipe center are more likely to be broken up or coalesced by the gas core
turbulence, which strengthens the fluctuation.

Table 5. Variance distribution of droplet diameters.

Radial Distance from Wall (mm) Expectation (mm) Variance

0~10 1.85 0.19
10~20 1.76 0.36
20~30 1.76 0.51
30~40 1.86 0.63

According to Kolev [27], the droplet breakup mechanism can be expressed as a balance
between the external stress force and the surface force. During the breakup, external
stress force tries to disrupt the droplets, while surface tension force tries to avoid droplet
deformation. From the critical Weber number, Equation (11), it can be seen that the droplet
diameter varies with the inverse square of the gas velocity. As the radial distance from the
wall increases, the gas velocity becomes higher, so the minimum value of droplet diameter
decreases. On the other hand, according to the Kelvin–Helmholtz instability, as the gas
velocity increases, the gas–liquid interface becomes more unstable. Additionally, droplet
diffusion becomes stronger, so droplets are more likely to coalesce, which increases the
maximum droplet diameter.

Figure 8 shows velocity distribution (both gas and droplet) according to radial distance
(from the wall). It can be seen that both gas and droplet velocities rise and fluctuate as radial
distance increases, while the velocity difference between gas and droplets also increases,
which means that the slippage becomes more obvious. Moreover, the fluctuations in both
gas and droplets become stronger.

Figure 8. Velocity distribution according to radial distance (from the wall).

In order to clearly express the droplet slippage, the droplet slippage ratio can be
calculated with the following equation.

Sd =
ug − ud

ug
× 100% (19)

where Sd is the droplet slippage ratio, and ud is the droplet velocity. It can be found that
the slippage ratio near the wall (27.3%) is smaller than that in the pipeline center (33.8%).
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5.2.3. Entrainment Mechanism

In this subsection, the mechanism of the entrainment process in annular flow is
interpreted gradually, as shown in Figure 9. In the initial state (see Figure 9a), the liquid
film and gas are uniform and there is no fluctuation. Since there is a velocity difference
between gas and liquid film, vortices occur at the two-phase interface under the effect of
shear and friction, which produce waves in the film and spread downward (see Figure 9b).
As the flow develops, the crest stretched by the vortices becomes higher, and its bottom
is necking under the effect of surface tension (see Figure 9c,d). Then, the necking breaks,
the liquid entering the gas becomes droplets, and the rest of the liquid becomes film (see
Figure 9e). The high-speed gas moving in the pipe center lowers the dynamic pressure
here, so the droplets can be entrained under the pressure difference (see Figure 9f). This
process reduces the film volume and makes the film discontinuous.

Figure 9. Mechanism of the entrainment process in annular flow.

The Kelvin–Helmholtz instability is mainly associated with flows that have tangential
variation in the velocity field [38–40]. This instability is caused by the hydrodynamic
amplification of perturbations that arise at the gas–liquid interface with a discontinuity in
the velocity field. The entrained droplet size is approximately equal to the height of the
most unstable wavelength.

Δhw,K−H = 3π

(
1 + ρG

ρL

)
σ

ρG
(
ug − ud

)2 (20)

φd ≈ 1.5Δhw,K−H (21)

where Δhw,K−H is the height of the wavelength. For this study, the calculated droplet
diameter is 1.8 mm, which is close to the average droplet diameter in Figure 6. This
indicates that the simulation results in this study fit the Kelvin–Helmholtz instability theory
and are reasonable.

As the flow develops downstream, the entrained droplets travel to the wall and are
deposited into the liquid film again. As the entrainment and deposition reach dynamic
equilibrium, the flow is fully developed. The most important factor that affects droplet
entrainment is the vortices near the gas–liquid interface.
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5.3. Entrainment Changes in the Elbow

The entrainment changes when the fully developed flow enters the elbow. Figure 10
shows the phase distribution and velocity vectors of the flow in the elbow: the flow is restricted
by the geometry, and the gas moves toward the elbow intrados as the flow first enters the
elbow. Droplets are uniformly distributed in the pipe cross-section (elbow angle = 0◦).

Figure 10. Phases and velocity distribution for different elbow angles.

When the flow reaches an elbow angle of 30◦, more droplets are deposited on the
extrados, and the liquid film starts to take shape. The flow near the wall moves toward
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the intrados and forms the secondary flow. For an elbow angle of 60◦, most droplets
are deposited on the extrados, and droplets in the gas become less frequent, while the
film becomes thicker. Two counter-rotated vortices drive the film toward the extrados.
For an elbow angle of 90◦, the film at the extrados thickens. Droplets occur again at the
intrados under the strong effect of the vortices. After entering the downstream pipe, the
film thickness at the extrados increases, and the vortices become weaker.

Unlike the roll-wave mechanism proposed by Ishii [26], which is reasonable for high
gas velocity in a straight pipe, droplets re-entrained at the intrados seem to be caused by
the mechanism of vortices sucking, since the gas velocity here is relatively low. As shown
in Figure 4c, it is also found that the re-entrained droplet size at the intrados is smaller
(1 mm–1.5 mm). This may be because vortices at the intrados provide more sucking and
external stress force on the droplets for their breakup.

6. Conclusions

In this study, a verified CFD method is used to investigate entrainment behavior in a
pipeline. Firstly, entrainment characteristics like droplet diameter and velocity distribution
are analyzed in detail. Then, the entrainment mechanism is interpreted based on a vortex
theory. Lastly, entrainment changes in the elbow are studied. The results are valuable and
provide guidance for entrainment study in multiphase flow. The main conclusions are
summarized below:

(1) Under the annular inlet condition, the entrainment distribution along the upstream
developing length from the entrance is close to a form of exponential relaxation. The
droplet diameter in a developed annular flow follows a negative skewness distri-
bution, with most droplet diameters ranging from 1.5 mm to 2 mm. As the radial
distance (from the wall) increases, the fluctuation of the droplets becomes stronger,
and the velocity difference between gas and droplets increases linearly.

(2) Turbulence bursts and vortices near the wall jointly deform the liquid film and crest so
that they begin to take shape; then, the external stress force acting on the liquid crest
overcomes the surface force, and droplets form. Finally, vortices sucking transforms
the droplets into gas, and the entrained droplet size is approximately equal to the
height of the most unstable wavelength.

(3) As the annular flow enters the elbow, droplets hit the extrados and form a liquid
film, the droplet number in gas decreases, and at an elbow angle of 60◦, there are no
droplets in the pipe. Secondary flow promotes the film formation and expansion of
the film to the upper and lower parts of the pipe. However, for an elbow angle of 90◦,
droplets re-occur near the elbow intrados, and the re-entrained droplet size is much
smaller than that in the straight upstream pipe. Vortices sucking at low gas velocity
play an important role in this process.

Unique work description

In this study, a more accurate simulation using polygonal cells instead of hexahedral
cells was carried out to investigate details of droplet distribution and entrainment changes
in the elbow, which is unique and different from other simulations.

Recommendations and future work

Although polygonal cells can provide more accurate results, they require more time
and more computational resources, especially for finer grids. Grid optimization is a
promising topic. In the future, AI technology like cloud computing and large data can
be integrated into CFD simulations to enhance efficiency and consume fewer resources.
Combined with pipeline-monitoring technologies, CFD simulation can make the detection
system’s response faster and smarter.
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Nomenclature

Symbol Description Unit

A Cross sectional area m2

Ac Area of the gas core m2

Ad Area of droplets on the cross-section m2

A f Area of liquid film on the cross-section m2

D Pipe diameter m
dp/dL Pressure gradient MPa/m
EX Entrainment flux m/s
FE Entrainment fraction /
FECFD Entrainment fraction calculated by simulation /
g Gravitational acceleration m/s2

hgc Liquid holdup of gas core /
hP Liquid holdup of pipe cross-section /
Δhw,K−H Height of the wavelength m
L Distance from the pipe inlet m
NWecr Critical Weber number /
qL Liquid mass flow rate kg/h
qG Gas mass flow rate kg/h
R Entrainment group ft3/lbf-hr
Reg Gas Reynolds number /
ReLF Reynolds number of the liquid film /
Sd Droplet slippage ratio /
tS Sample time s
ug Gas velocity m/s
ud Droplet velocity m/s
VE Collected liquid volume m3

Wecrit Critical Weber number /
Weg Gas Weber number /
WLE Droplet mass flow rate kg/h
ρC Mixture density of the core kg/m3

ρG Gas density kg/m3

ρL Liquid density kg/m3

μL Dynamic viscosity of liquid Pa·s
μG Dynamic viscosity of gas Pa·s
vSL Superficial liquid velocity m/s
vSG Superficial gas velocity m/s
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σ Surface tension N·m
∅d Droplet diameter m
∅max Average maximum droplet size m
∅vm Droplet volume median diameter m

References

1. Mishima, K.; Ishii, M. Flow regime transition criteria for upward two-phase flow in vertical tubes. Int. J. Heat Mass Transf. 1984,
27, 723–737.

2. Wu, B.; Firouzi, M.; Mitchell, T.; Rufford, T.E.; Leonardi, C.; Towler, B. A critical review of flow maps for gas-liquid flows in
vertical pipes and annuli. Chem. Eng. J. 2017, 326, 350–377. [CrossRef]

3. Dasgupta, A.; Chandraker, D.K.; Kshirasagar, S.; Reddy, B.R.; Rajalakshmi, R.; Nayak, A.K.; Walker, S.P.; Vijayan, P.K.; Hewitt, G.F.
Experimental investigation on dominant waves in upward air-water two-phase flow in churn and annular regime. Exp. Therm.
Fluid Sci. 2017, 81, 147–163. [CrossRef]

4. Ryu, S.H.; Park, G.C. A droplet entrainment model based on the force balance of an interfacial wave in two-phase annular flow.
Nucl. Eng. Des. 2011, 241, 3890–3897. [CrossRef]

5. Kataoka, I.; Ishii, M.; Mishima, K. Generation and size distribution of droplet in annular two-phase flow. J. Fluids Eng. 1983,
105, 230–238. [CrossRef]

6. Liu, L.; Bai, B. Generalization of droplet entrainment rate correlation for annular flow considering disturbance wave properties.
Chem. Eng. Sci. 2017, 164, 279–291. [CrossRef]

7. Berna, C.; Escriva, A.; Munoz-Cobo, J.L.; Herranz, L.E. Review of droplet entrainment in annular flow: Interfacial waves and
onset of entrainment. Prog. Nucl. Energy 2014, 74, 14–43. [CrossRef]

8. Pan, L.; Hanratty, T.J. Correlation of entrainment for annular flow in horizontal pipes. Int. J. Multiph. Flow 2002, 32, 385–408.
[CrossRef]

9. Okawa, T.; Kotani, A.; Kataoka, I.; Natio, M. Prediction of critical heat flux in annular flow using a film flow model. J. Nucl. Sci.
Technol. 2003, 40, 388–396. [CrossRef]

10. Alekseenko, S.V.; Cherdantsev, A.V.; Cherdantsev, M.V.; Isaenkov, S.V.; Markovich, D.M. Study of formation and development of
disturbance waves in annular gas–liquid flow. Int. J. Multiph. Flow 2015, 77, 65–75. [CrossRef]

11. Schubring, D.; Shedd, T. Wave behavior in horizontal annular air-water flow. Int. J. Multiph. Flow 2008, 34, 636–646. [CrossRef]
12. Belt, R.J.; Westende, J.M.C.V.; Prasser, H.M.; Portela, L.M. Time and spatially resolved measurements of interfacial waves in

vertical annular flow. Int. J. Multiph. Flow 2010, 36, 570–587. [CrossRef]
13. Asali, J.C.; Hanratty, T.J. Ripples generated on a liquid film at high gas velocities. Int. J. Multiph. Flow 1993, 19, 229–243. [CrossRef]
14. Holowach, M.J.; Hochreiter, L.E.; Cheung, F.B. A model for droplet entrainment in heated annular flow. Int. J. Heat Fluid Flow

2002, 23, 807–822. [CrossRef]
15. Wicks, M.; Duckler, A.E. Entrainment and pressure drop in concurrent gas-liquid flow: I. Air-water in horizontal flow. AIChE J.

1960, 6, 463–468. [CrossRef]
16. Paleev, I.I.; Filippovich, B.S. Phenomena of liquid transfer in two-phase dispersed annular flow. Int. J. Heat Mass Tran. 1966,

9, 1089–1093. [CrossRef]
17. Xu, G.; Cai, L.; Ullmann, A.; Brauner, N. Trapped water flushed by flowing oil in upward-inclined oil pipelines. In Volume

1: Upstream Pipelines; Project Management; Design and Construction; Environment; Facilities Integrity Management; Operations
and Maintenance; Pipeline Automation and Measurement, Proceedings of the International Pipeline Conference, Calgary, AB, Canada,
24 September 2012; American Society of Mechanical Engineers: New York, NY, USA, 2012; pp. 637–647.

18. Huang, S.; Zhang, B.; Lu, J.; Wang, D. Study on flow pattern maps in hilly-terrain air-water-oil three-phase flows. Exp Therm.
Fluid Sci. 2013, 47, 158–171. [CrossRef]

19. Parsi, M.; Vieira, R.E.; Torres, C.F.; Kesana, N.R.; McLaury, B.S.; Shirazi, S.A. Experimental investigation of interfacial structures
within churn flow using a dual wire-mesh sensor. Int. J. Multiph. Flow 2015, 73, 155–170. [CrossRef]

20. Magnini, M.; Ullmann, A.; Brauner, N.; Thome, J.R. Numerical study of water displacement from the elbow of an inclined oil
pipeline. J. Petrol. Sci. Eng. 2018, 166, 1000–1017. [CrossRef]

21. Farokhipour, A.; Mansoori, Z.; Saffar-Avval, M.; Ahmadi, G. 3D computational modeling of sand erosion in gas-liquid-particle
multiphase annular flows in bends. Wear 2020, 450–451, 203241. [CrossRef]

22. Pshenin, V.V.; Zakirova, G.S. Improving the efficiency of oil vapor recovery units in the commodity transport operations at oil
terminals. J. Min. Inst. 2023, 265, 121–128. [CrossRef]

23. Korshak, A.A.; Pshenin, V.V. Modeling of water slug removal from oil pipelines by methods of computational fluid dynamics.
Neft. Khozyaystvo Oil Ind. 2023, 10, 117–122. (In Russian) [CrossRef]

24. Zhao, X.Y.; Cao, X.W.; Cao, H.G.; Zhang, J.; Zhang, J.N.; Peng, W.S.; Bian, J. Numerical study of elbow erosion due to sand
particles under annular flow considering liquid entrainment. Particuology 2023, 76, 122–139. [CrossRef]

25. Oliemans, R.V.A.; Pots, B.F.M.; Trompe, N. Modelling of annular dispersed two-phase flow in vertical pipes. Int. J. Multiph. Flow
1986, 12, 711–732. [CrossRef]

26. Ishii, M.; Mishima, K. Droplet entrainment correlation in annular two-phase flow. Int. J. Heat Fluid Flow 1989, 32, 1835–1846.
[CrossRef]

100



Energies 2024, 17, 1983

27. Kolev, N.I. Multiphase Flow Dynamics. 2: Thermal and Mechanical Interactions; Springer Science & Business Media: Berlin/Heidelberg,
Germany, 2005.

28. Azzopardi, B.J. Drops in annular two-phase flow. Int. J. Heat Multiph. Flow 1997, 23, 1–53. [CrossRef]
29. Wierzba, A. Deformation and breakup of liquid drops in a gas stream at nearly critical Weber numbers. Exp. Fluids 1990, 9, 59–64.

[CrossRef]
30. Fore, L.B.; Ibrahim, B.B.; Beus, S.G. Visual measurements of droplets size in gas-liquid annular flow. Int. J. Multiph. Flow 2002,

28, 1895–1910. [CrossRef]
31. Ishii, M.; Grolmes, M.A. Inception criteria foe droplet entrainment in two-phase concurrent film flow. AIChE J. 1975, 21, 308–318.

[CrossRef]
32. Magrini, K.L.; Sarica, C.; Al-Sarkhi, A.; Zhang, H.Q. Liquid entrainment in annular gas/liquid flow in inclined pipes. SPE J. 2012,

17, 617–630. [CrossRef]
33. Fluent Theory Guide, Release 19.2; ANSYS Inc.: Canonsburg, PA, USA, 2018.
34. Zahedi, P.; Jun, Z.; Hadi, A.; McLaury, B.S.; Shirazi, S.A. CFD simulation of multiphase flows and erosion predictions under

annular flow and low liquid loading conditions. Wear 2017, 376–377, 1260–1270. [CrossRef]
35. Kataoka, I.; Ishii, M.; Nakayama, A. Entrainment and deposition rates of droplets in annular two-phase flow. Int. J. Heat Mass

Transf. 2000, 43, 1573–1589. [CrossRef]
36. Berna, C.; Escriva, A.; Munoz-Cobo, J.L.; Herranz, L.E. Review of droplet entrainment in annular flow: Characterization of the

entrained droplets. Prog. Nucl. Energy 2015, 79, 64–86. [CrossRef]
37. Mugele, R.A.; Evans, H.D. Droplet size distribution in sprays. Ind. Eng. Chem. 1951, 43, 1317–1324. [CrossRef]
38. Chandrasekhar, S. Hydrodynamic and Hydromagnetic Stability; Oxford University Press: Oxford, UK, 1981.
39. Henstock, W.H.; Hanratty, T.J. The interfacial drag and the height of the wall layer in annular flows. AIChE J. 1976, 22, 990–1000.

[CrossRef]
40. Vieira, R.E.; Parsi, M.; Zahedi, P.; McLaury, B.S.; Shirazi, S.A. Electrical resistance probe measurements of solid particle erosion in

multiphase annular flow. Wear 2017, 382, 15–28. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

101



Citation: Ma, X.; Jiang, Y.; Yan, P.;

Luan, H.; Wang, C.; Shan, Q.; Cheng,

X. A Review on Submarine Geological

Risks and Secondary Disaster Issues

during Natural Gas Hydrate

Depressurization Production. J. Mar.

Sci. Eng. 2024, 12, 840. https://

doi.org/10.3390/jmse12050840

Academic Editor: Hailong Lu

Received: 23 April 2024

Revised: 8 May 2024

Accepted: 15 May 2024

Published: 17 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Marine Science 
and Engineering

Review

A Review on Submarine Geological Risks and Secondary
Disaster Issues during Natural Gas Hydrate
Depressurization Production

Xianzhuang Ma 1,2, Yujing Jiang 1,2,*, Peng Yan 2,*, Hengjie Luan 2, Changsheng Wang 2, Qinglin Shan 2

and Xianzhen Cheng 2

1 Graduate School of Engineering, Nagasaki University, Nagasaki 852-8521, Japan; mxianzhuang@126.com
2 State Key Laboratory of Mining Disaster Prevention and Control Co-Founded by Shandong Province and the

Ministry of Science and Technology, Shandong University of Science and Technology, Qingdao 266590, China;
luanjie0330@126.com (H.L.); cswang0635@163.com (C.W.); shanqinglin2000@163.com (Q.S.);
chengxianzhen@sdust.edu.cn (X.C.)

* Correspondence: jiang@nagasaki-u.ac.jp (Y.J.); yanpeng951202@163.com (P.Y.)

Abstract: The safe and efficient production of marine natural gas hydrates faces the challenges of
seabed geological risk issues. Geological risk issues can be categorized from weak to strong threats in
four aspects: sand production, wellbore instability, seafloor subsidence, and submarine landslides,
with the potential risk of natural gas leakage, and the geological risk problems that can cause
secondary disasters dominated by gas eruptions and seawater intrusion. If the gas in a reservoir is not
discharged in a smooth and timely manner during production, it can build up inside the formation
to form super pore pressure leading to a sudden gas eruption when the overburden is damaged.
There is a high risk of overburden destabilization around production wells, and reservoirs are prone
to forming a connection with the seafloor resulting in seawater intrusion under osmotic pressure.
This paper summarizes the application of field observation, experimental research, and numerical
simulation methods in evaluating the stability problem of the seafloor surface. The theoretical model
of multi-field coupling can be used to describe and evaluate the seafloor geologic risk issues during
depressurization production, and the controlling equations accurately describing the characteristics
of the reservoir are the key theoretical basis for evaluating the stability of the seafloor geomechanics.
It is necessary to seek a balance between submarine formation stability and reservoir production
efficiency in order to assess the optimal production and predict the region of plastic damage in the
reservoir. Prediction and assessment allow measures to be taken at fixed points to improve reservoir
mechanical stability with the numerical simulation method. Hydrate reservoirs need to be filled
with gravel to enhance mechanical strength and permeability, and overburden need to be grouted to
reinforce stability.

Keywords: natural gas hydrate; depressurization production; submarine geological risks; secondary
disaster; review study

1. Introduction

With rapid economic and social development, the endless global demand for en-
ergy has led to the overexploitation of conventional fossil fuel energy, which has become
unsustainable and uneconomical. At the same time, natural gas hydrate, as a kind of uncon-
ventional fossil fuel energy, is gaining more and more attention from scholars [1–3]. Under
high pressure and low temperature, the gas molecules in natural gas are trapped in a cage
of water molecules and form ice-like compounds. Natural gas hydrates are mainly found in
plateau permafrost areas and deep-sea continental sediments. A total of 1 m3 of gas hydrate
contains about 164 m3 of natural gas and 0.8 m3 of water. The total carbon content of
natural gas hydrate in nature is about twice the total carbon content of conventional fossil
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fuel resources, which is considered the most important energy alternative in the world due
to its huge reserves and high energy density [4–6]. With such abundant natural gas hydrate
resource reserves, a series of feasible extraction methods have been proposed, such as the
depressurization production method, the heat injection extraction method, the gas displace-
ment extraction method, and the chemical reagent injection development method [7–9].
The validation of laboratory-scale tests proved the feasibility of these production methods.
The depressurization production method has the advantages of simple operation, low cost
and high gas production efficiency, and is considered to be one of the most promising
extraction methods for commercializing deep-sea gas hydrates at present [10,11]. With the
advancement of science and technology, depressurization production methods and their
applications have been rapidly developed [12,13]. Breakthroughs have been made in the
research of energy use efficiency optimization and hydrate depressurization decomposition
based on artificial intelligence. Image recognition by artificial intelligence has been widely
applied to hydrate reservoir prediction and experimental data analysis [14]. Many countries
have successively formulated research programs on natural gas hydrates and have carried
out research on natural gas hydrate production testing. The situation of marine natural gas
hydrate depressurization production testing is shown in Table 1 [15–24].

Table 1. Depressurization production test of marine gas hydrate.

Production Test Area Time Reservoir Characterization Production Method Gas Production

Nankai Trough, Japan March 2013

Water depth: 1000 m
Burial depth: 300–360 m

Type: Sand layer
Average initial permeability: 20 mD

Depressurization
production with vertical

well

Cumulative: 11.9 × 104 m3

Average: 2.0 × 104 m3/d

Nankai Trough, Japan May 2017

Water depth: 1000 m
Burial depth: 300–360 m

Type: Sand layer
Average initial permeability: 20 mD

Depressurization
production with vertical

well

Cumulative: 26.2 × 104 m3

Average: 0.73 × 104 m3/d

Shenhu Sea, China July 2017

Water depth: 1266 m
Burial depth: 203–277 m

Type: Muddy chalk
Average initial permeability: 2.9 mD

Depressurization
production with vertical

well

Cumulative: 30.9 × 104 m3

Average: 0.5 × 104 m3/d

Shenhu Sea, China April 2020

Water depth: 1225 m
Burial depth: 207–253 m

Type: Muddy chalk
Average initial permeability: 2.38 mD

Depressurization
production with
horizontal well

Cumulative: 86.14 × 104 m3

Average: 2.87 × 104 m3/d

Many studies have shown natural gas hydrate plays a very important role in reservoir
mechanical stability during the drilling process, and hydrate decomposition inevitably de-
stroys the reservoir cementation, deteriorates the reservoir mechanical properties, and puts
the submarine hydrate formation at risk of destabilization [25]. As pore pressure changes,
hydrate decomposition and fluids output cause stress redistribution in the reservoir during
depressurization production resulting in reservoir deformation and a wide-scale defor-
mation of the submarine formation, which will lead to seafloor subsidence. Due to poor
cementation in the reservoir, accompanied by a large range of plastic deformation during
depressurization production, gas and water are prone to carry a large amount of sand
particles during production, forming the sand production. Uneven seafloor subsidence
during depressurization extraction will deform the production well in the reservoir, and
sand production may lead to well clogging and damage. Production well destruction is
prone to submarine gas leakage [26]. When a gas hydrate reservoir is located in a submarine
slope, hydrate decompression and super pore pressure can significantly reduce the slope
stability and may trigger a large-scale submarine landslide. Hydrate depressurization
production may cause submarine geological risk issues, such as sand production, wellbore
destabilization, seafloor settlement, submarine landslides, and potentially gas leakage risk.
Hydrate-bearing sediment reservoirs and overburden are generally characterized by low
permeability, so that a large amount of gas generated by hydrate decomposition during
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depressurization production cannot be removed in time and accumulates in the reservoir
resulting in super pore pressure in the reservoir or overburden [27]. When super pore
pressure reaches the stress limit that the overburden layer can withstand, the overburden
will be damaged and lead to a sudden gas eruption. Hydrate decomposition during depres-
surization production creates a zone of high permeability, and the hydrate decomposition
zone is also a low-pressure center in hydrate formation. An osmotic pressure develops
between the low-pressure center and the seawater–seafloor boundary layer, driving sea-
water towards the reservoir. Submarine geologic risks can destabilize the overburden
and reservoir, leading to the creation of seafloor–reservoir channels. This can result in a
significant influx of seawater into the reservoir and seawater intrusion. Hence geological
risk issues during depressurization production are prone to a secondary disaster problem
dominated by gas eruption and seawater intrusion [28–31]. Although natural gas hydrate
is an important natural resource with abundant reserves, it is also an important factor
affecting the stability of submarine geomechanics. Therefore, a clear understanding of the
potential seafloor engineering geohazard problems during depressurization production
is of great significance in ensuring environmental and production safety and avoiding
secondary disasters dominated by gas eruptions and seawater intrusion, so as to efficiently
develop natural gas hydrates.

Natural gas hydrate production tests have verified that hydrates can be exploited
through depressurization. However, there are potential submarine geologic risks during
production, such as sand production, wellbore destabilization, seafloor subsidence, and
landslides. In this paper, we review the research progress of hydrate depressurization
production in recent years, summarize the geological risks during production with sec-
ondary disasters, and improve the understanding of the geomechanical stability of hydrate
reservoirs and the safety of the seabed environment. It is hoped that this study will provide
a valuable reference for promoting the safe and efficient production of natural gas hydrates.

2. Submarine Geological Risk Issues

2.1. Sand Production

Sand production during hydrate depressurization is a complex problem involving mul-
tiple flows and geomechanical responses. The purpose of depressurization is to decompose
the hydrate and collect natural gas, but the weak cementing properties of the hydrate layer
cause sand and soil particles, which lose their original stability under pressure release and
hydrate decomposition, to be dislodged from the sediment and enter into the production
well with the fluid flow. As shown in Figure 1, under the drive of fluid flow, sand particles
continue to flow out and form a continuous collapse within the reservoir. In the case of
more severe sand production, reservoir subsidence around the well occurs under the action
of overburden gravity [32,33]. Discontinuous deformation in the form of faults enhances
the connectivity of the sediment skeleton, thereby favoring fluid flow. The increase in fluid
flow rate is accompanied by the stripping of particles from the sediment skeleton, thus
bringing out more sand particles. Hydrate reservoirs with small and poorly connected
pore space typically have low initial permeability. When hydrate is extracted by large-scale
depressurization, fluid channels are formed in the sediment skeleton, and sand particles
in the reservoir are easily disturbed by fluid flow. During depressurization production,
the temperature within hydrate reservoirs changes drastically, and the thermal expansion
and contraction effect causes hydrates to undergo volumetric strain, which causes sand
particles in formation to move and release the constraints of the sediment skeleton, and
then free flow with the fluid occurs. Sand production results from the expansion of the
depressurization range and the increase in effective stress in reservoirs, so that the sand
grains are stripped from the skeleton due to the destruction of the sediments [34,35]. Low
production pressure is commonly used in production to promote hydrate decomposition,
but increased production rates can reduce the mechanical stability of reservoir sediment,
leading to extensive plastic damage. As the pressure gradient and permeability increase
in the reservoir, hydrate decomposition accelerates, leading to reservoir destabilization
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and an increased fluid flow rate. This makes it easier for the fluid to carry sand out of
the reservoir. The sand problem is typically not significant at the start of depressurization
production. However, it becomes more severe with production time expansion, particularly
after hydrate dissociation around the well. The sand rate is positively correlated with the
initial hydrate saturation in the formation [36–39].

Figure 1. Schematic of the sand production and subsidence problem (cited from Li et al., 2019) [32].

Sand production is one of the key submarine geologic risks limiting the long-term and
effective development of gas hydrate resources, and the behavior of sand production has
attracted attention since the first marine hydrate development test in Japan was prematurely
terminated in 2013 due to wellbore clogging problems caused by sand production. The
second production test, at Nankai Trough in Japan, utilized a series of sand control measures
to limit sand production. Production tests in 2017 and 2020 in the Shenhu Sea area did not
experience wellbore plugging caused by sand outflow due to sand control measures [40–43].
The entry of sand into the production well and pipeline can cause equipment to wear
out, reducing its useful life and increasing maintenance and replacement costs. This, in
turn, affects overall extraction efficiency and operational stability. If sand collects inside
pipelines or equipment, it can form clogs that can interfere with the smooth transportation
of natural gas, or the clogs can even trigger blowouts due to pressure buildup [44–46]. The
abrasion of sand particles on the equipment may lead to equipment failure and natural gas
leakage, which may not only affect the safety of the personnel at the site, but also pollute
surrounding environment. When sand production reaches a critical point, it can cause the
formation of numerous holes and lead to continuous collapse. This can result in submarine
subsidence and trigger engineering geological disasters, such as natural gas leakage or
eruptions [41]. Hydrate reservoir collapse caused by sand production will easily destabilize
overburden. If the amount of sand production is excessive, the reservoir may connect with
the seafloor surface, leading to seawater intrusion due to osmotic pressure. It is important
to take timely and effective preventive and management measures for the potential risk of
sand production caused by depressurization, which requires theoretical and experimental
research on the mechanism.

Simulation and experimental studies of sand production during depressurization
production mainly focus on mechanism [47,48]. There are two fundamental reasons for sand
production: the stress concentration and strength reduction due to hydrate decomposition.
Generally speaking, the sand particle transport behavior belongs to the geomechanical
control module in the theoretical model. Establishment of a multi-field coupled model that
considers the geomechanical behavior is the key to simulate and study sand production
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behavior [49,50]. The numerical simulation method and flow chart of sand production
during depressurization production are shown in Figure 2, and its reservoir model and
study method are shown in Table 2 [42–46]. Multi-field coupled governing equations for
sand production typically involve sand detachment, transport, and sediment deformation,
and depressurization leads to hydrate decomposition and stress concentration distribution.
Depressurization results in hydrate decomposition and stress concentration distribution.
Stress concentration causes particles to detach from the sediment skeleton, while fluid
flow alters the multiphase fluid pressure and the temperature distribution. The main
purpose of experimental studies are usually to determine sand production mechanism and
investigate the relationship between sand production and pressure, fluid flow rate, sand
properties [51–53]. As shown in Table 3, the model geometries and experimental methods
in sand production experiments are listed, and the experimental study on sand production
prevention and control is shown in Figure 3 [47–54]. The choice of the depressurization
scheme and the use of sand prevention tools changes the gas production behavior. The
choice of lower production pressure during depressurization production can promote
hydrate decomposition and thus increase the gas production. At the same time, it will
increase the risk of sand production. Sand screen tubing impedes sand transportation to
the wellbore and increases gas transport resistance, resulting in reduced gas production
rates. The contradiction between the stability of sand production control and efficient
gas production affects the gas production efficiency of natural gas, and there is a need
to explore and research more novel ways of controlling hydrate sand production during
depressurization production. In addition to optimizing the depressurization method
and using sand control devices, reservoir stability enhancement measures can also be
used. For example, the gravel filling method enhances reservoir mechanical stability, and
the chemical reagent injection method enhances reservoir cementation. On the basis of
reservoir modification and the use of sand control devices, the possibility of sand stripping
is reduced by adjusting the depressurization rate to ensure a relatively stable production
process, and production well heating needs to be used jointly to prevent clogging of the
sand control network. In order to counteract the sand stripping issue, filters or other
equipment are required to separate and filter the sand particles to prevent them from
entering the extraction pipelines and equipment. Monitoring equipment is required to
detect sand problems during the depressurization production to ensure extraction process
is conducted safely and efficiently.

Table 2. Research method and content during numerical simulation of sand production.

Reservoir Model
Description

Key Control Equations for Sand
Production

Main Research Content Research Objectives Reference

3D hollow circle
Response of permeability and

porosity to sediment denudation
and sand production

3D DEM fluid flow model
simulation

Effects of boundary stress
and fluid flow on

sediment denudation and
sand production

Cui et al. [42]

Rotating cylinder Sand migration and clogging of
anti-sand devices

Numerical analysis under
different working

conditions

Balancing sand
production control and

gas production
Zhu et al. [43]

2D planar symmetry
model

Combined equations of control for
sand stripping, transport,

sediment deformation, and
hydrate decomposition

Evaluation of sensitivity of
sand production

parameters to changes in
the volume

Effect of different
depressurization rates and

production methods on
sand production

Uchida et al. [44]

Hollow cylinder Fluid–solid coupling calculations
for sand transport

Fracture energy
regularization method
was implemented to

diminish mesh
dependency related to

energy dissipation

Improve the accuracy of
sand modeling Shahsavari et al. [45]
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Table 2. Cont.

Reservoir Model
Description

Key Control Equations for Sand
Production

Main Research Content Research Objectives Reference

Hydrate core model
Multi-field coupled model

considering sand mass
conservation

Incremental format
solution analysis using the

IMPES method and
cylindrical cores

Investigating the effects of
parameters such as

wellbore pressure, initial
hydrate saturation, and
loading stress on fluid

flow and sand emergence
behavior

Li et al. [46]

Figure 2. Method and flowchart of numerical simulation study of sand production during depressur-
ization production (cited from Cui et al., 2016; Uchida et al., 2016; Zhu et al., 2020; Shahsavari et al.,
2021; Li et al., 2024) [42–46]. A–C in subfigure (e) show the weak to violent sand production around
well during production.
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Table 3. Experimental research method and objective of sand discharge risk.

Experimental Model
Description

Average Diameter of
Sand Grains

Main Experimental Content Research Objective Reference

300 mm (D)
240 mm (L) 0.3 mm

Different overlay stresses
and depressurization

methods

A correction to the analytical
solution for classical steady

state flow
Kozhagulova et al. [47]

3.81 cm (D)
5.3 cm (L) 75 μm Different radial to axial

stress ratio conditions

Obtaining a predictive model
for the mass-to-stress ratio of

the discharged sand
Zivar et al. [48]

12.5 mm (L)
25 mm (D)

2.5 (H)
0.35 mm Injection of fluid at a given

pressure
Determining critical wellbore
pressure for reservoir collapse Song et al. [49]

442.3 mL (V)

27.4 μm
15.99 μm
14.45 μm

3.7 μm
4.37 μm

Different grit screen hole
sizes

Analysis of gas production
and sand discharge behavior
with different anti-sand sieve

hole sizes

Li et al. [50]

49 mm (L)
25 mm (D) 4~125 mm Multi-channel hydration

acoustic monitoring

Determining the relationship
between sand output and

production and designing a
sand control network

Ding et al. [51]

390 mm (L)
38 mm (D) 126.4 μm

Experimentation of different
anti-sand production

methods

Finding effective sand control
methods for hydrate reservoir

development
Wang et al. [52]

50 mm (D) 15~20 μm Clogging of sand control
screen experiment

Proposed depressurization
combined with wellbore

heating to prevent plugging of
sand control grids

Li et al. [53]

Figure 3. Experimental study on sand production risk (cited from Zivar et al., 2019; Li et al., 2022;
Wang et al., 2023; Li et al., 2020; Dong et al., 2018) [48,50,52–54]. (a) and (b) in subfigure (d) represent
conventional design and special design, respectively.
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2.2. Wellbore Instability

Wellbore instability during drilling and depressurization production of marine hydrate
reservoir is caused by hydrate formation conditions. If the hydrate formation is weak, prone
to collapse, or contains easily dissolvable rock layers, the drilling fluid intrusion process
may lead to large-scale hydrate decomposition, thus triggering wellbore instability [55–57].
Fault or fracture development in the formation is likely to accelerate the diffusion of
drilling fluid and hydrate decomposition [58–60]. Poor connectivity and mobility of hydrate
formation is easy to form super pore pressure gas, and high pore pressure exists in the
complex special geological structure area. Drilling fluids play a crucial role in maintaining
formation stability, bearing capacity, and drilling efficiency. Improper selection or use fluids
can result in the loss of rock cuttings, formation collapse, or dissolution, thereby increasing
the risk of wellbore instability or even gas eruption [61,62]. The construction of a well
forms a channel that connects the seabed surface with the reservoir. After depressurization,
osmotic pressure causes seawater to flow along the channel and into the reservoir, resulting
in seawater intrusion. The risk of wellbore destabilization during the drilling process
and depressurization production cannot be ignored. Hydrate decomposition can reduce
the mechanical strength of the sediment surrounding wellbore, potentially causing it to
reach the plastic yield state and become more susceptible to destabilization. During the
early stages of depressurization production, the localized area around the horizontal well
may not be fast enough to cause wellbore damage, even though it quickly reaches the
yield state. From the perspective of reservoir around the well, hydrate decomposition
during gas hydrate depressurization production reduces sediment mechanical strength,
which may lead to a significant increase in plastic strain. From the perspective of the entire
reservoir, the inhomogeneity of hydrate saturation distribution in the formation leads to
the variability of reservoir mechanical strength and deformation distribution. Long-term
depressurization of the reservoir can cause significant inhomogeneous deformation, leading
to shear damage in the wellbore.

Sediments on the seabed that contain hydrates are typically poorly cemented and have
a low mechanical strength. Drilling and depressurized production of hydrate reservoirs
pose a risk of wellbore instability and damage. Wellbore damage may lead to natural gas
leakage from the pipeline into the formation, polluting the surrounding environment and
even threatening the safety of offshore platforms by gas eruption accidents [63]. Hydrate
formations on the seafloor carry enormous formation and super pore pressures, and
wellbore destabilization and damage can occur in the form of subsea gas leaks and eruptions.
For example, the 2010 Gulf of Mexico well blowout triggered an oil spill that posed a
significant threat to the local marine ecosystem [64]. Therefore, pressure control is a crucial
task throughout the production process. Assessing wellbore stability during depressurized
production is also essential. Numerical simulation methods have been utilized in many
studies to address the challenges of geomechanical response, hydrate decomposition, and
the coupled effects of multiple physical fields in wellbore stability analysis during drilling
and depressurization production [65–69]. Establishment of theoretical models during
numerical simulation needs to consider the coupling between the dynamic heat and mass
transfer between the wellbore and the reservoir, the multiphase flow in the sediment,
the evolution of mechanical properties and other physical fields. The drilling process
accompanied by the intrusion of drilling fluids and the increase in temperature can lead to
hydrate decomposition increasing the risk of wellbore destabilization [70–73]. The location
of the risk of wellbore instability during depressurized production is affected by the extent
of plastic damage to the sediments. The studies on wellbore instability triggered by drilling
and depressurized production are shown in Figures 4 and 5, respectively. Reservoir models
and simulation method used in the studies are shown in Table 4. The reservoir deformation
law for long-term depressurization production of hydrate reservoir shows that the effective
stress in the reservoir around the well is centrally distributed, which puts the wellbore
at risk of extrusion damage [74–76]. Distribution of hydrate saturation in the formation
has obvious inhomogeneity, and the reservoir is susceptible to uneven settlement. This
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makes the horizontal well vulnerable to shear damage caused by uneven deformation. The
consolidation degree of deep reservoir is generally higher than in shallow reservoirs, and
there is a tendency for the mechanical strengths, such as Young’s modulus, of hydrate-
bearing sediment to increase gradually with depth. This can have a positive impact on
reservoir stability when exploiting deep hydrate reservoirs, but the high stress effects of
deep formations can pose a challenge to wellbore stability.

Figure 4. Numerical simulation of wellbore instability problem during drilling of natural gas hydrate
reservoir (cited from Wang et al., 2019; Liao et al., 2021; Sun et al., 2018; Dong et al., 2021) [66,67,70,71].

Table 4. Reservoir models and simulation methods used in the study of wellbore instability risk
problems.

Hydrate Reservoir Model Key Theoretical Models Main Research Contents Research Objectives Reference

Simplified 2D
axisymmetric wellbore

modeling

A drilling model
considering the

degradation of reservoir
mechanical properties due
to hydrate decomposition

Elastic-plastic intervals of
reservoirs obtained by

closed-form solutions of
computational mechanical fields

Exploring the mechanism
of the reduction of drilling

fluid temperature,
pressure, and elastic

modulus in the
decomposition zone on

wellbore stability

Wang et al. [66]

Plane strain model

Consider dynamic heat
and mass transfer between

the wellbore and the
reservoir

Elasto-plastic analysis of
wellbore during drilling process

Analyze the heat and mass
transfer law between

wellbore and reservoir
and the mechanism of
wellbore yield damage

behavior

Liao et al. [67]

Simplified 2D
axisymmetric wellbore

modeling

Considering the reduction
of formation stiffness and

strength after hydrate
dissociation

Elasto-plastic analysis of
wellbore during drilling process

Analysis of the mechanical
response of wellbore in

elastic-plastic formations
and summarization of the
destabilization mechanism

Guo et al. [68]
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Table 4. Cont.

Hydrate Reservoir Model Key Theoretical Models Main Research Contents Research Objectives Reference

Symmetric plane strain
model

A theoretical model to
characterize the

deformation field using
rock mechanics theory

Elasto-plastic analysis of
wellbore during drilling process

Summarize the major
influences on wellbore
and hydrate formation

instability

Zhang et al. [69]

Simplified 2D
axisymmetric wellbore

modeling

Considering the effects of
drilling mud intrusion and

pore water salinity

Elasto-plastic analysis of
wellbore during drilling process

Guidance for the design of
drilling fluids based on

elasto-plastic distribution
laws

Sun et al. [70]

3D reservoir model

Development of a
three-dimensional

multi-field coupled model
describing drilling fluid

intrusion

Dynamic response of drilling
fluid intrusion processes and

reservoirs

Characterizing the
reservoir response to

drilling fluid intrusion in
conjunction with hydrate

decomposition

Dong et al. [71]

2D planar reservoir model

Improvement of
elasto-plasticity intrinsic

model based on the
saturation of hydrate and

ice in the pore space

Analyzing the yielding of the
wellbore and reservoir around
the well during depressurized
production in horizontal and

vertical wells

Predicting stress
concentrations and yield
zones in wellbores and

reservoirs during mining

Rutqvist et al. [72]

Simplified 2D
axisymmetric wellbore

modeling

A model considering the
evolution of the plastic
zone due to changes in

temperature and pressure
fields

Analyzing the effect of gas
hydrate decomposition on

wellbore stress and plastic zone
distribution

Providing a theoretical
basis for wellbore design

from a mechanical point of
view

Li et al. [73]

2D planar reservoir model

Consideration of
multi-field coupled

models based on
consolidation theory

Effective principal stress
concentration distribution and

its stress path analysis

Prediction of stress field
evolution and wellbore

stability during the
mining process

Yuan et al. [74]

2D planar reservoir model

Theoretical modeling of
the Mohr–Coulomb

criterion combined with
multi-field coupled

models

Mechanical behavior of hydrate
reservoirs and wellbores during

one year of production

Predicting deformation
characteristics of

producing wells due to
hydrate decomposition

Sun et al. [75]

Multilayer hydrate
reservoir modeling

Theoretical models
considering coupled fluid

and geomechanics

Effective principal stress
concentration distribution and

its stress path analysis

Geomechanical response
and reservoir stability
analysis around wells
under coupled effects

Dong et al. [76]

With the help of numerical simulation method, the risk areas of geomechanical re-
sponse of gas hydrate reservoirs can be assessed and predicted, so that corresponding
preventive and control measures can be taken when designing hydrate depressurization
production methodology. There is a transient heat transfer model between the wellbore
and the sediment during drilling, which requires numerical simulation based on its ther-
modynamic stability and gives an optimized drilling method. Numerical simulation can be
used to predict the extent of plastic damage in the reservoir and the location of the wellbore
instability risk when designing and exploiting, corresponding to which the method of
enhancing the mechanical properties of the reservoir and the wellbore protection measures
can be taken. At the initial stage of well construction, a solid plugging agent or cement
slurry is injected around the wellhead to reinforce the well wall and fill the possible leakage
gaps, so as to improve the sealing and stability of the wellbore. Pressure balancing mea-
sures are used during production to maintain the balance of pressure inside and outside
the wellbore, reduce the impact of changes in formation pressure on the wellbore. It is
also necessary to implement a regular wellbore inspection and maintenance program to
monitor the condition of the wellbore and repair or replace any possible damage in a timely
manner to maintain the stability of the wellbore. Measures to plug and seal the wellbore
after production is completed are taken to avoid possible leakage or pressure imbalance
and to prevent environmental contamination or damage to the wellbore.
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Figure 5. Numerical simulation study of wellbore instability problem during depressurization
production (cited from Yuan et al., 2020; Sun et al., 2019; Dong et al., 2022) [74–76].

2.3. Seafloor Subsidence

Marine natural gas hydrate is shallowly buried in the formation, and overburden is
dominated by low permeability clays, which do not have a dense and hard rock structure.
Hydrate-bearing sediment is poorly cemented, and hydrate decomposition leads to a
significant reduction in the mechanical strength of the reservoir, and the range of the
reduction will continue to expand with hydrate decomposition [77–79]. Depressurization
causes the hydrate in the sediment pore space to decompose into natural gas and water.
The compressibility of fluid is much larger than that of solid hydrate, so the pore space of
the sediment is compressed under the action of overburden gravity and seawater pressure,
which deforms the entire hydrate reservoir. A low pressure region may form in the
reservoir, causing a redistribution of internal pressure combined with ongoing gas and
liquid recovery, which increases the effective stress in the formation. The range of influence
of the effective stress expands over time as hydrate extraction continues. Continuous
discharge of fluids in the hydrate reservoir causes the overburden to lose its support, and
produces deformation and subsidence in the seafloor surface under the action of seawater
pressure. From the mechanical stability analysis of the hydrate formation, the main cause
of subsidence is the compression of sediment pore space during the depressurization
process, so the main manifestation of subsidence is the compression and deformation of
the seafloor surface [80,81]. The process of sediment compression and seafloor subsidence
causes internal compaction of the hydrate reservoir, which alters the physical properties
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of the formation and can impact the sustainability of gas production [82,83]. Overburden
stability is disturbed by the uneven settlement of the seafloor causing sediment damage,
and seawater pushes through the overburden into the reservoir in large quantities under
the action of osmotic pressure. Decompression causes stress to concentrate around the
wellbore, resulting in significant sediment compression and seafloor subsidence in the
area surrounding the vertical well. Additionally, it causes extensive seafloor subsidence in
the upper area of the horizontal well [84–86]. Seafloor subsidence can affect the stability
of facilities such as submarine pipelines and cables, and increase the cost of extraction.
The inhomogeneity of hydrate distribution leads to uneven reservoir deformation and
seafloor subsidence, resulting in wellbore shear damage that triggers gas leakage and thus
contamination of the seafloor environment.

As shown in Figure 6, research methodology for settlement risk problem is dominated
by numerical simulation. From the studies of long-term depressurization production,
the seafloor subsidence can reach several meters, as shown in Table 5 [72,87–91]. Seafloor
settlement is different in different case studies, indicating that the seafloor surface settlement
behavior is related to the mechanical properties of hydrate formation and production
scheme. When hydrate formation is subjected to mechanical constraints, the vertical strain is
much larger than the horizontal strain. Although the reservoir pressure drops very rapidly,
the subsidence is gradual over time [88,89]. Overburden and underburden are compressed
by seawater gravity and geostatic stresses, respectively, and move in the direction of the
production wells, resulting in seafloor surface subsidence and underburden uplift. Seafloor
surface subsidence with pore pressure reduction and the low mechanical strength of
weakly cemented sediments make the seafloor surface subsidence behavior highly sensitive
to production pressure. Seafloor subsidence involves the complex mechanical behavior
of hydrate-bearing sediments during depressurization production [90,91]. Therefore, in
addition to numerical simulation assessment there is a need to study the relationship
between hydrate decomposition and reservoir mechanical properties through triaxial tests
to improve the understanding of seafloor subsidence problems [92–95].

Figure 6. Numerical simulation of seafloor subsidence risk issues (cited from Jin et al., 2018; Zhang
et al., 2023; Yuan et al., 2021) [89–91].

At present, the world has not carried out long-term large-scale depressurization
production of natural gas hydrate. In 2020, in the Shenhu area of the South China Sea, a
30-day hydrate production test was carried out; the test used included the “four-in-one”
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on-site real-time monitoring research method, as shown in Figure 7 [17]. Using a variety
of technical means such as hydrate reservoir temperature monitoring, seafloor sediment
pore pressure monitoring, seafloor natural gas leakage, seafloor stratigraphic stability
monitoring (subsidence and landslide), full-profile seawater environmental monitoring,
and water–gas–methane exchange flux monitoring of the production test platform and the
surrounding area, we carried out all-around environmental monitoring from the seafloor
to the middle seawater up to the sea level, and objectively evaluated the environmental
impacts of the depressurization production of natural gas hydrates. From the mechanical
nature of hydrate-bearing sediments, the seafloor subsidence issue in long-term production
of gas hydrate is difficult to avoid. It is necessary to consider the balance between hydrate
formation stability and gas production in order to design the optimal production program.
Appropriate measures to improve the mechanical properties of the seafloor surface, such as
overburden injection and reinforcement methods, can be taken prior to hydrate extraction.
The numerical simulation method can be used to assess the stability of hydrate formation
and predict potential hazard problems that may occur.

Table 5. Behavior of seafloor settlement during depressurization production.

Site Production Time Wellbore Selection Seafloor Subsidence Reference

Gulf of Mexico, Mexico 2 years Depressurization through a
horizontal and vertical well

4.5 m (horizontal well)
2.3 m (vertical well) Rutqvist et al. [72]

Eastern Nankai Trough,
Japan 6 days Depressurization through a

vertical well 15 cm Uchida et al. [41]

Eastern offshore India,
India 90 days Depressurization through a

vertical well 1.7 cm Lin et al. [88]

SH2 drill hole, South
China Sea, China 2 years Depressurization through a

horizontal well 2.5 m Jin et al. [89]

South China Sea, China 2 years
Depressurization through a

vertical well and a
four-branch multilateral well

1.2 m Zhang et al. [90]

South China Sea, China 1 years Depressurization through a
horizontal well 0.5 m Yuan et al. [91]

 

Figure 7. “Four-in-one” real-time on-site monitoring system (cited from Ye et al., 2020) [17].
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2.4. Submarine Landslide

Natural gas hydrate is abundantly stored in the submarine slope, and the factors that
cause submarine landslides in hydrate formations can be categorized into natural environ-
mental factors and anthropogenic factors [96,97]. Natural environmental factors mainly
include the natural hydrate decomposition caused by global warming, and anthropogenic
factors are mainly the temperature and pressure perturbation of hydrate reservoir caused
by hydrate extraction. Continuous deposition of sediment decreases overburden perme-
ability, increases hydrate saturation and weakens reservoir permeability, and overburden
permeability is much lower than reservoir permeability. Capacity enhancement method
such as depressurization and heat injection can promote hydrate decomposition to generate
large quantities of gas, but in low-permeability reservoir gas are difficult to produce in a
timely manner from production well. If a large amount of gas and liquid generated by
hydrate decomposition cannot be discharged in a timely manner, super pore pressures
will be generated between the reservoir and the overburden. Hydrate decomposition
decreases the mechanical strength of the reservoir, and the super porous pressure gas
collects in the slope, which makes the submarine slope more unstable [98,99]. Seawater
warming due to global warming induces widespread decomposition of hydrate reservoir,
releasing large quantities of methane gas. Strong load and high temperature fluid from
earthquakes and volcanic eruptions can cause shear or tensile damage to seafloor slope
and hydrate decomposition, resulting in large impact damage to the seafloor environment.
During hydrate extraction, different extraction method directly and significantly affects
seafloor settlement and seafloor slope stability [100,101]. When a horizontal well is used to
depressurize the extraction method to improve the decomposition efficiency of gas hydrate
and obtain higher production, it will cause a wide range of deformation in the hydrate
reservoir, especially when the hydrate reservoir is in the seafloor slope, it is easy to cause
the mechanical instability of the slopes. Long-term and large-scale gas hydrate extraction
poses a potential threat to the stability of the seafloor surface, especially to the hydrate slope
stratigraphy [102,103]. Hydrate production causes overburden and reservoir deformation
to slide toward the production well, which can trigger a submarine landslide. Large-scale
submarine landslides can separate the hydrate reservoir from the overburden, resulting
in direct exposure of the reservoir to seawater, which can lead to widespread hydrate
decomposition and natural gas leakage [104,105]. They not only cause natural gas leaks,
but also damage deep-sea oil and gas wells and pipelines, threatening the safety of the
undersea environment.

Hydrate decomposition is one of the key factors for inducing a submarine landslide,
and natural factors and anthropogenic perturbations induced seafloor landslides, and
the on-site monitoring systems are shown in Figure 8 [106,107]. Geological records show
that the increase in seafloor temperature leads to hydrate decomposition and destroys the
cementation between gas hydrate and seafloor slopes, destabilizing the slopes. The histori-
cally famous Storegga submarine landslide and the Amazon Fan failure, which occurred on
the Norwegian continental margin in the northeastern Atlantic Ocean, have been attributed
to hydrate decomposition [108,109]. When gas hydrate is endowed in inclined reservoirs,
the decomposition of hydrates will cause a weakening of the mechanical strength of the
reservoir, and the inability of gas to be discharged in a timely manner may generate pore
pressure buildup, inducing submarine slope instability [110–112]. Current research on
natural gas hydrate formation landslides is dominated by numerical simulations and field
observations, which often increase reservoir instability when production enhancement
measures are planned to increase natural gas production, which requires mechanical charac-
terization of submarine slopes during depressurization production to fully understand the
potential geomechanical response issues that come with increased production [113,114]. A
numerical simulation study of the seafloor landslide risk in the hydrate formation is shown
in Figure 9, and a study on the hydrate extraction scheme and seafloor slope destabilization
mechanism is shown in Table 6. The average inclination angle of hydrate reservoir in the
South China Sea is approximately 3.3 to 3.6◦, and the maximum angle reaches 25◦ [114].
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The destabilization of seafloor slopes induced by artificially disturbed depressurization
production is likely to cause the collapse of inclined reservoirs and trigger large-scale
hydrate decomposition. Hydrate decomposition leads to a decrease in sediment cohesion,
which puts the slope at risk of destabilization, and the most dangerous area covers the
hydrate decomposition zone. The placement of production well at the bottom of subsea
slopes to increase production efficiency may affect reservoir stability. From the numerical
simulation study of seafloor geological risk issues, the theoretical model of multi-field
coupling can be used to describe and evaluate the seafloor geological risk issues during
depressurization production. The theoretical model needs to be established from the per-
spective of multi-field coupling, and the controlling equations that accurately describe the
characteristics of the reservoir are the key theoretical basis for evaluating the stability of
seafloor geomechanics.

In order to reveal the landslide mechanism of hydrate formation, geophysical field
observation techniques are indispensable. Acoustic waves can propagate within the hydrate
formation and be reflected, refracted, or absorbed by different strata, and acoustic wave
monitoring technology is an important means to assess the production of marine gas
hydrate reservoirs. Gas production in natural gas hydrate reservoirs involves an in situ
phase transition of solid hydrate decomposition, and the use of non-contact observation
means of acoustic wave propagation speed, reflection characteristics, and other information
that can be inferred via in situ hydrate decomposition and stratum deformation. Resistivity
sensors are buried in the reservoir to obtain the temperature and pressure characteristics
of the reservoir and the in situ hydrate decomposition information in real time, so as
to strengthen the ability to recognize the hydrate generation and decomposition process
in the formation. Moreover, resistivity imaging technology is utilized to measure the
spatial distribution of underground resistivity in order to obtain three-dimensional imaging
of the formation structure and the hydrate distribution in real time, thus inferring the
stability of formation slopes. In addition, natural gas hydrate formation landslides are often
accompanied by changes in formation vibration signals, and monitoring the vibration of
the formation can provide landslide precursor information to predict the landslide risk that
may be triggered by formation deformation. The comprehensive use of acoustic, electrical,
vibration and other geophysical data, as well as the development of multi-parameter
cross-analysis technical means, can more comprehensively and finely characterize the
deformation and slippage of natural gas hydrate formations.

Reservoir deformation and super porous pressure usually occur inside the hydrate
formation, and the limitations of the submarine environment restrict the traditional moni-
toring means, and there is an urgent need to develop monitoring equipment and techniques
applicable to the submarine environment and the complex hydrate formation structure.
The research and development of the submarine landslide field monitoring system faces
many technical difficulties. Hydrate reservoir deformation is usually a slow and gradual
process, and the monitoring accuracy is required to be high. The displacement generated
by submarine landslides is large, and although the existing monitoring technology can
realize accurate monitoring of small centimeter-level deformation, it is difficult to improve
its monitoring range. Therefore, it is necessary to develop high-precision, large-range, and
long-term stable monitoring means to sense the deformation signals of the hydrate reservoir
and its overburden in real time. For on-site inspection, real-time monitoring devices such
as turbidity meters, pore pressure sensors, resistivity probes, methane leak detectors and
acoustic measurements need to be deployed at points on the surface of the overburden, and
displacement monitoring devices need to be deployed in the overburden and the interior
of the hydrate reservoir, to form a full-profile, refined real-time inspection system.
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Figure 8. Natural factors and anthropogenic disturbances inducing a submarine landslide (cited from
Yan et al., 2020; Vanneste et al., 2014) [2,106].

Figure 9. Numerical simulation study of the submarine landslide risk issues in hydrate formations
(cited from Tan et al., 2021; Jiang et al., 2015; Handwerger et al., 2017; Song et al., 2019) [111–114].
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Table 6. Hydrate depressurization production scheme and seafloor slope stability evaluation
methodology.

Main Theoretical Model
Slope Stability

Analysis Methods
Production Method

Mechanism of Slope
Destabilization in

Hydrate Formations

Inclination
Angle

Reference

Multi-field coupled
modeling of transient pore

pressure due to hydrate
decomposition

Limit equilibrium
slope analysis

method

Warming waters at the
bottom of the slope

trigger hydrate
decomposition

Gas migration to
overburden to form super

pore pressure
3◦, 20◦ Liu et al. [110]

Modeling the dynamics of
pore pressure and slope

strength parameters during
the production process

Limit equilibrium
slope analysis

method

Huff–puff method
through a horizontal

well

Strength loss due to super
pore pressure formation

and hydrate
decomposition

10◦ Tan et al. [111]

Coupling computational
fluid dynamics and
CFD-DEM model

Characterization of
microfracture

evolution

Instantaneous thermal
dissociation of a
methane hydrate

Dissipation of elastic
strain energy in a short

period of time driven by
super pore pressure after
hydrate decomposition

45◦ Jiang et al.
[112]

Ontological relationships
for changes in sediment
strength before and after
hydrate decomposition

Rate and state
friction model

Anomalous
destabilization of

hydrate

The presence of hydrates
can significantly affect

sediment strength
increasing slope stability

5◦~10◦ Handwerger
et al. [113]

Multi-field coupled model
considering nonlinear

theory and Moore–Cullen
criterion

Orthogonal
experimental design

and the strength
reduction method

Depressurization
through a horizontal

well

Both the extent of hydrate
decomposition and the

thickness of the
overburden affect slope

stability

15◦ Song et al.
[114]

3. Submarine Geological Risk Trigger Secondary Disaster

3.1. Gas Eruption

The factors inducing the generation of gas eruptions can be classified as natural geolog-
ical activities and hydrate extraction disturbances. According to the scale of gas eruption,
it can be classified into slow fluid migration caused by stratigraphic fractures and violent
gas release caused by superporous pressure. Geological activity at depth causes natural
gas to be transported upward and accumulate in the pores of this confined space, where
gas hydrates are formed at low temperatures as the deposition process continues and pore
pressure increases. However, geological activities such as earthquakes can create fissures
in the strata that break up the confined space and create channels to the seafloor surface,
leading to a sudden release of pore pressure and hydrate decomposition. Observational
studies at the seafloor site in the Black Sea have shown that hydrate can decompose in
situ into natural gas and rise to sea level in the form of gas bubbles [115], as shown in
Figure 10. It is hypothesized that the behavior of gas hydrate decomposition in the Black
Sea is due to natural factors, as geologic activity on the seafloor has created fractures in the
reservoir buried beneath the overburden that are connected to the seafloor surface. Under
the action of the natural environment, high-temperature fluid from geological activities
such as volcanic eruptions increase hydrate reservoir temperature, leading to hydrate
decomposition. Deep warm fluid has an obvious promoting effect on hydrate decomposi-
tion, changing the temperature and pressure conditions of the formation and affecting the
internal structure of the formation, leading to the instability of the hydrate formation. Gas
and water released from hydrate decomposition will gather and cannot be discharged from
the formation in time, resulting in super pore pressure, and the pressure will gather to a
certain extent, causing the formation to have fissure channels and resulting in gas eruption.
Submarine earthquakes and volcanic activity can damage hydrate reservoirs and create
fissures that connect to the seafloor surface. Natural gas is always less dense than seawater,
and when there is a dense concentration of bubbles on the seafloor, the bubbles rise to
form a plume. As the bubble plume rises, the bubble volume expands due to the decrease
in pressure. Under the effect of buoyancy, the natural gas is eventually released into the
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atmosphere [116–119]. Natural gas hydrates endowed on the seafloor are dominated by
methane hydrate, a greenhouse effect gas that has 21–25 times the ability to influence global
temperatures than carbon dioxide of the same mass [120,121]. If the methane gas stored in
the seabed strata is released, it will cause incalculable harm to the global environment.

 

Figure 10. Natural gas leakage due to in situ decomposition of submarine hydrate (cited from
Pape et al., 2011) [115]. (a) Free gas bubble escape from seafloor (b) Gas bubbles escape from
diverse orifices.

The disturbance of depressurization production causes gas hydrate decomposition in
the reservoir to produce gas, due to the low permeability of hydrate-bearing reservoir, and
the permeability of the overburden layer is lower than the permeability of the reservoir,
so that the gas cannot be discharged in a timely manner and is easy to produce super
pore pressure in the formation. When a combined depressurization and reservoir heating
method is used, the high-temperature environment promotes large scale decomposition in
the hydrate reservoir. Heating causes heat to move faster through the reservoir, while low
permeability causes low pore pressure to move slowly through the reservoir. Low perme-
ability hydrate-bearing sediment is present between the hydrate decomposition region and
the low pore pressure region. This prevents the gas from flowing to the production well in
a timely manner and tends to cause the gas to accumulate inside the reservoir, which in
turn leads to the formation of super pore pressure. Sand production risk clogging wellbores
or transport pipelines, and wellbore instability risk during depressurization production
damaging production well, undoubtedly impede the normal extraction of natural gas
from the reservoir and increase the risk of gas build-up in the reservoir. Sand production
and wellbore instability during depressurization production affects gas production and
prevents gas from escaping in time, leading to the formation of excess pore pressures. When
the pore pressure reaches a limit that the overburden cannot withstand, fracture channels
will be generated, causing sudden gas release and violent gas eruption [122,123].

Studying the slope instability of hydrate formation triggered by super porous pressure
associated with gas hydrate development is of great significance in exploring the mecha-
nism of formation instability triggered by gas eruptions. In an experimental study, the gas
eruption phenomenon is triggered by hydrate formation destabilization caused by super
porous pressure, as shown in Figure 11. Liu et al. [124] established a visual observation
device to simulate the slope damage process, which can apply high pressure gas to the
low-permeability chalk layer sediment to simulate the super pore pressure generated by
hydrate decomposition. At the same time, a data acquisition system was used to monitor
the physical and morphological damage processes of overburden. The data acquisition
system was also used to monitor the physical and morphological processes of overlying
seafloor damage. Under the action of super pore pressure caused by hydrate decomposi-
tion, the typical phenomena of overlying seafloor damage are pockmark deformation and
shear damage. Zhang et al. [125] established a centrifugal simulation experiment system
for seafloor landslides, and a high-pressure fluid can be passed into the slope device to
simulate the super pore pressure phenomenon caused by gas hydrate decomposition. The
test equipment helps to study the tensile damage behavior of hydrate formation slopes in-
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duced by super pore pressure and the formation shear instability caused by the dissipation
of pore pressure due to crack formation during the downward movement of steep slopes.
Climate warming and seafloor temperature rise have a relatively slow effect on hydrate
decomposition, while the temperature at the bottom of the reservoir rises rapidly when the
thermal stimulation method is used to extract hydrates. Song et al. [126] established a test
system to simulate the effect of deep fluid migration on the stability of seafloor slopes. With
the accumulation of gas in the device, the overburden of the hydrate reservoir deforms
continuously, forming a dome on the seafloor, and the increase of super pore pressure
will trigger the formation of hydraulic fractures at the edge of the dome, so that the gas is
ejected from the seafloor to cause gas eruptions at the seafloor hydrate system landslides.
In addition to indoor experimental studies, Sun et al. [127] established complex deep-sea
engineering geologic in situ monitoring equipment for hydrate reservoir landslide monitor-
ing and early warning technology, which utilizes seafloor three-dimensional electrical and
acoustic measurements for in situ monitoring in order to obtain the parameters of sediment
engineering properties. Sediment index parameters such as grain size, bulk weight, water
content, porosity, and other sediment index parameters can be obtained through in situ
long-term observation of spatial and temporal variations in seafloor sediment resistivity,
acoustic velocity, and acoustic attenuation, and geophysical intrusion analysis [128]. Field
monitoring data combined with indoor physical and mechanical characterization tests
to establish the relationship between seafloor resistivity, acoustic parameters, and soil
deformation strength indicators can be used to quantitatively describe the dynamic process
of the hydrate decomposition-induced seafloor stratigraphic gas eruption disaster.

 

Figure 11. Gas eruption triggered by super pore pressure (cited from Song et al., 2023) [126]. (a) Effects
of warming on hydrate reservoir (b) Gas eruptions cause slope damage.

3.2. Seawater Intrusion

Depressurization production releases natural gas from the reservoir and creates low
pressure zones in the formation centered on the wellbore, with low pressure propagation
expanding as extraction time increases. Under the influence of depressurization, osmotic
pressure is generated between low pressure zones inside the reservoir and the seafloor–
seawater boundary layer, which encourages seawater to flow through the low permeability
overburden to the reservoir. The depressurization induces hydrate decomposition around
the wellbore, and unlike overburden and hydrate-bearing sediments, the wellbore generally
has higher permeability around the wellbore after hydrate decomposition. The pore
pressure around the wellbore is the center of low pressure on the seafloor, and the strength
of the sediments has been severely weakened after hydrate decomposition. In particular,
the seafloor around the wellbore has a higher risk of overburden instability. Damage from
overburden destabilization can easily form a connection between the reservoir and the
seafloor, enhancing the permeability of the overburden and triggering an influx of seawater
into the reservoir under osmotic pressure. If the high pore pressure area is connected to
the seafloor, gas eruption will be formed; if low pressure area is connected to the seafloor,
seawater intrusion will be formed, and the seawater intrusion schematic diagram is shown
in Figure 12.
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Figure 12. Schematic of seafloor subsidence caused by horizontal well depressurization production
leading to seawater intrusion.

The entry of seawater into the reservoir changes the physical properties of the reservoir,
increasing the water content of the reservoir and increasing the water production, which
affects the extraction effect. From previous numerical simulation studies, it can be seen
that the reservoir around the production wells may collapse due to stress concentration
as mining continues. The hydrate decomposition range gradually increases, leading to
large deformation in the overlying sediment layer. Uneven seafloor subsidence leads to
destabilization or cracking in the overburden, and if the fracture connects the seafloor to the
reservoir, then seawater intrusion will be triggered by osmotic pressure [102,104,129,130].
The destabilization or damage of the wellbore will also easily cause seawater to flow into
the reservoir through the wellbore or the surrounding sediments under osmotic pressure,
which will lead to seawater backflow. In order to effectively prevent wellbore instability,
seafloor subsidence, and the risk of seawater backup, it is necessary to adopt mechanical
property enhancement measures for the overburden layer above the wellbore. For example,
grouting can be used to reinforce the overburden and reduce permeability at the same time.

3.3. Prospects

During depressurization production, there are potential submarine geological risks
of sand production, wellbore instability, seafloor subsidence, and submarine landslides,
and risk issues can cause secondary disasters dominated by gas eruptions and seawater
intrusion. The current research on the risk of sand production includes field observation,
numerical simulation and experimental research methods. Research on wellbore instability
mainly adopts numerical simulation methods, and the research on seafloor subsidence
and submarine landslides mainly adopts numerical simulation methods with experimental
and a small amount of field observation research. There are fewer studies on secondary
hazards, among which the experimental study of gas eruption lacks consideration of the
disturbance of hydrate reservoir by depressurization production, and the study of seawater
intrusion is basically in the blank. The field observation study of marine hydrate extraction
is limited due to site and cost reasons. Experimental studies on the mechanical properties
of hydrate-bearing sediment can help us to understand the evolution of the mechanical
properties of the reservoir during depressurization production and reveal the mechanism
of seafloor subsidence and submarine landslides. At present, numerical simulations and
experimental studies are the mainstays of research on submarine geological risks and sec-
ondary disasters during depressurization production. Methods for studying the geological
risks arising from submarine hydrate extraction cover a wide range of aspects, yet there
is a gap between field and indoor studies, mainly due to the fact that indoor tests fail to
adequately reproduce the in situ geological and engineering environments in the field. By
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comprehensively utilizing a variety of research tools on the geological risk of gas hydrate,
it is possible to gain a more comprehensive and in-depth understanding of the mechanism
and characteristics of the submarine geological risk triggered by the perturbation of gas
hydrate extraction, so as to provide a scientific basis for preventing and responding to the
related geological hazards. A large-scale three-dimensional natural gas hydrate reservoir
submarine geological risk test system should be developed to realistically reproduce the
process of stratum instability and secondary geological hazards triggered by hydrate pro-
duction disturbance in a high pressure and low temperature environment. Main influencing
factors inducing the disasters should be sensed with the help of a full-profile and refined
multi-physical quantity characterization system of the on-site geophysical observation,
and the differences between indoor tests and the actual submarine environment can be
overcome by combining these with numerical simulation to obtain an accurate and precise
understanding. Combined with numerical simulation to overcome the differences between
indoor experiments and the actual seabed environment, accurate and reliable experimental
results can be obtained to improve the understanding of the mechanism of submarine
geologic risk triggered by the disturbance of natural gas hydrate exploitation. The first
and second production test projects of natural gas hydrates were carried out in the South
China Sea in 2017 and 2020, and significant technological breakthroughs were achieved.
Currently, the Ministry of Natural Resources is making every effort to push forward the
preparatory work for the third hydrate production test project in the South China Sea. In
future studies, the laboratory needs to build 3D, large-size equipment to simulate the real
seafloor environment. Due to the complexity of hydrate decomposition and its multi-field
coupling behavior, refined AI algorithms are needed for numerical calculations in future
simulation studies.

4. Conclusions

Depressurization production of marine gas hydrates is prone to geological risks such
as sand production, wellbore instability, seafloor subsidence, and seafloor landslides, as
well as potential secondary hazards such as gas eruption and seawater intrusion. The
research methods for submarine geological risk issues cover many aspects, including
geophysical observation, indoor experimental research, and numerical simulation analysis.
This paper reviews the progress of theoretical modeling and the potential geological
risk problems during depressurization production on the basis of previous research on
submarine engineering geological issues, and mainly obtains the following conclusions
and outlooks:

(1) The threat level of potential geologic risk issues in hydrate formation destabilization
can be classified into four aspects from shallow to deep: sand production, wellbore
instability, seafloor subsidence, and submarine landslides. Geologic risk issues, in turn,
cause secondary disasters dominated by natural gas eruptions and seawater intrusion.
When assessing the geologic risks, theoretical modeling needs to be based on the
perspective of multi-field coupling, in which the accurate description of reservoir
permeability, temperature, geomechanics, and other control models are the key basis.

(2) Sand production is sensitive to production pressure and sediment mechanical proper-
ties, and excessive sand production seriously affects gas production. A large amount
of sand production leads to the creation of holes in the reservoir and even affects over-
burden stability, which is not conducive to the maintenance of stratigraphic stability.
If the development of holes is serious, it will damage the seafloor surface and lead to
seawater intrusion into the reservoir.

(3) Hydrate decomposition reduces the mechanical strength of the sediment around the
wellbore, causing it to reach a plastic yield state, and the plastic state of the sediment
makes the wellbore susceptible to instability. Wellbore destabilization leads to gas
leakage and environmental contamination and can also lead to seawater intrusion
due to the connection between the seabed surface and the reservoir.

122



J. Mar. Sci. Eng. 2024, 12, 840

(4) The gas and water released from the hydrate decomposition are aggregated and
cannot be discharged in time to generate super pore pressure, and the pressure is
aggregated to a certain level to cause gas eruption through the fracture channels in
the formation under the effects of overburden failure. The pore pressure around the
wellbore is a low-pressure center on the seabed that triggers seawater influx into the
reservoir under the promotion of osmotic pressure.

(5) Hydrate decomposition weakens the mechanical strength of the reservoir and may
generate super porous pressure, inducing a submarine landslide or a gas eruption.
Hydrate reservoirs need to be filled with gravel to enhance their mechanical strength
and permeability, and overburden needs to be grouted to reinforce stability. The study
of submarine geological risk and its secondary disasters requires the cross-application
of various research tools.
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Abstract: A solid phase of natural gas hydrates can form from dissolved gas in oil during cold water
injection into shallow undersaturated oil reservoirs. This creates significant risks to oil production
due to potential permeability reduction and flow assurance issues. Understanding the conditions
under which gas hydrates form and their impact on reservoir properties is important for optimizing
oil recovery processes and ensuring the safe and efficient operation of oil reservoirs subject to
waterflooding. In this work, we present two fluid displacement experiments under temperature
control using Bentheimer sandstone core samples. A large diameter core sample of 3 inches in
diameter and 10 inches in length was instrumented with multiphysics sensors (i.e., ultrasonic,
electrical conductivity, strain, and temperature) to detect the onset of hydrate formation during
cooling/injection steps. A small diameter core sample of 1.5 inches in diameter and 12 inches in
length was used in a coreflooding apparatus with high-precision pressure transducers to determine
the effect of hydrate formation on rock permeability. The fluid phase transition to solid hydrate
phase was detected during the displacement of live-oil with injected water. The experimental
procedure consisted of cooling and injection steps. Gas hydrate formation was detected from
ultrasonic measurements at 7 °C, while strain measurements registered changes at 4 °C after gas
hydrate concentration increased further. Ultrasonic velocities indicated the pore-filling morphology
of gas hydrates, resulting in a high hydrate saturation of theoretically up to 38% and a substantial
risk of intrinsic permeability reduction in the reservoir rock due to pore blockage by hydrates.

Keywords: gas hydrate; multiphysics measurements; acoustics; monitoring; rock physics; saturation
estimation

1. Introduction

Gas hydrates are crystalline solids formed by gas and water molecules at high pres-
sures and low temperatures (typically above the ice point), where small gas molecules
(between 0.35 and 0.9 nm) are trapped within the cavities of hydrogen-bonded water
molecules. The trapped gas is in the size range between nitrogen and normal pentane [1,2].
Gas hydrates occur naturally onshore below the permafrost and at or below the seafloor
within sediments [1]. This paper presents an experimental study of gas hydrate formation
in undersaturated oil reservoirs during cold water injection, which could result in formation
damage (i.e., permeability decrease by the formation of solid gas hydrate within the rock
pore network). Normally, the temperature and pressure profiles of petroleum reservoirs are
such that hydrates are not stable. However, in colder regions, conditions can be favorable
for hydrate formation at the water-hydrocarbon interface [3,4].

In the literature, there are reported experimental studies connecting the reduction in
rock permeability to hydrate concentration [5–10]. The permeability reduction is directly
related to the gas hydrates’ deposition morphology and rock properties. Previous work,
however, considered water and natural gas systems but most conventional commercial
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hydrocarbon reservoirs worldwide target the oil phase which requires at a certain stage of
production some sort of secondary recovery mechanism, such as waterflooding. To the best
of the authors’ knowledge, looking at the multiphase problem of gas hydrate formation
from the gaseous compounds entirely dissolved in the oil phase, has not yet been researched.
Therefore, this work contributes to the understanding of gas hydrate formation in oil
reservoirs during cold seawater injection. The physical properties of gas hydrate-bearing
porous media depend on the volume fraction and spatial distribution of the hydrate phase.
The grain size and the effective stress determine the hydrates’ distribution in sediments [11].

There are two main morphologies for hydrate deposition in the pore space. The first
one is when hydrates form along the grain surfaces. This type can only be seen in the contact
of the grains (i.e., cementing) and enveloping the grain (i.e., grain/pore coating). In the
second morphology, hydrates are initially deposited in the middle of the pores resulting
in a pore-filling morphology [12,13]. When hydrates form as grain coating, changes in
permeability are expected to be small. When hydrates form as pore filling, the permeability
loss can be more severe with the potential of completely plugging the pore throats [5,9,10].

The hydrate morphology in sediments was connected to acoustic velocities in pre-
vious studies [12,14–17]. In both cases where gas hydrates are formed at the pore walls
(i.e., grain/pore coating and cementing), P- and S-wave velocities increased with hydrate
saturation. For pore-filling hydrates, the P-wave velocity increased while the S-wave
velocity is practically independent of hydrate concentration [12].

Gas hydrates are also considered electrical insulators. Their formation replaces the
conductive pore fluid, restricting the flow of electric current [18–21]. However, there is a
competing effect due to the salinity increase in the remaining water in the pore space [22].

In this paper, we demonstrate experimental hydrate formation from an undersaturated
oil reservoir using coreflooding experiments. Multiphysics measurements (ultrasonic,
strain, and temperature) were implemented for the detection of fluid phase transitions into
a solid phase (i.e., gas hydrates) and to investigate the distribution of gas hydrates inside
the core.

2. Materials and Methods

The materials used in this research were two Bentheimer sandstone core samples,
one of 3 inches in diameter and 10 inches in length (large diameter core, required for the
installation sensors on the core), and the other of 1.5 inches in diameter and 12 inches in
length (small diameter core, required for accurate pressure drop measurements). The fluid
system consisted of synthetic formation water, seawater, and a recombined crude oil with
synthetic gas to mimic a live-oil composition. The experimental procedure to assess hydrate
formation consisted of cooling, injection, and multiphysics measurement steps.

2.1. Core Sample Preparation

The selected rock for the experiments was the Bentheimer sandstone provided by
Kocurek Industries from the Valaginian formation. This sandstone is considered to be
ideal for standard laboratory experiments because of its limited amount of minerals (with
91.7 wt% quartz, 4.9 wt% feldspars, 2.7 wt% clay minerals, 0.4 wt% carbonates, and 0.2 wt%
pyrite and iron hydroxides), a constant grain size distribution, porosity, permeability,
and dielectric values [23].

Kocurek Industries reported the average porosity of the Bentheimer to be between
23 and 26%, and the permeability between 1500 and 3000 mD. To check the porosity and
permeability of Bentheimer samples for the pressures used in this study (8270 kPa to
13,790 kPa), a core plug sample (1.5 inches in diameter and 2 inches in length) was placed
in the CMS-300 apparatus. The CMS-300 performs computer-controlled measurements of
reservoir rock samples to determine pore volume and Klinkenberg permeability. The core
sample was pressurized with helium and the measurements at experimental pressure
conditions yielded a porosity of 25.5% and permeability of 2750 mD.
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The first coreflooding test used a core sample of 3 inches in diameter and 10 inches
in length, with an estimated pore volume of 290 mL. Four types of multiphysics sensors
were installed on the core sample: 1 MHz piezo-electrical crystals (P- and S-wave for
acoustic velocity measurements), conductivity electrode rings, 1000 Ohm strain gauges for
deformation, and K-Type thermocouple sensors for temperature recording along the core.
The core preparation consisted of the lateral isolation, made with K20 epoxy, to avoid leaks
from the confining hydraulic oil into the core. Previous to the installation of the sensors,
grooves were cut to create a contact area for the conductivity electrode rings. Figure 1
shows the core after the lateral isolation process and the core after the grooves were made.

Twelve strain gauges were installed, followed by the installation of nine electrode
rings inside the grooves. The elastic wave crystals were prepared and tested before the
installation on the core. In total, 40 crystals (20 P-waves and 20 S-waves) were installed
along the core. The last sensors installed were 12 temperature sensors. Figure 2 shows the
sensor installation steps of the core sample.

Figure 1. Core sample preparation. Lateral isolation with K20 epoxy in (a) and grooves creation for
conductivity rings in (b).

Figure 2. Sensor installation in the core sample: strain gauges and electrode rings installed in (a),
wave crystals installed in (b), temperature sensors installed in (c), and all sensors finalized in (d).

The entire core was sandwiched between two end-caps that were glued onto the core.
A PVC ring and a foil were installed on the bottom cap to create a void space to be filled
with soft epoxy. The soft epoxy has the purpose of protecting the sensors from the confining
hydraulic oil. Figure 3 shows the soft epoxy process.
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Figure 3. Soft epoxy process: PVC and foil was placed on the core in (a), followed by the soft epoxy
deposition in (b), and finalized by the hardening of soft epoxy in (c).

2.2. Synthetic Fluids Preparation

Synthetic formation brine and seawater were prepared using the compositions pre-
sented in Table 1. The total salinity was 74.6 g/L for the formation water and 39.3 g/L for
the seawater.

Table 1. Composition of the synthetic formation water and seawater used in the coreflood experiment.
The core sample is initially fully saturated with formation water before displacement by live-oil
(drainage), and seawater is used for the subsequent coreflood to represent waterflooding displacing
the oil (imbibition).

Salt Types Formation Water Composition (g/L) Seawater Composition (g/L)

NaCl 56.930 25.690
MgCl2 · 6H2O 8.450 11.040
CaCl2 · 2H2O 7.250 1.560
SrCl2 · 6H2O 0.736 0.024
BaCl2 · 2H2O 0.697 -
KCl 0.243 0.784
NaBO2 · 4H2O 0.043 0.201
Na2SO4 0.030 -

A dead oil sample with a gravity of 38.3 °API and a viscosity of 2.45 cp was recombined
with a synthetic gas mixture to mimic an undersaturated oil reservoir. The composition
of the natural gas is presented in Table 2. The live-oil preparation occurred in the PVT
400/1000 Analysis System from Sanchez technologies by mixing the dead oil with the
synthetic gas. The first step was to inject the dead oil at atmospheric pressure and initial
experimental temperature (17 °C) into the cell. The second step was the pressurization of
the cell to the experimental pressure (8270 kPa), followed by the injection of synthetic gas.
The oil–gas mixture was pressurized to 13,790 kPa for 24 h to allow for the gas to completely
dissolve into the oil phase. The measured bubble point of the live-oil was 7580 kPa.

Table 2. Composition of synthetic gas mixture used for live-oil recombination.

Component Composition (mol%)

CO2 7.0
CH4 80.0
C2H6 7.0
C3H8 4.0
C4H10 2.0
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2.3. Experimental Procedure for the Large Core

Figure 4 shows the coreflooding setup designed for the large diameter core with the
physical dimensions of 3 inches in diameter and 10 inches in length. The pressure vessel
was vertically placed in a barrel for temperature isolation. The vessel was surrounded by a
copper coil that was connected to the recirculating chiller for temperature control. Three
Teledyne 500D ISCO pumps (Teledyne ISCO Inc., Lincoln, NE, USA) were incorporated
in this setup providing the net confining stress, the pore pressure backup, and for fluid
injection. Four types of data acquisition were planned for this setup: (1) elastic waves
were generated using a pulser and measured with Tektronix TDS 3014C oscilloscope
(Tektronix Inc., Beaverton, OR, USA), (2) complex conductivities were measured with the
SIP-Lab from Radic Research (Radic Research, Berlin, Germany), (3) static deformation,
and (4) temperature measured continuously. Before saturating the core with formation
water, a vacuum was applied to the entire core (using a Fisher Scientific PU1309-N840.0-9.01
vacuum pump from Fisher Scientific International, Inc., Hampton, NH, USA).

Figure 4. Coreflood setup constituted of a pressure vessel, vacuum pump, three ISCO pumps, chiller,
and data acquisition equipment.

The coreflooding experiment was performed at constant pore pressure of 8270 kPa and
a net confining stress of 15,270 kPa. Initially, the core was fully saturated with formation
water. Then, three pore volumes of live-oil were injected to displace the formation water
to irreducible water saturation. The hydrate detection procedure consisted of a series of
cooling steps with an injection period, followed by multiphysics measurements. For the
cooling steps, the temperature was set to 15, 12, 10, 8, 7, 6, 4, 3, and 2 °C, respectively.
Each cooling step was represented by a cooling period and temperature stabilization
for 24 h, followed by seawater injection from the bottom of the sample at a volumetric
rate of 0.2 cm3/min. The formation of hydrates within the core is expected to increase
P-wave as well as S-wave velocity measurements depending on the hydrate deposition
morphology, i.e., whether hydrates will become load bearing or remain in the center of the
pores. Furthermore, and because of hydrates exhibit a volume expansion upon formation,
it is expected that the in situ formation of hydrates causes a deformation of the core.

For the ultrasonic measurements, each P-wave crystal was paired up with a S-wave
crystal. Each pair was separated by 1 inch with the following pair along the core length.
The signal was transmitted from one crystal (P or S) to another one of the respective crystals
across the diameter of the sample (180°). The standard deviation for the velocities among
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the crystals was around 30 m/s. The measurement error was determined at 1% for the
P-waves and 3% for the S-waves.

Omega SGT-3/1000-XY11 strain gauges (Omega Engineering, Inc., Norwalk, CT, USA)
were used for deformation measurements across the core length. Each strain gauge had
two strain directions: horizontal and vertical. The measurements of the effective strain
were calculated by Wheatstone bridge circuit voltages recorded by a computer with MCC
DAQ software version 4.2.1 (Measurement Computing, Norton, MA, USA). The main
purpose of strain measurements was to evaluate the possible expansion of the rock due
to gas hydrate formation. Similarly to deformation, the temperature sensors were placed
along the whole length of the core. The temperature sensors were connected to KTA-
259K thermocouple shields that passed the information to the Mega 2560 R3 Arduino
boards (Arduino, Ivrea, Italy) controlled by a computer with the Arduino IDE software
version 2.3.2. The temperature was recorded by the CoolTerm application from Roger
Meier. The temperature sensors measured the temperature across the core and provided
supporting information during gas hydrate formation as it is an exothermic reaction [2].

2.4. Experimental Procedure for the Small Core

Figure 5 shows the coreflooding setup designed for the small diameter core with the
physical dimensions of 1.5 inches in diameter and 12 inches in length. The pressure vessel
setup including the chiller for temperature control and pumps for pore and confining pres-
sure, respectively, was similar to the experimental procedure for the large core. In addition,
pressure gauges of the type Omega DPG210-5K (Omega Engineering, Inc., Norwalk, CT,
USA) with an accuracy of 0.1% and a pressure range from 0 to 5000 psig, and a differential
pressure transducer of the type Omega PX3005-25 (Omega Engineering, Inc., Norwalk, CT,
USA) with an accuracy of 0.075% and a pressure range from −1.0 to 1.0 psi, measure the
differential pressure between the top and the bottom of the core. This measured differential
pressure gives indirect information about the formation of hydrates within the porous
media of the sample as hydrates clog the pore channels which increases the resistance to
fluid flow and manifests in a higher differential pressure.

The coreflooding experiment followed the same procedure as for the large core with
the adjustment of temperature cooling steps to 15, 11, 8, 7, 6, 5, 4, 3, and 2 °C, and a
volumetric injection rate to 0.05 cm3/min.

Figure 5. Coreflood setup constituted of a pressure vessel, differential pressure transducer, pressure
gauges, ISCO pump, continuous pulse-free pump, chiller, and back pressure regulator.
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3. Results

Before performing the coreflooding experiment to detect hydrate formation with mul-
tiphysics measurements, we calculated the hydrate equilibrium conditions in terms of
pressure and temperature for different water salinities (i.e., fresh water, seawater, and for-
mation water). We performed these calculations with the software PVTSim Nova version 5.1
(Calsep A/S, Copenhagen, Denmark) using the synthetic live-oil and water compositions
with varying salinities as input parameters and the Peng–Robinson (PR) Peneloux Equation
of State (EOS). Figure 6 shows the calculated hydrate equilibrium curves. The region to the
right of the curves, at higher temperatures and lower pressures, represent conditions were
gas hydrates are not stable while the region to the left of the curves represents the hydrate
stable conditions. The increase in water salinity shifts the hydrate equilibrium conditions
to lower temperatures.

During a cooling process that takes a hydrocarbon water system below the hydrate
equilibrium temperature, there will be a phase transition into a solid hydrate phase which
begins with the nucleation of a hydrate crystal. Hydrate nucleation requires several degrees
of subcooling below the equilibrium temperature. It is expected that hydrates will start to
form when the system is several degrees colder than the calculated hydrate equilibrium
temperature. For the system considered in this work, the hydrate equilibrium temperature
is 11 °C for the salinity of formation water.
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Figure 6. Hydrate equilibrium curves for fresh water, seawater, and formation water, indicating the
initial experiment pressure and temperature conditions

3.1. Large Diameter Core Sample Results

The formation of a solid gas hydrate phase was detected by changes in the arrival time
of elastic waves. Initially, no significant changes in elastic waves were observed during
cooling steps from 15 to 8 °C. A small decrease in the P-wave arrival time was noticed at the
bottom of the sample due to an increase in water saturation because of oil displacement by
seawater. Changes in amplitude were visible in the raw data, however, the arrival time was
very similar. The waterfront was visible at the P4 crystal (fourth acoustic crystal location
from the top to the bottom of the sample) for the 8 °C seawater injection step. There was
no significant change in the S-waves. The period of injection was reduced from 60 min to
20 min at the same injection rate (0.2 cm3/min) for the following cooling steps to maintain
a sufficient amount of live-oil in the sample.

Significant changes in the arrival time of elastic waves due to gas hydrate formation
were observed between 8 and 7 °C. Figure 7 shows the raw P- and S-waves measured for the
8 and 7 °C seawater injection steps for representative crystals at the top (P1), middle (P5),
and bottom (P10) of the core sample. It is possible to see a decrease in the P-wave arrival
time for the 7 °C curves at the three representative locations (P1, P5, and P10). The S-waves
were slightly affected at 7 °C, but the difference remained inside the error margin of the
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measurements. The S-wave in the middle of the core was the least affected, probably
because of a lower oil saturation due to a water imbibition effect. The following cooling
steps had the purpose of evaluating hydrate growth. For the following steps, the P-wave
arrival time kept decreasing.

Figure 7. Raw P-waves (left) and S-waves (right) comparison for seawater injection at 8 °C and
seawater injection at 7 °C indicating gas hydrate formation.

The acoustic velocities were calculated based on the arrival time and sample dimen-
sions. No delay time was considered as the crystals were glued directly onto the sample
surface. A linear temperature correction to remove temperature effects was performed
based on previous results from the evaluation of temperature effects with a water-saturated
core [24]. Figure 8 shows the P- and S-wave velocities measured at transducers along the
length of the core for conditions before injection and for cooling/injection steps at 8 °C,
7 °C, and 4 °C. From before seawater injection to 8 °C, an increase in P-wave velocity in the
bottom part (P7 to P10) of the sample due to an increase in water saturation was observed.
The velocity increase due to water injection was in the order of 10 to 20 m/s, which are
smaller than the error margin.

Figure 8. P- and S-wave velocities for each crystal position of the large core sample at 15, 8, 7,
and 4 °C. P-wave velocity increase was greater at the top of the sample due to a higher dissolved gas
availability to form gas hydrate.
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From 8 °C to 7 °C, the P-wave velocity increased all over the sample indicating hydrate
formation. The top crystal showed a higher increase, approximately 80 m/s. The bottom
crystal had a smaller increase, approximately 40 m/s, associated also with a greater water
saturation. The S-wave velocity increase, even in the top portion, was smaller than the error
margin, approximately 20 m/s. As a solid phase, gas hydrates increase the compressional
wave velocity propagation, as observed in P-wave velocities. The same does not happen
for S-waves because a water film exists between the rock surface and hydrates (i.e., in a
pore-filling hydrate morphology), which does not allow the S-wave to be transmitted.
The velocity increase is higher in the top portion (P1 to P7) because of the availability of
more dissolved gas (i.e., higher oil saturation towards the top of the core sample) leads
to more hydrate formation. From 7 °C to 4 °C, the P-wave velocity increased all over
the sample indicating the formation of additional gas hydrates. The top acoustic crystal
showed a higher increase, approximately 70 m/s. The bottom crystal was around 40 m/s.
The S-wave velocity started to have a small impact on the top of the sample, approximately
40 m/s (close to the error margin).

Figure 9 shows the average P-wave velocity for every experimental procedure step.
The average velocity increase due to water saturation increase was very small, around
5 m/s. From 8 °C to 7 °C, the average velocity increased 50 m/s, indicating the formation
of gas hydrate. For lower temperatures, the velocity kept increasing due to additional
hydrate formation with values between 10 and 30 m/s for each subsequent cooling step.
Figure 10 shows the average S-wave velocity for every experimental procedure step. No
significant change was observed due to an increase in water saturation or due to gas
hydrate formation.

Figure 9. P-wave average velocities for hydrate detection experimental procedure. From 8 to 7 °C an
increase in velocity indicated gas hydrate formation. Gas hydrates kept growing for lower temperatures.

Figure 10. S-wave average velocities for hydrate detection experimental procedure. No significant
change was observed.
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Figure 11 shows the strain values for the gas hydrate experimental procedure. The read-
ings were performed in two directions (vertical and horizontal) at three locations along the
core (top, middle, and bottom). Only half of the strain gauges worked properly until the
end of the procedure because of cable rupture problems. Bottom A-C vertical at 15 °C and
Top B-D vertical at 3 °C presented values higher than 2% strain and were inconsistent with
the other values, so these are not displayed. The reduction in strain was observed from
4 °C to 2 °C, indicating that the core sample expanded. Similar to ice, the transition of fluid
phases into solid gas hydrates expand in volume [2]. The ultrasonic measurements show
that 4 °C was the temperature at which hydrate saturation increased significantly in the
core, so the strain measurements are in agreement with ultrasonic data.

Figure 11. Strain values for gas hydrate detection experimental procedure. Expansion of the core
sample was notice at 4 ° C.

Figure 12 shows the temperature readings from 8 °C to 7 °C from the gas hydrate
detection experimental procedure. The temperature was measured in opposite diameters
(A and B) along the length of the core (1 at the top until 6 at the bottom). The increase in
temperature due to the exothermic hydrate formation reaction was visible in the top to the
middle portion of the sample (T1, T2, T3, and T4). The sensor T3A presented a reading
issue, but a variation was noticed between 17 and 18 h. To maintain the temperature of
the core sample the closest possible to the respective seawater injection step temperature,
the cooler sometimes had the set temperature adjusted 4 h prior to the data acquisition.
This happened and is observed for the 7 °C seawater injection step approximately at 20 h
of the recorded data. The bottom part of the sample only had temperature fluctuations
after this adjustment. In the bottom part, gas hydrate formation could not have been
enough to increase the temperature or it happened simultaneously with the cooler adjust-
ment. The room temperature was stable during the cooling. The Arduinos’ temperatures
represent the inside board temperature reading and were a few degrees higher than the
room temperature.

Elastic waves and temperature measurements supported that gas hydrates formed
at 7 °C. The strain and pressure differential showed significant hydrates impact at 4 °C.
The P-waves and temperature were more sensitive to initial gas hydrates change, while the
other measurements only detected or were affected by gas hydrates when the saturation in-
creased.

The pressure differential between the injection ISCO pump (set to maintain a constant
injection rate) and the backpressure ISCO pump (set to maintain a constant pressure) was
recorded during the coreflood experiment. From 6 °C to 4 °C, an increase of 20 kPa pressure
differential was noticed. The pressure differential increase could indicate resistance to
flow due to gas hydrate saturation increase. ISCO pumps do not have a good precision
to measure pressure differentials in temperature oscillating environments; therefore, an-
other experiment with high-accuracy pressure gauges was performed to corroborate this
hypothesis on the smaller core sample of the Bentheimer sandstone outcrop.
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Figure 12. Temperature readings from 8 °C to 7 °C from the gas hydrate detection experimental
procedure. Gas hydrate exothermic reaction was noticed after 17 h of cooling.

3.2. Small Diameter Core Sample Results

The coreflooding experiment with the smaller core sample equipped with highly
accurate pressure gauges and a differential pressure transducer gives information about
the saturation of gas hydrates and resulting permeability effects created under similar
conditions as for the larger core sample described above.

To obtain the water permeability, pressure transducer differential measurements at
water flow rates of 2, 1, and 0.5 mL/min were performed. The linear relation of differential
pressure with flow rate shown in Figure 13 gives a positive slope of 0.4189 with a coeffi-
cient of determination equal to 1. With this relationship, the water permeability at flow
rates below or above the possible measurements can be calculated through extrapolation.
Because of the physical size of the smaller core sample, we reduced the injection rate to
0.05 mL/min to not reach water breakthrough too soon. At this flow rate, the pressure
differential according to the relationship gives a value of 0.02080 psi resulting in a water per-
meability calculated according to Darcy’s law (Equation (1)) with the physical dimensions
of the smaller core sample of 1572.92 mD.

kw =
qinjμwL

AΔp
(1)

At each of the temperatures following the cooling temperature ramp, pressure dif-
ferential measurements were conducted and average values over the time of injection
were calculated. The absolute permeability was calculated using Darcy’s law at each of
the temperature steps, and by relating these values to the water permeability, a relative
hydrate permeability was calculated. Figure 14 plots the measured pressure differential and
calculated relative hydrate permeability versus the respective temperature. The experiment
started at a temperature of 15 °C. There was a slight decrease in the measured pressure
differential from 15 to 8 °C, with a corresponding decrease in permeability. From 8 to 7 °C,
there is a significant increase in the pressure differential, with a corresponding decrease in
permeability, which coincides with the formation of solid hydrates within the pore space.
Further decrease in temperature promoted the formation of more hydrate phase manifested
by the increase in the measured pressure differential and decrease in permeability.
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Figure 13. Pressure transducer differential measurements at water flow rates of 2, 1, and 0.5 mL/min
including a linear trend line with a coefficient of determination of 1.

Figure 14. Measured pressure differential and relative hydrate permeability plotted against the
temperature step in the cooling temperature ramp. A sudden increase in differential pressure
manifesting in a steep drop of relative hydrate permeability at the hydrate forming temperature of
7 °C can be seen.

Different theoretical permeability models plotted in Figure 15 based on different
hydrate deposition morphology show the relation of relative permeability with hydrate
saturation. The models are either based on the idealistic mathematical assumption of the
capillary bundle model or on the empirically derived relationship based on Kozeny-type
equations. The derivation of both models for each of the two different hydrate formation
deposition morphologies is summarized in Appendix A. Theoretical Permeability Models
Derivation. Following our hypothesis of hydrate deposition in the center of the pores
supported by the experiments on the large diameter core sample as described above,
the hydrate saturation can be back-calculated with the theoretical models. Due to the
non-linear relationship, this back-calculation was conducted using numerical methods.
The results of this calculation are summarized in Table 3. The relative permeability was
normalized to the 15 °C temperature step, where we have no hydrates and represents the
baseline pressure differential. A normalized or corrected hydrate saturation was obtained
using the theoretical models presented in Figure 15. A hydrate saturation as high as 38% is
estimated for the temperature step of 2 ° C.
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Figure 15. Theoretical permeability models based on the capillary bundle assumption and the Kozeny-
type equations depending on the hydrate deposition morphology of pore filling and grain/pore
coating. The equations yielding these models are derived in Appendix A. Theoretical Permeability
Models Derivation.

Table 3. Calculated relative hydrate permeability based on Darcy’s law with pressure differential
measurements and resulting hydrate saturation based on the pore-filling deposition morphology
according to the Kozeny-type equations.

Temperature (°C) k/kw k/kw Normalized Shyd Shyd Normalized

15 0.2222 1.0000 0.2417 0.0000
11 0.1553 0.6986 0.3135 0.0255
8 0.1586 0.7136 0.3093 0.0229
7 0.0328 0.1477 0.5670 0.3231
6 0.0262 0.1178 0.5959 0.3658
5 0.0243 0.1092 0.6052 0.3797
4 0.0239 0.1074 0.6072 0.3826
3 0.0246 0.1107 0.6036 0.3772
2 0.0240 0.1082 0.6063 0.3813

4. Future Work

The presented experimental procedures and results of gas hydrate formation in an
undersaturated sandstone oil sample using multiphysics measurements delivers data for
holistic numerical analyses and the development of a workflow to upscale the findings to
the field-scale in the future. This will involve a numerical replication of the experimental
procedures to match the observations from the laboratory coreflooding scale before the
upscaling of virtual models can deliver predictions of gas hydrate formation in an oil
reservoir that is subject to waterflooding. Furthermore, future work will include pore-scale
modeling efforts to create a realistic distribution of gas hydrates in the porous media of
a reservoir rock. This will be able to test the hydrate formation deposition morphology
hypothesis and related permeability effects. Thereby, we would be able to validate idealistic
theoretical permeability models with hydrate saturation using the actual pore structure in
the framework of Digital Rock Physics modeling.

5. Conclusions

Gas hydrate formation at undersaturated oil reservoir conditions was detected through
the coreflood experiments executed in this work. Gas hydrates formed during the 7 °C cool-
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ing/injection step of the experimental procedure for the large diameter core sample. This
initial gas hydrate formation was captured by P-waves and temperature measurements.

Strain measurements demonstrated that at 4 °C, the hydrate saturation was high
enough to promote more significant changes in the interactions between rock and fluid.
Additional hydrate formation at 4 °C promoted the expansion of the rock observed by the
response of strain gauges.

Complex conductivity did not detect the initial gas hydrate formation because of the
competition between the increase in electrical resistivity by solid hydrates and a decrease
in electrical resistivity due to the increase in water salinity in remaining unconverted water.

From elastic wave analysis in the experiments, S-waves were not initially affected by
the formation of gas hydrates, indicating a pore-filling morphology. This morphology has
a greater permeability decrease than a pore-coating morphology, promoting the fluid flow
resistance observed via pressure differential measurements between the inlet and outlet of
the cores.

A highly accurate pressure differential transducer and the application of Darcy’s law
resulted in the calculation of the relative hydrate permeability which gave a theoretical
quantification of the hydrate saturation by the assumption of the pore-filling deposition
morphology based on Kozeny-type equations.

The findings of this research show a risk of performing waterflooding with cold
seawater in shallow (colder) undersaturated oil reservoirs and give a method to estimate
hydrate saturation and potential permeability decrease based on pressure measurements
and theory.
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Appendix A. Theoretical Permeability Model Derivation

In this paper, different models to relate relative gas hydrate permeability with hydrate
saturation are presented. These models can be classified according to the hydrate deposition
morphology hypothesis. Here, we show the derivation of the relative hydrate permeability
as a function of hydrate saturation based on two main deposition morphologies: the
grain/pore-coating morphology and the pore-filling morphology.

Appendix A.1. Capillary Bundle Model

The flux in a simple capillary bundle model consisting of n parallel and straight
cylindrical capillaries is given by the Hagen-Poiseuille Equation (Equation (A1)) derived
from the Navier-Stokes equations.

q =
nπR4

8μ

Δp
L

(A1)
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where q is the flux in m3/s, n is the number of capillaries, R is the radius of the capillaries
in m, Δp is the pressure differential in Pa, μ is the viscosity in Pa.s, and L is the length of
the capillaries in m.

Combining this equation with the flux calculated based on Darcy’s law (Equation (1))
gives the permeability as

k =
nπR4

8
(A2)

Relating that to the porosity definition in the capillary bundle model of φ = nπR2,
the permeability without hydrates becomes

k0 =
φR2

8
(A3)

Appendix A.1.1. Grain/Pore-Coating Morphology

A uniform coating of the walls around the capillaries reduces the radius of the capil-
laries to R1 and the permeability becomes

k1 =
nπR4

1
8

(A4)

According to the definition of the porosity, the number of capillaries remain the
same with

n =
φ

πR2 (A5)

Inserting (Equation (A5)) in (Equation (A4)) yields the reduction in permeability due
to the coating of hydrates, as follows:

k1 =

φ

R2 R4
1

8
=

φR4
1

8R2 (A6)

The reduced radius can be written as a function of the original radius in terms of the
hydrate saturation as reducing fraction such as R2

1 = R2 ∗ (1 − Sh), resulting in

k1 =
φR4(1 − Sh)

2

8R2 =
φR2(1 − Sh)

2

8
(A7)

The relative hydrate permeability is defined as the ratio of the reduced permeability
due to hydrates to the original one without hydrates and can be expressed by combining
(Equation (A7)) with (Equation (A3)), as follows:

k1

k0
=

φR2(1−Sh)
2

8
φR2

8

= (1 − Sh)
2 (A8)

Appendix A.1.2. Pore-Filling Morphology

Assuming that hydrates form in the center of the capillaries creating a cylinder within
a cylinder, the annular flux of a single capillary is [25]

q =
π

8μ

Δp
L
(R4 − R4

1 −
(R2 − R2

1)
2

log( R
R1
)

) (A9)

where R is the radius of the capillary cylinder and R1 is the radius of the hydrate cylinder.
Combining this expression with Darcy’s flux (Equation (1)) and multiplying it with n

for a bundle of capillaries gives the absolute permeability as

k =
nπ

8
(R4 − R4

1 −
(R2 − R2

1)
2

log( R
R1
)

) (A10)
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Dividing both sides by R4 results in a better mathematical expression for later on, as
follows:

k =
nπR4

8
(1 − R4

1
R4 − (1 − R2

1
R2 )

2

log( R
R1
)
) (A11)

The hydrate saturation as percentage of the total pore volume assuming cylindrical
shapes can be written as

Sh =
2πLR2

1
2πLR2 =

R2
1

R2 (A12)

This gives the permeability as a function of the hydrate saturation by combining
(Equation (A12)) with (Equation (A11)), as follows:

k1 =
nπR4

8
(1 − S2

h −
(1 − Sh)

2

log(
√

1
Sh
)
) (A13)

To include the porosity with the definition of n (Equation (A5)), the final form for the
hydrate permeability becomes

k1 =
φR2

8
(1 − S2

h −
(1 − Sh)

2

log(
√

1
Sh
)
) (A14)

Following the approach to relate (Equation (A14)) with (Equation (A3)) to each other,
the relative hydrate permeability in the pore-filling morphology becomes

k1

k0
=

φR2

8 (1 − S2
h − (1−Sh)

2

log(
√

1
Sh

)
)

φR2

8

= 1 − S2
h −

(1 − Sh)
2

log(
√

1
Sh
)

(A15)

Appendix A.2. Kozeny-Type Equation

Due to the irregular shape of pores and flow paths that results usually in a greater
length than a straight path, the Kozeny family of hydraulic permeability introduces shape
factors and tortuosity [26], as follows:

k =
φ

ντ( A
V )2

pore
(A16)

where ν is the shape factor and τ is the tortuosity defined as

τ = (
L1

L0
)2 (A17)

The tortuosity is also related to the electrical formation factor F and the porosity with
τ = Fφ [27].

Assuming that only the area, pore volume, and electrical formation factor change,
and the shape factor ν stays constant with the formation of hydrates, the relative perme-
ability becomes then by relating

k1

k0
=

φ

νF1φ(
A1
V1

)2

φ

νF0φ(
A0
V0

)2

=
F0

F1
(

A0V1

A1V0
)2 (A18)

The formation factor change between hydrate saturation F1 and water saturation F0
can be described with the hydrate saturation and Archie’s exponent n [28] such that

F1

F0
= (1 − Sh)

−n (A19)
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Now, the relative permeability depends only on the surface area ratio depending on
the morphological model assumption, as follows:

k1

k0
= (1 − Sh)

n+2(
A0

A1
)2 (A20)

Appendix A.2.1. Grain/Pore-Coating Morphology

In the morphological assumption of hydrates coating the grains, the surface area
decreases with increasing hydrate saturation, as follows:

A0

A1
=

2πLR
2πLR1

=
R
R1

(A21)

As the volume of a cylinder is V = 2πLR2, the surface area relation as a function of
the hydrate saturation becomes

Sh =
V1

V0
=

2πL(R2 − R2
1)

2πLR2 = 1 − R2
1

R2 (A22)

Rearranging the equation then gives

(1 − Sh) =
R2

1
R2 (A23)

Furthermore, combining (Equation (A23)) with (Equation (A21)) yields

A0

A1
=

1√
1 − Sh

(A24)

This gives the relative hydrate permeability as a function of the hydrate saturation
resulting in

k1

k0
= (1 − Sh)

n+2 1
1 − Sh

= (1 − Sh)
n+1 (A25)

According to [28], Archie’s saturation exponent n equals 1.5 for 0 < Sh < 0.8 with a
diverging value at a hydrate saturation greater than 80%.

Appendix A.2.2. Pore-Filling Morphology

As hydrates grow in the center of the capillary, the surface area grows as well according
to (Equation (A21)).

The hydrate saturation is related to the volume of the capillaries with

Sh =
V1

V0
=

2πLR2
1

2πL(R − R1)2 =
R2

1
R2 − R2

1
=

R2
1

R2 − 1 (A26)

R1

R
=

√
Sh + 1 (A27)

Combining (Equation (A21)) with (Equation (A27)) gives

A0

A1
=

1
1 +

√
Sh

(A28)

Then, the relative hydrate permeability is expressed as

k1

k0
= (1 − Sh)

n+2(
1

1 +
√

Sh
)2 =

(1 − Sh)
n+2

(1 +
√

Sh)2 (A29)

According to [28], the n exponent increases approximately linearly from n = 0.4 at
Sh = 0.1 to n = 1 at Sh = 1 yielding the linear dependency of n(Sh) =

2
3 ∗ Sh +

1
3 .
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Abstract: Improving the production capacity of natural gas hydrates (NGHs) is crucial for their
commercial development. Based on the data of the first on-site testing production of NGHs in the
Shenhu Sea area, numerical methods were used to analyze the production behavior of radial lateral
well (RLW) and horizontal snake well (HSW) with different completion lengths when they deployed
at different layers of the Class-1 type hydrate reservoir (with a fixed pressure difference of 6 MPa
and continuous production for 360 days). The results indicate that compared with the single vertical
well production, RLW and HSW can effectively increase production capacity by enlarging drainage
area and the productivity is directly proportional to the total completion length. The RLW and
HSW deployed at the three-phase layer (TPL) have optimal mining performance within a 360-day
production period. Different to the previous research findings, during a short-term production period
of 360 days, regardless of the deployment layer, the overall production capacity of HSW is better than
RLW’s. The total gas production of HSW-2 circles well type is about four times that of a single vertical
well, reaching 1.554 × 107 ST m3. Moreover, the HSW-1 lateral well type stands out with an average
Qg of 3.63 × 104 ST m3/d and a specific production index J of 16.93; it has the highest J-index among
all well types, which means the best mining efficiency. It is recommended to choose the HSW-1 circle
well type, if the coiled tubing drilling technique is used for on-site testing production of NGHs in the
future. The research results provide insights into the potential applications of RLW and HSW in this
sea area.

Keywords: natural gas hydrate; continuous tubing drilling; radial lateral well; horizontal snake well;
numerical simulation

1. Introduction

Natural gas hydrates (NGHs) as an unconventional clean energy source are widely
distributed and have huge reserves with great potential for commercial development [1–4].
The superiority of the depressurization method has been confirmed by recent offshore
NGH testing production activities [5–8]. However, the production capacity of offshore
NGH testing conducted by China and Japan is still far below the commercial standard of
50 × 104 m3/d [1]. Due to the significant gap between the daily production capacity of
offshore NGH testing production and the industrialization threshold, achieving low-cost
and efficient NGH development becomes a key challenge [9]. After conducting a systematic
analysis of the entire NGH development process, Wu et al. believe that the most promising
development direction to break through the bottleneck of NGH industrialization is the
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composite production mode of complex structured well (such as horizontal wells, radial
lateral wells, and fishbone wells, etc.,) or group wells (well network) mainly consisting of
multiple vertical/horizontal wells for depressurization mining combined with auxiliary
heating (cable heating, microwave heating, and electromagnetic heating, etc.,) whilst simul-
taneously adopting stimulation techniques that are suitable for the target reservoir, such as
CO2 cap reconstruction, near wellbore reservoir hydraulic jet grouting, hydraulic fracturing,
steam or brine injection [9]. Among them, the main approach for stimulation is to construct
complex structured wells such as horizontal wells and radial lateral wells, etc., with the
main mechanism for stimulation enlarging the drainage area [9]. Ye H et al. observed that
a directional well and a multilateral well may significantly boost productivity, particularly
in cluster wells, which can increase gas productivity by up to 2.2 times that of a single
well [10]. Mao et al. investigated the impact of various helical multilateral well parameters
on production capacity and concluded that it has the potential to achieve commercial
exploitation of NGHs [11]. Xin X et al. discovered that the depth of laterals in a multilateral
well is a critical factor determining production capacity [12]. Ye H et al. investigated the
effect of various parameter settings of various well types, and the findings revealed that
branch parameters had the greatest influence on the productivity [13]. Hao Y et al. discov-
ered that fishbone wells are the best well types for long-term development of NGHs [14].
Jin G et al. discovered that interference at the multilateral well intersections can increase
hydrate dissociation [15]. According to research by He J et al., the single horizontal well’s
production capacity was only around 59.3% lower than that of the six-branch fishbone
well [16]. Cao X et al. discovered that well interference of a multibranch well is adverse
to gas production [17]. Previous research has substantially prompted the application of
complex structured wells in NGH development.

The coiled tubing drilling technique is widely used in conventional oil and gas extrac-
tion, due to its strong technical feasibility and low-cost advantages [18–22]. In recent years,
the application of this technique in the mining of NGHs has received increasing attention.
The primary research focus is applying the continuous tubing drilling technique to com-
plete the drilling of two types of complex structured wells: horizontal serpentine wells and
radial horizontal wells. For example, Wan et al. explored the technical feasibility of using
the coiled tubing drilling technique for HSW drilling in NGH reservoirs. The research
results verified the feasibility of the technology and the HSW can effectively improve the
production capacity, reduce wellbore collapse problems, and has a relatively low cost [23].
Li et al. proposed a new method of using radial jet drilling to extract hydrates provided
by the corresponding process flow and studied the extension limit and monitoring of the
borehole trajectory [24]. Mahmood et al., using analytical models, investigated the gas
production of RLW and HSW in extracting hydrates and found that the production capacity
of RLW is positively correlated with the laterals’s quantity, length, and radius, while the
production capacity of HSW is positively correlated with the length and radius of the
wellbore [25]. Zhang et al. found that radial wells can significantly increase production
capacity in the early stage of hydrate depressurization mining, and the lateral length is the
main controlling factor for overall production capacity [26,27]. Zhang et al.’s experiment
simulated the extraction of hydrates in water-rich hydrate samples via vertical and radial
wells, and found that the gas and water production of the radial well was approximately
120% and 139% of the vertical well, respectively [28]. Wan et al. conducted a numerical
evaluation of the gas production capacity of different radial lateral wellbore deployment
schemes in the Shenhu Sea area hydrate reservoir. The results indicate that radial lateral
wellbore can effectively improve production efficiency [29]. According to the progress of
continuous tubing drilling technology in hydrate development in the past decade (Table 1),
it can be seen that there is currently limited research on the RLW and HSW, therefore
this work was based on on-site data from China’s first offshore NGH testing production
and analyzed the gas and water production behavior of RLW and HSW with different
completion layers and lateral lengths. The results provide a theoretical reference for the
practical application of the above well types in the Shenhu Sea area.
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Table 1. Progress of coiled tubing drilling technique in hydrate development.

Author Year Input Work Summary Output

Cinelli et al. [18] 2013 Technical
review

Introduced the equipment and
technical process of coiled tubing
drilling, using a low permeability
oilfield as an example to detail the
completion process and
production statistics for radial
jet drilling.

Coiled tubing drilling technique is
a low-cost and environmentally
friendly method to
improve productivity.

Kamel et al. [19,20] 2016,
2017

Technical
review

Introduced the theoretical, and
technological progress, procedures,
applications, and challenges of
coiled tubing drilling technique.
Several global case studies
were discussed.

Coiled tubing drilling technique is
effective for increasing production,
and is a feasible and cost-effective
alternative to marginal
oilfield fracturing.

Huang et al. [22] 2019 Technical
review

Introduced the technical
characteristics, advantages, and
limitations of coiled tubing drilling
technique. Discussed the drilling
performance and trajectory
measurement methods.

Coiled tubing drilling technique is
a flexible new geo-energy
development technology.

Wan et al. [23] 2019 Analytical
model

Explored the feasibility of
developing NGHs v HSW.
Provided an analytical model to
calculate the maximum achievable
wellbore length (MAWL). Predict
the production capacity based on
the Furui equation.

The HSW mining technology is
feasible for offshore NGHs, and
demonstrates how to evaluate its
productivity and economy.

Li et al. [24] 2020

Analytical
model,
experiment,
and numerical
simulation

Introduced the process flow of
developing NGHs via radial lateral
wells, the ability of jet rock
breaking drilling, the feeding
method and extension limit of jet
drill bits, wellbore trajectory
measurement, and control.

A new approach was proposed to
develop marine NGHs using an
integrated method of cavitation jet
drilling radial horizontal wells and
screen tube completion.

Mahmood et al. [25] 2021 Analytical
model

Compared the production
potential of HSW and RLW using
the developed analytical model
and on-site case data of NGH
reservoirs in the South China Sea.

RLW produce slightly higher gas
productivity than HSW.

Zhang et al. [26,27] 2020,
2021

Numerical
simulation

Studied the performance of gas
hydrate development by
combining radial lateral wells with
depressurization.

Radial lateral wells can improve
gas recovery rates in the early
stages of production and slow
down secondary hydrates
generation. The recovery rate of
hydrates is linearly related to the
lateral length.

Zhang et al. [28] 2022 Experimental

Experimental studies were
conducted on the depressurization
and extraction of hydrated
sediments in both gas-rich and
water-rich using vertical and radial
lateral wells, respectively.

When extracting rich gas hydrate
sediments, the gas production
behavior of vertical and radial
lateral wells is almost the same.
When extracting rich water
hydrate sediments, the cumulative
gas production of radial lateral
well increased by 20.16%
compared to vertical well.

Wan et al. [29] 2024 Numerical
simulation

A numerical evaluation was
conducted on the gas production
capacity of Class-1 type hydrate
reservoirs using different radial
lateral well deployment schemes.

Compared to a single vertical well,
the cumulative gas production of a
radial lateral well increased by
approximately 208.53%.
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2. Methodology

2.1. Method and Process

Taking China’s first offshore NGH testing production as an example, the NGH de-
velopment simulation software TOUGH + HYDRATE V1.0 was adopted to establish an
ideal interlayer heterogeneity model based on SHSC4 well logging curve data. The gas
production data of the site was fitted to verify the reliability of the numerical model. This
work predicted and compared the gas and water production behavior of RLW and HSW
with different completion lengths when they deployed at different layers, with a fixed
production pressure difference of 6 MPa and continuous production for 360 days. The
methodology flow chart is shown in Figure 1.

 

Figure 1. Methodology flow chart.

2.2. Geological Background

The SHSC4 well is located in the Baiyun sag (Figure 2). The water depths at this site are
about 1266 m, and the seabed temperature is around 3.33–3.73 ◦C, with the geothermal gra-
dient ranging from 45 to 67 ◦C/km [7,30]. The hydrate reservoir consists of three parts: the
first layer is the natural gas hydrate layer rich in hydrates and water (GHBL, 201–236 mbsf);
the second layer is the three-phase layer containing hydrates, high saturation free gas, and
water (TPL, 236–251 mbsf); and the third layer is the free gas layer composed of water and
low saturation free gas (FGL, 251–278 mbsf) [7].

2.3. Simulator Code

TOUGH + HYDRATE V1.0 is a well-known natural gas hydrate simulation code which
considers the interactions between hydrate phases, multiphase flow, and heat transfer. It
can accurately describe the dynamic changes in temperature, pressure, and saturation
during the formation or dissociation process of hydrates [31]. The parallel version of this
code was used for this work and adopted the equilibrium model for simulating hydrate
extraction [32,33]. The main governing equation of this code is briefly introduced as
follows [31]:

1. Mass conservation equation

The definition of the flow control equation for multicomponent fluid that follow mass
conservation is as follows:

d
dt

∫
Vn MκdV =

∫
Γn Fκ · ndΓ +

∫
Vn qκdV (1)

In this equation, Mκ is the mass accumulation of components, Fκ is the flux, and qκ is
the source/sink ratio.
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2. Energy conservation equation

The definition of the heat flow control equation follows energy conservation as follows:

d
dt

∫
Vn MθdV =

∫
Γn Fθ · ndΓ +

∫
Vn qθdV (2)

In this equation, θ is the heat component, Mθ is the heat accumulation, Fθ is the flux,
and qθ is the source/sink ratio.

 

Figure 2. SHSC well site location [14]. (Adapted with permission from Hao, et al. Dynamic analysis
of exploitation of different types of multilateral wells of a hydrate reservoir in the South China sea.
Energy & Fuels 2022, 36, 6083–6095., Copyright 2022 American Chemical Society.).

2.4. Model Discretization and Simulation Scenarios

A schematic diagram of the model is shown in Figure 3a. The x-y plane domain was
discretized into 13,221 grids, and the model’s z-axis was divided into 81 layers, with a total
of 1,070,901 grids (Figure 3b). Hydrate dissociation is active near the wellbore and local
refinement grids facilitate the capture of dynamic variations of temperature, pressure, and
hydrate saturation. The minimum grid around the wellbore was set to x = 2.0 m, y = 2.0 m,
and z = 1.0 m. This work established a total of nineteen simulation cases: (1) Single vertical
well: the single vertical well with a length of 70 m was placed at the center of the model
(Figure 3c). (2) Radial lateral well (RLW): Three simulation schemes: RLW-4 laterals, RLW-
6 laterals, and RLW-8 laterals were established, each radial laterals well with a length
of 357.05 m, 467.47 m, and 639.67 m respectively; RLW-4 laterals, RLW-6 laterals, and
RLW-8 laterals were deployed at the middle of the three layers, respectively, (Figure 3d).
(3) Horizontal snake well (HSW): Three simulation schemes: HSW-1 circle, HSW-1.5 circles,
and HSW-2 circles were established, each horizontal snake well with a length of 357.05 m,
467.47 m, and 639.67 m respectively; HSW-1 circle, HSW-1.5 circles, HSW-2 circles were
deployed at the middle of the three layers respectively (Figure 3e). Table 2 lists the detailed
settings of the simulation scheme.
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Figure 3. Cont.
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Figure 3. Schematic diagram of the model and well types: (a) geological model and Logging curve
of SHSC-4 well. (b) Model mesh. (c) Schematic diagram of vertical well. (d) Schematic diagram of
radial lateral well. (e) Schematic diagram of horizontal snake well.

Table 2. Detailed settings of the simulation scheme.

Case

Parameter Settings

L/(m) l/(m) n Wellbore
Location

Single vertical well 70 - - -
RLW-4 laterals 357.05 89.26 4

Middle of
GHBL/TPL/FGL

RLW-6 laterals 467.47 77.91 6
RLW-8 laterals 639.67 79.95 8
HSW-1 circle 357.05 - -

HSW-1.5 circles 467.47 - -
HSW-2 circles 639.67 - -

Note: L is the open-hole completion length of wellbore; l is the length of each lateral wellbore; n is the quantity of
lateral wellbore.

2.5. Model Initialization

GHBL, TPL, and FGL were initialized as individual subdomains, and the key was to
maintain consistent heat flux between the contact surfaces of the subdomains. Finally, we
combined the initialized subdomains as shown in Figure 4 [34–37] and set fixed temper-
atures and pressures at the top and bottom of the model to establish Dirichlet boundary
conditions [38]. When the RLW and HSW were deployed at the middle of three layers, re-
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spectively, the production pressure difference between the wellbore grids and the reservoir
was set to 6 MPa. In this work, the wellbore radius of the single vertical well was set to be
0.1 m, and the RLW and HSW were set to be 0.05 m [25].

Figure 4. Model’s initial conditions.

The physical properties of reservoirs, such as porosity, permeability, and saturation,
were initialized based on the on-site data [7]. Since there was no information for the OB
and UB, we assumed that their permeability was 2.0 mD and their porosity was 0.3. Table 3
provides the initial values of the main parameters.

Table 3. Initial values of the main parameters.

Parameter Value and Unit Data Sources

Overburden (OB) and Underburden (UB)’s thickness 20 m [39]
GHBL’s thickness 35 m [40]
TPL’s thickness 15 m [40]
FGL’s thickness 27 m [40]
OB and UB’s permeability 2.0 mD -
GHBL’s permeability 2.9 mD [40]
TPL’s permeability 1.5 mD [40]
FGL’s permeability 7.4 mD [40]
OB and UB’s porosity 0.30 [40]
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Table 3. Cont.

Parameter Value and Unit Data Sources

GHBL’s porosity 0.35 [40]
TPL’s porosity 0.33 [40]
FGL’s porosity 0.32 [40]
GHBL and TPL’s hydrate saturation
FGL’s gas saturation Extract from logging curve (Figure 3a) [7]

Single vertical wellbore radius 0.1 m [25]
Radial lateral wellbore radius 0.05 m [25]
Horizontal snake wellbore radius 0.05 m [25]
Production pressure difference 6.0 MPa -
Salinity 3.0% [40–42]
Grain density 2650 kg/m3 [40–42]
Geothermal gradient 46 ◦C/km [30]
Grain specific heat 1000 J·kg−1·K−1 [40–42]
Dry thermal conductivity 1.0 W·m−1·K−1 [40–42]
Wet thermal conductivity 3.1 W·m−1·K−1 [40–42]

Capillary pressure model Pcap = −P0

[
(S∗)−1/λ − 1

]1−λ
, S

∗
= (SA−SirA)

SmxA−SirA
-

Maximum aqueous saturation SmxA 1 [40–42]
Porosity distribution index λ 0.45 [40–42]
Initial capillary pressure P0 104 Pa [40–42]

Relative permeability model KrA = [(SA − SirA)/(1 − SirA)]nA, KrG = [(SG −
SirG)/(1 − SirA)]nG -

Aqueous phase permeability reduction index nA 3.5 [41]
Gas phase permeability reduction index nG 2.5 [41]
Irreducible gas saturation SirG 0.03 [41]
Irreducible aqueous saturation SirA 0.30 [41]

2.6. Model Validation

Model validation is a crucial step in numerical simulation research. According to the
data released by Li et al., the gas production of China’s first offshore natural gas hydrate
trial production is shown in Table 4 [43].

Table 4. Gas production of the first offshore NGH test production in China.

Duration/d Cumulative Gas Volume/104 m3 Gas Rate/103 m3·d−1

0–8 12.80 16.00
9–16 3.20 4.00

17–22 2.37 3.95
23–31 2.71 2.98
32–42 2.42 2.20
43–60 7.40 4.11

The single vertical well was deployed at the center of the model with a length of 70 m,
the completion interval was −201 to −271 mbsf (consistent with the model’s −21 m to
−91 m), and the wellbore grid had a production pressure difference of 3 MPa [44]. The
position of the vertical well is shown in Figure 5.

Figure 6 shows the fitting results of gas production. It can be seen that the fitting
results of simulated gas production and trial production data were within an accept-
able range. According to the fitting results, this model can serve as the basic model for
subsequent research.
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Figure 5. Vertical well position.

 

Figure 6. On-site gas production fitting.

3. Results and Discussion

3.1. RLW and HSW Deployed at GHBL
3.1.1. Evolution of Gas and Water Characteristics

Figure 7a,b shows the variation curves of gas production rate (Qg) and cumulative
gas production (Vg) with different RLW and HSW design deployment at the middle of
GHBL. The gas production rate curves of these two well types can be divided into two
stages. The existence of solid hydrates results in a lower effective permeability of the GHBL
layer, therefore Qg remains at a relatively low level in the early stages of production. After
90 days of depressurization, as the hydrates dissociation around the wellbore improves the
seepage conditions, the free gas from TPL suddenly increases Qg and Vg, leading to the
second stage of production. Subsequently, they decrease as the driving force weakens. After
360 days of depressurization, the Vg of RLW-4 laterals, RLW-6 laterals, RLW-8 laterals, HSW-
1 circle, HSW-1.5 circles, and HSW-2 circles were 453.83 × 104, 596.20 × 104, 731.84 × 104,
514.16 × 104, 644.57 × 104, and 849.53 × 104 ST m3, compared to the single vertical well, and
increased by 124.22%, 163.19%, 200.31%, 140.73%, 176.42%, and 232.53%, respectively. The
results show that RLW and HSW can increase the drainage area and significantly improve
production capacity. Figure 7c,d shows the variation curves of the water production rate
(Qw) and the gas-to-water ratio (Rgw). Compared with the single vertical well, the solid
hydrates around the RLW and HSW’s wellbore dissociation under the driving force, and
the water produced via hydrates dissociation enters the wellbore, causing the Qw to show a
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stable period before 90 days. With the free gas from TPL beginning to enter the wellbore,
the Qw suddenly decreases at 90 days. As a critical index for evaluating the efficiency of
hydrate extraction, a higher Rgw (ST m3 of CH4/ST m3 of water) implies better economically
feasibility. When these two types of wells were deployed at GHBL, their Rgw was ultimately
stable at around 100. Table 5 shows the gas production of these well types.

 

Figure 7. Gas and water production curves of RLW and HSW deployed at GHBL: (a) gas production
rate Qg. (b) Cumulative gas production Vg. (c) Water production rate Qw. (d) Gas-to-water ratio Rgw.

Table 5. Gas production of RLW and HSW deployed at GHBL.

Case
Average

Qg (104 m3/d)
Vg (104 m3)

Compared to
VW (Ref)

HSW-2 circles 2.36 849.53 232.53%
RLW-8 laterals 2.03 731.84 200.31%
HSW-1.5 circles 1.79 644.57 176.42%
RLW-6 laterals 1.66 596.20 163.19%
HSW-1 circle 1.43 514.16 140.73%

RLW-4 laterals 1.26 453.83 124.22%
Single vertical well 1.01 365.35 100.00%
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3.1.2. Physical Characteristics of the Reservoir

The internal wellbore of HSW and the intersection of laterals in RLW had larger pres-
sure drop areas (Figure 8a), which was due to the pressure superposition. This phenomenon
was consistent with the findings of Jin et al. [15]. Compared with the well types deployed
at TPL and FGL, the well types deployed at GHBL had a larger pressure gradient. This is
because the presence of solid hydrates reduces the effective permeability of the reservoir,
and allows for effective pressure propagation. The TPL and FGL contain free gas and
the expansion effect of the gas limits the propagation of pressure, resulting in a smaller
pressure gradient. Low-temperature areas were formed near the wellbore (Figure 8b) due
to the heat absorption caused by the dissociation of hydrates (Figure 8c). Corresponding to
the pressure field diagram, the internal wellbore of HSW and the intersection of laterals in
RLW had a larger low-temperature area and hydrate dissociation range. A certain amount
of gas was accumulated around the wellbore after 360 days of depressurization (Figure 8d).

Figure 8. Cont.
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Figure 8. Physical characteristics distribution diagram of RLW and HSW deployed at GHBL.

3.2. RLW and HSW Deployed at TPL
3.2.1. Evolution of Gas and Water Characteristics

Figure 9a,b shows the variation curves of Qg and Vg with different RLW and HSW
design deployments at the middle of TPL. The Qg of these two well types gradually
decreased after reaching its peak value in the initial stage. Even so, its Qg and Vg were
the highest compared to the well types deployed at GHBL and FGL, which was because it
can simultaneously recover hydrate dissociation gas from GHBL and free gas from TPL
and FGL. Wan et al. also found the same results in previous studies [29]. After 360 days of
depressurization, the Vg of RLW-4 laterals, RLW-6 laterals, RLW-8 laterals, HSW-1 circle,
HSW-1.5 circles, and HSW-2 circles were 1215.12 × 104, 1294.38 × 104, 1356.88 × 104,
1305.72 × 104, 1463.54 × 104, and 1554.73 × 104 ST m3, compared to the single vertical well,
increased by 332.59%, 354.29%, 400.58%, 357.39%, 371.39%, and 425.54%, respectively. The
results showed that the well types deployed at TPL had excellent production performance.
It is worth noting that, similar to the wells deployed at GHBL, the overall production
capacity of the HSW well was better than that of RLW, especially the production capacity
of the HSW-1 circle was better than that of RLW-4 and RLW-6 laterals. This may be due to
the smaller distance between the wellbore of HSW with spiral distribution, resulting in a
larger range of pressure superposition and stronger synergistic production effects between
wellbore. In this case, the reservoir at the root of the RLW laterals wellbore formed a certain
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amount of secondary hydrates, as shown in Figure 10c. Figure 9c,d shows the variation
curves of Qw and Rgw. When these well types were deployed at TPL, their Qw was slightly
lower overall compared to those deployed at GHBL and FGL. This was because a lot of free
gas entered the wellbore, which affects water production; their Rgw was ultimately stable at
around 200. Table 6 shows the gas production of these well types.

 

Figure 9. Gas and water production curves of RLW and HSW deployed at TPL: (a) gas production
rate Qg. (b) Cumulative gas production Vg. (c) Water production rate Qw. (d) Gas-to-water ratio Rgw.

Table 6. Gas production of RLW and HSW deployed at TPL.

Case
Average

Qg (104 m3/d)
Vg (104 m3)

Compared to
VW (Ref)

HSW-2 circles 4.32 1554.73 425.54%
RLW-8 laterals 4.07 1463.54 400.58%
HSW-1.5 circles 3.77 1356.88 371.39%

HSW-1 circle 3.63 1305.72 357.39%
RLW-6 laterals 3.60 1294.38 354.29%
RLW-4 laterals 3.38 1215.12 332.59%

Single vertical well 1.01 365.35 100.00%
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3.2.2. Physical Characteristics of the Reservoir

The pressure superposition effect results in larger low-pressure area areas at the
internal wellbore of HSW and the intersection of laterals in RLW (Figure 10a). The Joule–
Thomson effect promotes the formation of low-temperature areas near wellbore reservoirs
(Figure 10b). The reservoir at the root of the RLW laterals wellbore formed a certain amount
of secondary hydrates after 360 days of depressurization (Figure 10c). Moreover, due
to long-term mining, the surrounding areas of these well types formed corresponding
low-saturation gas areas (Figure 10d).

Figure 10. Cont.
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Figure 10. Physical characteristics distribution diagram of RLW and HSW deployed at TPL.

3.3. RLW and HSW Deployed at FGL
3.3.1. Evolution of Gas and Water Characteristics

Figure 11a,b shows the variation curves of Qg and Vg with different RLW and HSW
design deployments at the middle of FGL. After about eight days of depressurization, the
Qg of these two well types suddenly increased with the free gas from TPL entering the
wellbore and gradually decreased with the weakening of the driving force. After 360 days
of depressurization, the Vg of RLW-4 laterals, RLW-6 laterals, RLW-8 laterals, HSW-1 circle,
HSW-1.5 circles, and HSW-2 circles were 1027.71 × 104, 1141.27 × 104, 1303.45 × 104,
1148.70 × 104, 1303.45 × 104, and 1396.74 × 104 ST m3, compared to the single vertical
well, increased by 281.29%, 312.38%, 356.77%, 314.41%, 330.46%, and 382.30%, respectively.
Similar to the wells deployed at GHBL and TPL, the overall production capacity of HSW
well was better than that of RLW and the production capacity of HSW-1 circle was better
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than that of RLW-4 and RLW-6 laterals again. Figure 11c,d shows the variation curves of
Qw and the Rgw. Compared with the well types deployed at GHBL and TPL, the well types
deployed at FGL had a slightly higher water production rate because it had a higher water
saturation of about 93%, and their Rgw was ultimately stable at around 100 to 200. Table 7
shows the gas production of these well types.

 

Figure 11. Gas and water production curves of RLW and HSW deployed at FGL: (a) gas production
rate Qg. (b) Cumulative gas production Vg. (c) Water production rate Qw. (d) Gas-to-water ratio Rgw.

Table 7. Gas production of RLW and HSW deployed at FGL.

Case
Average

Qg (104 m3/d)
Vg (104 m3)

Compared to
VW (Ref)

HSW-2 circles 3.88 1396.74 382.30%
RLW-8 laterals 3.62 1303.45 356.77%
HSW-1.5 circles 3.35 1207.33 330.46%

HSW-1 circle 3.19 1148.70 314.41%
RLW-6 laterals 3.17 1141.27 312.38%
RLW-4 laterals 2.85 1027.71 281.29%

Single vertical well 1.01 365.35 100.00%
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3.3.2. Physical Characteristics of the Reservoir

Due to the superimposed pressure drop, the internal wellbore of HSW and the inter-
section of laterals in RLW had larger pressure drop areas (Figure 12a). Compared with
the well types deployed at GHBL and TPL, the gas expansion effect weakened pressure
propagation when the well types deployed at FGL. There were no low-temperature areas
or secondary hydrates formed around the wellbore (Figure 12b,c), which was because FGL
has a higher formation temperature. Additionally, a low saturation of free gas accumulated
around these well type’s wellbores (Figure 12d).

Figure 12. Cont.
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Figure 12. Physical characteristics distribution diagram of RLW and HSW deployed at FGL.

3.4. Discussion
3.4.1. Comparison of Production Capacity

The average Qg and average Rgw are commonly used to evaluate production capacity.
Figure 13 depicts the average Qg and average Rgw of these well types during the 360-day
production period. When these well types are deployed at GHBL, the average Qg slowly
increases with the dissociation of solid hydrates during production. Due to the synergistic
pressure reduction effect between wellbores, the HSW well type performs better under
the same completion length. When these well types are deployed at TPL or FGL, their
average Qg decreases with production as the driving force weakens. Similarly, due to the
synergistic pressure reduction effect between wellbores, the HSW well type performs better.
In addition, these well types have the best average Rgw performance when deployed at the
TPL. Due to the production capacity, they may not be completely proportional to the well
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length. Therefore, the specific production index J is adopted as a supplementary indicator,
which is mainly affected by the well types and the definition is as follows [9]:

J = Qg/hΔP (3)

 

Figure 13. Histogram of average Qg, average Rgw and J index, and t = 120, 240, 360 days.

Here, ΔP is the production pressure difference (MPa) and h is the well length (m).
Figure 13 depicts J index of these well types during the 360-day production period. The
productivity of these well types ranked as follows: TPL > FGL > GHBL. When these well
types were deployed at the TPL, they had the best mining performance, and the HSW-1
circle well type stood out with an average Qg of 3.63 × 104 ST m3/d and a J-index of 16.93.
Although the average Qg of the HSW-1 circle well type was not the highest, its J-index was
the highest among all well types, indicating that it had the best exploitation efficiency.

3.4.2. Summary and Recommendations

Unlike traditional drilling, coiled tubing drilling has a smaller wellbore size and
turning radius, providing self-propulsion through hydraulic jetting. The axial and lateral
forces generated on the wellhead during radial drilling are much lower, which can greatly
improve the stability of the wellhead; this method has much lower drilling and production
costs, and has great potential for application in future hydrate development, which is worth
further study [24]. This work was based on on-site data from China’s first offshore natural
gas hydrate testing and production site and numerically analyzed the production behavior
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of RLW and HSW. Compared with the single vertical well production, RLW and HSW can
effectively increase production capacity by enlarging the drainage area and the productivity
is directly proportional to the total completion length, which is consistent with the results of
many similar studies (e.g., Mahmood et al., 2021; Zhang, 2020, 2021) [25–27]. Different from
the previous research results of Mahmood et al., during a short-term production period of
360 days, the overall production capacity of HSW was better than that of RLW, regardless
of which layer they were deployed to [25]. This may be because previous research was
based on analytical models, and factors such as the synergistic pressure reduction effect
between wells could not be well considered. Meanwhile, RLW and HSW deployed at TPL
had the highest production capacity during a 360-day production period. The total gas
production of HSW-2 well type was about four times that of a single vertical well, reaching
1.554 × 107 ST m3. It is worth noting that the HSW-1 circle well type stood out with an
average Qg of 3.63 × 104 ST m3/d and a J-index of 16.93; it had the highest J-index among
all well types, which means the best mining efficiency. It is recommended to choose the
HSW-1 circle well type, if the coiled tubing drilling technique is used for on-site testing
production of NGHs in the future. This work still has certain limitations. In the future, it
is necessary to consider the real reservoir environment to establish a three-dimensional
heterogeneous model, and further combine wellbore heating or reservoir reconstruction
techniques to study the production behavior of RLW and HSW in-depth.

4. Conclusions

Based on the on-site data of China’s first offshore NGH testing production site in
the Shenhu Sea area, an ideal interlayer heterogeneity model of the SHSC4 well was
established and the productivity of RLW and HSW were numerically evaluated with
different completion layers and lateral lengths. The following results were obtained:

(1) RLW and HSW can effectively improve production capacity by expanding the
drainage area, which is directly proportional to the number and length of laterals and
the length of the horizontal wellbore. Different from previous research results, during a
short-term production period of 360 days and due to the synergistic pressure reduction
effect between wellbores, the overall production capacity of HSW was better than that of
RLW, regardless of which layer they were deployed to.

(2) RLW and HSW deployed at the TPL had optimal mining performance within a
360-day production period due to their highest Rgw performance. The Vg of the HSW-2 cir-
cles well type was about four times that of a single vertical well, reaching 1.554 × 107 ST m3.
It is worth noting that the HSW-1 circle well type stood out with an average Qg of
3.63 × 104 ST m3/d and a J-index of 16.93 after 360-day production; it had the highest
J-index among all well types, which meant the best mining efficiency. It is recommended to
choose the HSW-1 circle well type, if the coiled tubing drilling technique is used for on-site
testing production of NGHs in the future.

(3) Coiled tubing drilling has a smaller wellbore size and turning radius. With the
advantages of strong technical feasibility and low-cost, it has great potential for application
in hydrate development. In the future, it is necessary to consider the real reservoir environ-
ment, combined with stimulation methods such as wellbore-assisted heating and reservoir
reconstruction, to further investigate the gas and water production behavior of RLW and
HSW in different types of NGH reservoirs.
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Nomenclature
Abbreviations

L Open hole completion length of wellbore (m) OB Overburden layer
l Length of each lateral wellbore (m) UB Underburden layer
n Quantity of lateral wellbore GHBL Gas hydrate bearing layer
Mκ Mass accumulation of component κ, (kg/m3) TPL Three phase layer
Fκ Mass flux of component κ, kg/(m2·s) FGL Free gas layer
qκ Sink/source of component κ, kg/(m3·s) NGH Natural gas hydrate
Mθ Energy accumulation (J/m3) RLW Radial lateral well
Fθ Energy flux, J/(m2·s) HSW Horizontal snake well
qθ Sink/source of heat, J/(m3·s)
V Volume (m3)
Γ Surface area (m2)
t Times (s)
ϕ Porosity
Qg Gas production rates at well (m3/d)
Qw Water production rates at well (m3/d)
Vg Cumulative gas production at well (m3/d)

Rgw
Ratio of cumulative gas to cumulative gas
(ST m3 of CH4/m3 of H2O)

J Specific production index (-)

β
Phase, β = A, G, H, I is aqueous, gas, hydrate
and ice, respectively

κ
Component, κ = w, m, i, h is water, methane,
salt, and hydrate, respectively

Sβ Saturation of phase β

T Temperature (◦C)
Pcapcap Capillary pressure (Pa)
P0 Initial capillary pressure (Pa)
S* Saturation for capillary pressuremodel
SmxA Maximum aqueous saturation
SirA Irreducible saturation of aqueous phase
SirG Irreducible saturation of gas phase
nA Permeability reduction index for aqueous phase
nG Permeability reduction index for gas phase
λ Porosity distribution index
k Permeability (m2)
g Gravity acceleration (m/s2)
krβ Relative permeability of phase β
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Abstract: In this paper, a one-dimensional model of gas–water two-phase productivity for hydrate
depressurization is established, which takes into account permeability variation and gas–water two-
phase flow. By solving the coupled algebraic equations of dissociation front position, equilibrium
temperature, and pressure in an iterative scheme, the movement law of the hydrate dissociation
front and the evolution process of temperature and pressure near the well were obtained, and the
effects of bottom hole pressure, reservoir temperature, and hydrate saturation on productivity were
analyzed. The results show that the hydrate reservoir is divided into a decomposed zone and an
undecomposed zone by the dissociation front, and the temperature and pressure gradients of the
former are greater than those of the latter. Reducing bottom hole pressure, increasing reservoir
temperature, and increasing hydrate saturation all lead to an increase in temperature and pressure
gradient in the decomposed zone. Methane gas production is a sensitive function of bottom hole
pressure, reservoir temperature, and hydrate saturation. The lower the bottom hole pressure, the
higher the reservoir temperature, the lower the hydrate saturation (within a certain range), and the
higher the gas production rate. The trend of the water production curve is the same as that of gas,
but the value is 3–4 orders of magnitude smaller, which may be due to the large difference in the
viscosity of gas and water, and the gas seepage speed is much larger than that of water.

Keywords: gas hydrate; depressurization; dissociation front; productivity

1. Introduction

Natural gas hydrate (NGH) is a crystalline compound with a cage structure formed by
hydrocarbon gas and water. NGH is a highly compressed natural gas resource, and 1 m3 of
NGH can be decomposed to obtain 160–180 m3 (standard) of natural gas [1]. NGH exists
widely in marine sediments and permafrost. The global methane carbon content in gas
hydrates is estimated to be 1016 kg [2]. Therefore, NGH is recognized as a promising future
energy source in the 21st century.

The principle of hydrate dissociation is based on changing the thermodynamic equi-
librium of the three-phase system (water–hydrate–gas) [3,4]. In this study, we focus on the
depressurization method for hydrate reservoirs. By reducing the bottom hole pressure, the
equilibrium of the hydrate phase is broken, resulting in hydrate dissociation and the release
of natural gas. Makogon (1997) used the classical Stefan problem to describe the process of
hydrate dissociation and obtained a self-similar solution of the pressure distribution [5].
However, the model does not take into account the effect of water release. Based on the
research of Makogon, Verigin et al. (1980) proposed a research model including the effect
of water release, which considered the mass balance of gas and water at the dissociation
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front and assumed that the water produced by hydrate dissociation was stationary and did
not affect the flow of gas [6]. Yousif and Sloan (1991) regarded the dissociation process in
porous media as the Kim–Bishnoi dynamic isothermal process [7]. All the above models
simplify the hydrate dissociation into an isothermal process, ignoring the thermal effect.

Holder and Angert (1982) evaluated the temperature distribution in the hydrate layer
by using the conduction and heat transfer equation, considering the temperature change
during the hydrate dissociation process [8]. Burshears et al. (1986) extended Holder and
Angert’s model, taking into account the influence of water transport in the formation [9]. In
their model, however, only heat conduction is included in the energy equation. Selim and
Sloan (1989) considered convective heat transfer in a one-dimensional model and obtained
analytical expressions of reservoir temperature and pressure distribution under the assump-
tion that reservoir water does not flow and the well temperature remains unchanged [10].
Makogon (1997) considered the influence of heat conduction, heat convection, and throt-
tling processes in revealing the interface heat transfer process of hydrate dissociation, and
finally obtained the analytical expression of temperature and pressure in a one-dimensional
model [5]. Tsypkin (2000) described the movement of gas and water in hydrate reservoirs,
respectively, and obtained self-similar solutions of temperature and pressure distributions
by using the micro-perturbation method [11]. Zhao and Shang (2010) further considered
the influence of hydrate dissociation heat and added the energy conservation equation
on the dissociation front, proving that reducing bottom hole pressure can significantly
increase gas production [12]. Hao et al. (2020) established a semi-analytical productivity
model of NGH by depressurization and analyzed the factors affecting productivity [13].
Based on the classical analytical model of hydrate dissociation proposed by Selim and
Sloan, Li et al. (2023) further considered geomechanics and established a new analytical
model [14]. With the gradual deepening of research, scholars have gradually adopted
numerical models to characterize hydrate dissociation and production. Yu et al. (2023)
analyzed the production and dissociation characteristics of NGH by numerical method and
considered the influence of reservoir stress in the model [15]. Liu et al. (2023) further used
a multi-scale numerical model to simulate the dissociation process of methane hydrate in
porous media, including two-phase flow, heat and mass transfer, dissociation kinetics, and
hydrate structure evolution [16].

Both field data and experimental studies show that hydrate dissociation causes
changes in reservoir permeability, and gas–water two-phase seepage after decomposi-
tion is an important factor affecting productivity [17,18]. Based on this, a one-dimensional
gas–water, two-phase productivity model for hydrate depressurization is proposed in this
paper. Considering hydrate saturation variation and water phase flow, a set of approximate
self-similar formats is used to obtain the variational solutions of pressure, temperature, and
productivity in the reservoir. This method is solved in an iterative format. The distribution
of pressure and temperature near the well, the location of the front, and the evolution of
gas/water production over time were obtained.

This paper mainly consists of three parts. Among them, Section 2 is the model building;
Section 3 is the model solving; Section 4.1 is the dynamic analysis of hydrate dissociation;
and Section 4.2 is the analysis of influencing factors in hydrate productivity.

2. Model Building

2.1. Physical Model and Basic Assumptions

Assume that there is a large pressurized methane hydrate reservoir underground, the
reservoir pressure is pe, the reservoir temperature is Te, and there are solid hydrates and nat-
ural gas in the reservoir pores. The hydrate is in a stable state at the initial temperature and
pressure. When the bottom hole pressure pG drops to a certain value, that is, pG < pD < pe,
where pD is the dissociation pressure of hydrate at the dissociation temperature TD. At
this point, the balance of the hydrate phase near the well is disrupted, and it begins to
decompose into natural gas and water. Over time, the process of hydrate dissociation
spreads outward. It is assumed that hydrate dissociation in porous media occurs in a
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narrow region, which can be regarded as a surface, the so-called dissociation front. This
moving front divides the volume of the reservoir into two distinct zones. The area near
the well is the hydrate decomposed zone, where hydrate, water, and gas coexist in three
phases, while the area far away from the well is the undecomposed zone, where only solid
hydrate and natural gas exist. Because of the pressure gradient, the gas and water move
inside the well, while the dissociation front moves in the opposite direction. The model
adopts three important assumptions: (1) The pressure and temperature at any point of
the dissociation front are the equilibrium pressure pD and the equilibrium temperature
TD; (2) The hydrate reservoir is assumed to be porous and contain natural gas. When the
dissociation front moves towards the hydrate zone, heat must be supplied to the front
edge due to the endothermic property of the hydrate dissociation process. In this case,
heat conduction is ignored compared with thermal convection. (3) The decomposed zone
contains three phases of hydrate, methane gas and water, in which only two phases of gas
and water flow.

2.2. Basic Mathematical Model

In this section, the basic mathematical model adopted by Makogon (1997) [5] and
Ji et al. (2001) [19] is followed. The difference is that gas–water two-phase seepage is
considered in the decomposed zone. Assuming a hydrate reservoir, the well location
is shown in Figure 1. Using a one-dimensional model, for the decomposed zone, the
gas–water two-phase pressure equation can be seen according to the mass conservation
equation as follows:

2φ1μg

K1krg1

∂p1

∂t
=

∂2 p2
1

∂x2 (1)

2φ1μw

K1krw1

∂p1

∂t
=

∂2 p2
1

∂x2 (2)

where
φ1 = (1 − SH − Sw)φ (3)

Figure 1. One-dimensional model of hydrate reservoir (modified from literature [19]).

Only free methane gas flows in the undecomposed zone. Similarly, the pressure
expression in the undecomposed region can be expressed as:

2φ2μg

K2krg2

∂p2

∂t
=

∂2 p2
2

∂x2 (4)

where
φ2 = (1 − Sw0 − SH0)φ (5)
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In the above equation, φ1 and φ2 are the porosities of the decomposed and undecom-
posed zones, respectively; μg and μw are the viscosities of gas and water, respectively;
K1 is the absolute permeability of the decomposed zone, and K2 is the initial absolute
permeability of the reservoir; krg1 and krg2 are gas relative permeability in the decomposed
and undecomposed zones, respectively; krw1 is the relative permeability of water in the
decomposed zone; krg0 is the initial gas relative permeability of the reservoir; p1 and p2
represent the pressure in the decomposed and undecomposed zones, respectively; SH is the
hydrate saturation in the decomposed zone; Sw is the water saturation of the decomposed
zone; Sw0 is the original water saturation of the reservoir; and SH0 is the initial hydrate
saturation of the reservoir.

According to the hypothesis of the model, conduction heat transfer is much smaller
than convective heat transfer in the case of natural gas in the hydrate reservoir. Therefore,
the heat convection effect of fluid is considered in this paper, and the heat conduction effect
is ignored. The temperature distribution equation of the hydrate reservoir is as follows:

∂T1

∂t
=

cvK1

c1μ1

∂p1

∂x
(

∂T1

∂x
− δ

∂p1

∂x
) + η

φ1cv

c1

∂p1

∂t
(6)

∂T2

∂t
=

cvK2

c2μ2

∂p2

∂x
(

∂T2

∂x
− δ

∂p2

∂x
) + η

φ2cv

c2

∂p2

∂t
(7)

where T1 and T2 are the temperatures of the decomposed and undecomposed zones,
respectively; cv is the volume heat capacity of gas; c1 and c2 are the comprehensive specific
heat capacities of the decomposed and undecomposed zones, respectively; δ is the throttle
coefficient of gas; η is the adiabatic coefficient of gas.

c1 = φ(Swcw + Sgcg + SHcH) + (1 − φ)cr
c2 = φ(Sw0cw + Sg0cg + SH0cH) + (1 − φ)cr
μ1 = Swμw + (1 − Sw)μg
μ2 = Sw0μw + (1 − Sw0)μg

(8)

where cw, cg, cH, and cr represent the specific heat capacities of water, gas, hydrate, and
rocks, respectively; Sg is the gas saturation in the decomposed zone; Sg0 is the original gas
saturation of the reservoir.

The auxiliary equation is:
Sg + Sw + SH = 1 (9)

The initial and boundary conditions are:

p1(0, t) = pG
p2(x, 0) = p2(∞, t) = pe

(10)

p1(l(t), t) = p2(l(t), t) = pD(TD) (11)

T2(x, 0) = T2(∞, t) = Te (12)

T1(l(t), t) = T2(l(t), t) = TD (13)

where pG is the bottom hole pressure, pe is the initial reservoir pressure, Te is the initial
reservoir temperature, pD is the dissociation front pressure, and TD is the dissociation front
temperature. According to the hypothesis of the model, pD and TD are the equilibrium
pressure and temperature. l(t) is the distance between the dissociation front and the
bottom hole.
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Constant bottom hole pressure and constant reservoir pressure are, respectively, used
to approximate the pressure treatment, as follows:

∂p2
1

∂t ≈ 2pG
∂p1
∂t

∂p2
2

∂t ≈ 2pe
∂p2
∂t

(14)

Equations (1), (2), and (4) are linearized to:

∂p2
1

∂t
= χ1i

∂2 p2
1

∂x2 (15)

∂p2
2

∂t
= χ2

∂2 p2
2

∂x2 (16)

where the subscripts i = g, w, respectively, represent the gas phase and the water phase.

χ1i =
K1kri1 pG

φ(1−Sw−SH)μi

χ2 =
K2krg2 pe

φ(1−Sw0−SH0)μg

(17)

From the boundary condition relation (10)–(13), self-similar solutions of Equations (15)
and (16) can be obtained according to Makogon’s (1997) method [5]:

p2
1 = p2

G − (p2
G − p2

D)
er f λ1i
er f α1i

(18)

p2
2 = p2

e − (p2
e − p2

D)
er f λ2

er f α2
(19)

where
λ1i =

x
2
√

χ1i t

λ2 = x
2
√

χ2t

(20)

α1i =
√

γ
4χ1i

α2 =
√

γ
4χ2

(21)

l(t) =
√

γt (22)

In the above equation, γ represents the constant of the dissociation front movement,
which needs to be solved iteratively in this paper. The error function and complementary
error function are defined as:

er f (ξ) = 2√
π

∫ ξ
0 e−η2

dη

er f c(ξ) = 1 − er f (ξ)
(23)

Similarly, self-similar solutions to Equations (6) and (7) can be obtained:

T1 = TD + A1iδ
[
er f λ1i − er f α1i + (

η

δ
B1 − 1)(Ψ1(λ1i)− Ψ1(α1i))

]
(24)

T2 = Te − A2δ
[
er f cλ2 + (

η

δ
B2 − 1)Ψ2(λ2)

]
(25)
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where

Ψ1(ξ1) =
2√
π

∫ ξ1
0

ηe−η2

η + C1ie−η2 dη

Ψ2(ξ2) =
2√
π

∫ ∞
ξ2

ηe−η2

η + C2e−η2 dη

(26)
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G
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D
pe

(27)

B1 = φ1cv
c1

B2 = φ2cv
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D−p2
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cv
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1
2
√

πer f α1i

K1kri1
μ1χ1i

C2 =
p2

e−p2
D

pe
cv
c2

1
2
√

πer f cα2

K2krg2
μ2χ2

(29)

2.3. Dissociation Front Motion

At the dissociation front, according to the phase equilibrium of natural gas hydrates,
the relationship between TD and pD can be expressed as:

log10 pD = a(TD − T0) + b(TD − T0)
2 + c (30)

where T0 is the reference temperature, which is 273.15 K in this paper; a, b, and c are
empirical constants related to hydrate composition. Makogon (1997) [5] used the least
squares method to obtain three values of 0.0342/K, 0.0005/K2, and 6.4804 based on the
equilibrium temperature and pressure data of methane hydrate.

The mass balance equation of gas in the dissociation front is obtained by Verigin et al.
(1980) [6]:

ρ1v1 − ρ2v2 = −[SHερH − (1 − Sw)ρ1 + (1 − SH)ρ2]φ
dl
dt

(31)

In the above equation, ρ1 and ρ2 are methane gas densities in the decomposed and
undecomposed zones, respectively; ρH is the hydrate density; ε is the mass fraction of
gas in methane hydrate; and v1 and v2 are methane gas velocities in the decomposed and
undecomposed zones, respectively.

At the dissociation front,

ρ1(l, t) = ρ2(l, t) = ρ0
pDT0

zp0TD
(32)

z is the compression factor of methane gas; ρ0 is the density of methane gas in the
standard state (pressure p0, temperature T0).

Substituting Equation (32) into Equation (31) yields:

v1(l, t)− v2(l, t) = −
[

εSH
ρH
ρ0

p0

pD

TD
T0

z − (SH − Sw)

]
φ

dl
dt

(33)

The mass balance equation of water is:

ρwφ1Sw = (1 − ε)ρHφ2SH (34)

where ρw is the density of water.
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Substituting Equations (18) and (19) into Equation (33) yields an equation with the
determinative constant γ:

K1kri1
p2

D − p2
G√

πχ1i

e−α2
1i

er f α1i
− K2krg2

p2
e − p2

D√
πχ2

e−α2
2

er f α2
= A

√
γ (35)

A =

[
εSH

ρH p0TD
ρ0T0

z − (SH − Sw)pD

]
φμ1 (36)

In addition, at the dissociation front, λ2 = α2, Equation (25) becomes:

TD = Te − A2δ
[
er f cα2 + (

η

δ
B2 − 1)Ψ2(α2)

]
(37)

2.4. Permeability Model of Decomposition Zone

The hydrate dissociation zone is a three-phase flow zone of gas–water–hydrate.
With the dissociation of hydrate, the absolute permeability of the decomposed zone
increases gradually, and the relative permeability of gas and water changes constantly.
Masuda et al. (1999) [20] gave the empirical equation for the change in absolute permeabil-
ity with hydrate saturation:

K = K0(1 − SH)
N (38)

In the above equation, K0 is the absolute reservoir permeability when hydrate satura-
tion equals 0; N is the permeability decline index. The Masuda model has been widely cited
and improved by a large number of scholars, but different hydrate reservoirs have different
N values, which need to be obtained by fitting the seepage experiment data. Minagawa
et al. (2005) used an exponential relationship to fit the permeability data under different
hydrate saturations and obtained a decline index N ranging from 2.5 to 9.8 [21]. Liang et al.
(2011) believe that the value of N is between 2 and 15 [22]. In this paper, the N value is 5.

The gas–water relative permeability is based on the algorithm proposed by Hong and
Pooladi-Darvish [23,24]:

krg = krg0Sg
1/2

(1 − SwH
1/m

)
2m

(39)

krw = krw0Sw
1/2

[
1 − (1 − Sw

1/m
)

m]2
(40)

where
Sg =

1−Sw−SH−Sgr
1−Swr−Sgr

SwH = Sw+SH−Swr
1−Swr−Sgr

Sw = Sw−Swr
1−Swr−Sgr

In the equation, m = 0.45, Swr = 0.3, Sgr = 0.05, krw0 = 0.5, and krg0 = 1.0.

3. Model Solving

In the decomposed zone, given a hydrate saturation SH, the corresponding gas satura-
tion Sg and water saturation Sw can be obtained by combining Equations (9) and (34), and
then the absolute permeability and relative permeability of gas and water under different
hydrate saturations can be calculated. The nonlinear Equations (30), (35) and (37) are
solved iteratively to obtain TD, pD, and γ values under different conditions. Methane gas
production (per unit length) can be obtained by the following equation:

Qg =
K1krg1

μ1

∂p1(0, t)
∂x

=
K1krg1

μ1

p2
D − p2

G
pG

1
er f α1g

1
2
√

πχ1gt
(41)
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The water production per unit length is:

Qw =
K1krw1

μ1

∂p1(0, t)
∂x

=
K1krw1

μ1

p2
D − p2

G
pG

1
er f α1w

1
2
√

πχ1wt
(42)

4. Result Analysis

A one-dimensional dissociation model is established, and the basic parameters of the
reservoir are shown in Table 1. In this section, numerical results of the time evolution of
hydrate reservoir pressure and temperature profiles under different conditions are given.
In addition, changes in methane gas/water production over time and the location of the
dissociation front were evaluated. The sensitivity of natural gas production to different
reservoir parameters was discussed.

Table 1. Parameters of hydrate reservoir.

Reservoir Parameter Value Reservoir Parameter Value

Initial reservoir pressure pe (MPa) 15 Density of hydrate ρH (kg·m−3) 900

Porosity φ 0.4 Methane gas density under standard
conditions ρ0 (kg·m−3) 0.7

Gas compression factor z 0.8 Density of water ρw (kg·m−3) 1000
Volume heat capacity of gas cv (J·kg−1·K−1) 3000 Initial hydrate saturation SH0 0.6

Specific heat capacity of water cw (J·kg−1·K−1) 4200 Initial water saturation Sw0 0.2
Specific heat capacity of gas cg (J·kg−1·K−1) 3000 Initial gas saturation Sg0 0.2

Specific heat capacity of hydrate cH (J·kg−1·K−1) 2200 Mass fraction of gas in hydrate ε 0.129
Specific heat capacity of rock cr (J·kg−1·K−1) 1800 Viscosity of water μw (mPa·s) 1.2

Viscosity of gas μg (mPa·s) 0.02
Throttling coefficient of gas δ (K·Pa−1) 8 × 10−7

Adiabatic coefficient of gas η
(K·Pa−1) 3.2 × 10−7

4.1. Dynamic Analysis of Hydrate Depressurization

Based on the given reservoir temperature Te (15 ◦C, 12 ◦C, 10 ◦C), bottom hole pressure pG
(10 MPa, 8 MPa, 5 MPa), and hydrate saturation SH (0.5, 0.3, 0.2), the Equations (30), (35) and (37)
are solved iteratively. Hydrate dissociation temperature TD, dissociation pressure pD, and
values representing the movement of the hydrate dissociation front were obtained (Table 2).

Table 2. Values of dissociation temperature, dissociation pressure, parameter γ, and the distance l
from the dissociation front to the wellbore for a given reservoir and well condition.

Te (◦C) pG (MPa) SH (MPa) TD (◦C) pD (MPa) γ (m2/s) l (m)

15 10 0.5 14.92 12.62 1.26 × 10−4 18.09
15 8 0.5 14.92 12.62 1.68 × 10−4 20.88
15 5 0.5 14.92 12.62 2.14 × 10−4 23.56
12 10 0.5 11.87 10.94 1.02 × 10−4 16.25
10 10 0.5 9.85 10.44 7.69 × 10−5 14.12
15 10 0.3 14.92 12.65 3.90 × 10−3 100.09
15 10 0.2 14.92 12.65 1.64 × 10−2 206.02

As can be seen from the table, when the bottom hole pressure gradually decreases
from 10 MPa to 8 MPa and 5 MPa, the dissociation temperature and pressure remain un-
changed, which are 14.92 ◦C and 12.62 MPa. Similarly, as the hydrate saturation decreases,
the dissociation temperature and pressure remain almost constant. Reservoir pressure,
however, has a great influence on the dissociation temperature and pressure. With the
decrease in reservoir temperature, the dissociation temperature and pressure of hydrate
decrease sharply. Temperature is particularly affected; for every 1 ◦C decrease in reservoir
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temperature, the dissociation temperature decreases by about 1 ◦C. The above conclusion,
that hydrate dissociation temperature and pressure are sensitive functions of reservoir
temperature, is consistent with the research of Ji et al. (2001) [19].

Table 2 also shows that under the premise of keeping other conditions unchanged,
the lower the bottom hole pressure, the faster the hydrate dissociation front moves, and
the farther the dissociation front spreads to the depth of the reservoir. Additionally, under
the same conditions, the lower reservoir temperature provides less energy for hydrate
dissociation, resulting in slower movement of the dissociation front. In addition, the
decrease in hydrate saturation leads to a sharp increase in the movement velocity of the
dissociation front. When the hydrate saturation gradually decreases from 0.5 to 0.3 and 0.2,
the movement distance of the dissociation front rapidly increases from 14.12 m to 100.09 m
and 206.02 m.

Figure 2 shows the variation curve of the dissociation front with time under different
conditions. It can be seen that the front advances with time, and the advancing speed
gradually slows down. It may be that in the early stage, hydrate dissociation occurs near
the bottom of the well, the dissociation rate is fast, and the corresponding dissociation
front moves faster. As the dissociation continues, the front moves deeper into the reservoir,
the dissociation speed slows down, and the corresponding movement speed of the front
decreases. The variation trend of the dissociation front with bottom hole pressure, reservoir
temperature, and hydrate saturation is consistent with the conclusion in Table 2. With the
decrease in bottom hole pressure and the increase in reservoir temperature, the motion
speed of the dissociation front gradually increases (Figure 2a,b). The dissociation front,
especially the sensitivity function of hydrate saturation, moves rapidly with the decrease
in hydrate saturation (Figure 2c). It should be pointed out that when we discussed the rela-
tionship between the dissociation front and time, we assumed that the hydrate saturation
remained unchanged, which is contrary to the fact, and this is also a limitation of the model
in this paper. Consideration of dissociation dynamics will be added to the model in the
subsequent research.

Figure 3 shows the pressure distribution curves near the well under different reservoir
and well conditions. As shown in the figure, the hydrate reservoir is divided into two
zones by the dissociation front, the decomposed zone and the undecomposed zone, and
the pressure distribution in the two zones is quite different. In the decomposed zone, the
pressure decreases rapidly from the dissociation pressure to the bottom hole pressure,
and the pressure drop funnel is deep. In the undecomposed zone, the pressure slowly
recovers to the original reservoir pressure, and the pressure drop funnel is relatively gentle.
The pressure distribution curves of different reservoirs and well conditions have certain
differences. The pressure drop funnel in the decomposed zone deepens as the bottom
hole pressure decreases, while the pressure distribution curve in the undecomposed zone
almost coincides (Figure 3a). This is due to the gradual increase in the production pressure
differential as the bottom hole pressure decreases, which in turn increases the driving force
of hydrate dissociation. As a result, the rate of hydrate dissociation is accelerated, more fluid
is extracted from the reservoir, and the rate of pressure reduction in the decomposed zone
is accelerated. Reservoir temperature and hydrate saturation have a significant influence on
the pressure distribution of the hydrate reservoir. As the reservoir temperature increases,
the pressure drop funnel in the decomposed zone deepens, while the pressure drop funnel
in the undecomposed zone decreases (Figure 3b). This is because the reservoir temperature
provides an energy supply. The higher the reservoir temperature, the faster the hydrate
dissociation in the decomposed zone, and the deeper the pressure drop funnel formed. In
addition, it can be seen from Table 2 that the dissociation pressure increases with an increase
in reservoir temperature. Therefore, the higher the reservoir temperature, the closer the
dissociation pressure is to the original reservoir pressure, and the shallower the pressure
drop funnel in the undecomposed zone. On the contrary, as hydrate saturation decreases,
less hydrate is available for dissociation, the pressure drop funnel in the decomposed zone
decreases, and the corresponding pressure drop funnel in the undecomposed zone increases
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(Figure 3c). This is because the lower the hydrate saturation in the decomposed zone, the
farther the dissociation front moves (Table 2). At this time, under the same pressure
difference (the difference between the dissociation pressure and the bottom hole pressure),
a wider decomposed zone corresponds to a smaller pressure drop funnel. Correspondingly,
when the hydrate saturation is lower, the disturbance in the undecomposed zone becomes
larger, and the pressure drop funnel increases.

 
(a) 

 
(b) 

Figure 2. Cont.
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(c) 

Figure 2. Variation in the dissociation front with time. (a) Different bottom hole pressures; (b) Differ-
ent reservoir temperatures; (c) Different hydrate saturation.

 
(a) 

 
(b) 

Figure 3. Cont.
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(c) 

Figure 3. Pressure distribution near the well (dotted line represents decomposed zone, solid line repre-
sents undecomposed zone). (a) Different bottom hole pressures; (b) Different reservoir temperatures;
(c) Different hydrate saturation.

Figure 4 shows the temperature distribution curve near the well under different
conditions. As mentioned above, the hydrate reservoir is divided into two zones by the
dissociation front, and the temperature changes in the two zones are quite different. In
the decomposed zone, the lowest temperature appears at the wellbore, which may be due
to the fact that only heat convection is considered in this paper and the heat from deep
formation cannot be transferred to the well circumference in time. From the wellbore
to the dissociation front, the temperature rises rapidly, and the temperature gradient is
greatest at the dissociation front. This is because hydrate dissociation is an endothermic
reaction, and the dissociation front is where the decomposition is most intense and absorbs
a large amount of heat. In the undecomposed zone, the temperature slowly rises from the
dissociation temperature to the original reservoir temperature.

 
(a) 

Figure 4. Cont.
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(b) 

 
(c) 

Figure 4. Temperature distribution curve near the well (dotted line represents decomposed zone,
solid line represents undecomposed zone). (a) Different bottom hole pressures; (b) Different reservoir
temperatures; (c) Different hydrate saturation.

As can be seen from Figure 4a, bottom hole pressure has a great influence on the
temperature change in the decomposed zone. When the bottom hole pressure is 10 MPa,
8 MPa, and 5 MPa, the temperature gradient in the decomposition zone is about 0.087 ◦C/m,
0.169 ◦C/m, and 0.378 ◦C/m, respectively, showing a gradually increasing trend. As
noted before, the lower bottom hole pressure causes more hydrates to reach equilibrium
conditions and begin to decompose, thus absorbing more heat, resulting in a faster cooling
of the decomposed zone. Similarly, the variation in reservoir temperature will also affect the
temperature distribution in the decomposed zone. When the reservoir temperature is 15 ◦C,
12 ◦C, and 10 ◦C, respectively, the temperature gradient in the decomposition region shows
a decreasing trend (Figure 4b). This may be due to the fact that when the initial reservoir
temperature is low, hydrate dissociation absorbs a large amount of heat, resulting in a
substantial decrease in local reservoir temperature, causing hydrate self-protection effects,
secondary formation, and other problems, thus slowing down hydrate dissociation [13].
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The change in hydrate saturation also affects the temperature distribution around the well.
As hydrate saturation gradually decreases, less hydrate is available for dissociation, and
the heat consumed gradually decreases, thus reducing the temperature gradient in the
decomposed zone (Figure 4c).

For the undecomposed zone, the temperature distribution varies under different
bottom hole pressures (Figure 4a). It can be seen from Table 2 that the change in bottom
hole pressure has no effect on the dissociation temperature. Whereas, the lower the bottom
hole pressure, the farther the dissociation front moves. This indicates that the lower the
bottom hole pressure, the more dissociation heat is required from the reservoir and thus, the
lower the temperature in the undecomposed zone. Under different reservoir temperatures,
the temperature distribution curves in the undecomposed zone are almost parallel, with
differences only in numerical values. All curves converge from dissociation temperature
to reservoir temperature (Figure 4b). The effect of hydrate saturation on the temperature
distribution in the undecomposed zone is similar to that of bottom hole pressure. The
dissociation temperature does not change with hydrate saturation. The lower the hydrate
saturation, the farther the dissociation front moves (Table 2). This indicates that when
hydrate saturation is low, the undecomposed zone is disturbed more (more heat needs to
be provided for hydrate dissociation), thus the temperature drop gradient is larger.

4.2. Analysis of Factors Affecting Production Capacity of NGH Depressurization

In this paper, the simulated natural gas production was verified by the data reported
in the literature. Ye et al. reported that in the Shenhu area of the South China Sea, the
natural gas production was about 2.87 × 104 m3/day. The thickness of the gas-bearing zone
in this area was about 89 m, and the length of the horizontal well was about 300 m [25]. As
our research shows, the predicted gas production is of the order of 10−5 m3/s per 1 m2 of
well. This is about 2.31 × 104 m3/day, based on reservoir and well data in the Shenhu area.
Considering the difference in reservoir permeability and mining conditions, the simulated
gas production is within an acceptable range.

4.2.1. Influence of Bottom Hole Pressure on Productivity

The variation in methane gas production (unit length) with time under different bottom
hole pressures is shown in Figure 5a. As expected, gas production decreases with the square
root of time. Methane gas production is a sensitive function of bottom hole pressure. As
bottom hole pressure decreases, the pressure gradient near the well increases (Figure 3a).
Accordingly, the driving force of hydrate dissociation increases, and the movement speed
of the hydrate dissociation front accelerates (Figure 2a). Therefore, the higher the peak gas
production of production wells. Although lowering the bottom hole pressure can improve
the gas production rate, too low a bottom hole pressure drop will lead to a large and rapid
decomposition of hydrate, and the temperature near the wellbore will drop significantly
(Figure 4a), resulting in problems such as the self-protection effect and secondary formation
of hydrate, which hinder further decomposition of hydrate. Therefore, it is necessary to
calculate and select the optimal bottom hole pressure in actual depression-mining so that
gas production can meet industrial demand without causing the self-protection effect and
secondary formation of hydrate due to excessive gas production [13]. Figure 5b shows
the variation in the water production (unit length) with time under different bottom hole
pressures. The trend of the water production curve is the same as that of gas, but it is
4 orders of magnitude less numerically. There may be two reasons for the low water yield.
One is that there is a big difference in the viscosity between the two phases of gas and
water, and the gas seepage is much higher than that of water. The other is that most of the
hydrate decomposing water is trapped in the formation.
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(a) 

 
(b) 

Figure 5. Variation curves of gas (a) and water (b) production with bottom hole pressure.

4.2.2. Influence of Reservoir Temperature on Productivity

Figure 6 shows the relationship between gas and water production (unit length) over
time at different reservoir temperatures. As shown in the figure, both gas and water
production decrease with the square root of time, and both are sensitive functions of
reservoir temperature. The higher the reservoir temperature, the more gas and water
production gradually increases. In the one-dimensional model presented here, the heat
required for hydrate dissociation must be supplied by the hydrate reservoir. A higher initial
temperature means that more heat is available for hydrate dissociation. Consequently,
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more hydrates begin to decompose, and thus more decomposition products are produced.
Therefore, reservoir temperature becomes an important control parameter. It should be
emphasized that for real gas hydrate reservoirs, heat can also be transferred from the side,
which will significantly affect the production process of natural gas.

 
(a) 

 
(b) 

Figure 6. Variation curves of gas (a) and water (b) production with reservoir temperature.

4.2.3. Influence of Hydrate Saturation on Productivity

Figure 7a shows the variation curve of gas production (unit length) when hydrate sat-
uration values are 0.5, 0.3, and 0.2. As can be seen from the figure, gas production increases
with a decrease in hydrate saturation. This is because when the hydrate saturation is small,
the absolute permeability of the reservoir is relatively large, and thus the corresponding gas
production is large. Unlike gas production, water production does not always increase with
a decrease in hydrate saturation. As can be seen from Figure 7b, as the hydrate saturation
decreases, the water production increases first and then decreases. It should be pointed
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out that when the hydrate saturation is relatively high (SH = 0.5), the water production is
almost zero. As mentioned above, when the hydrate saturation reaches a certain value,
such as 0.5, the absolute permeability of the reservoir is limited. Additionally, the seepage
velocity of gas is much higher than that of water. Thus, in the limited permeability, gas
preferentially produces, and most of the water remains in the reservoir, resulting in almost
zero water production. With the decrease in hydrate saturation (SH = 0.3), the absolute
permeability of the reservoir increases, resulting in an increase in water production. When
the hydrate saturation decreases further (SH = 0.2), although the absolute permeability
of the reservoir is relatively large, the water production, however, is reduced due to the
relatively small amount of final decomposed water.

 
(a) 

 
(b) 

Figure 7. Variation curves of gas (a) and water (b) production with hydrate saturation.

In the exploitation of natural gas hydrates, methane gas production has always been
the focus of attention. According to the above results, methane gas production is a sensitive
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function of bottom hole pressure, reservoir temperature, and hydrate saturation. By
lowering the bottom hole pressure and increasing the reservoir temperature, the pressure
and temperature gradient in the decomposed zone will increase. Both of these increases will
improve the driving force of hydrate dissociation and push the dissociation front to move
farther, thus promoting the development of methane gas. Nevertheless, with the increase
in hydrate saturation in a certain range, the gas production of methane decreases, although
the pressure and temperature gradient in the decomposed zone increase. This may be due
to the fact that methane gas production is also affected by the absolute permeability of
the reservoir. The increase in hydrate saturation will increase the driving force of hydrate
dissociation, but it will also lead to a decrease in the absolute permeability of the reservoir,
and the latter has a more obvious inhibitory effect on methane gas extraction. As a result,
methane gas production is reduced.

5. Conclusions

In this paper, a one-dimensional numerical model of gas hydrate depressurization
was established, in which convective heat transfer and gas–water two-phase seepage were
taken into account. The movement law of the hydrate dissociation front and the evolu-
tion process of temperature and pressure near the well were analyzed, and the influence
mechanisms of bottom hole pressure, reservoir temperature, and hydrate saturation on
hydrate productivity were also discussed. According to the results obtained by the model,
the following understandings were obtained:

(1) The dissociation front moves to the depth with time, and the moving speed slows
down gradually. The dissociation front movement speed increases slowly with the decrease
in bottom hole pressure and reservoir temperature, yet increases sharply with the decrease
in hydrate saturation.

(2) The hydrate reservoir is divided into two zones by the dissociation front: the
decomposed zone and the undecomposed zone. In the decomposed zone, the pressure
decreases rapidly from the dissociation pressure to the bottom hole pressure, and the
pressure drop funnel is deeper. In the undecomposed zone, the pressure slowly recovers
from the dissociation pressure to the original reservoir pressure, and the pressure drop
funnel is relatively gentle. Lower bottom hole pressure, higher reservoir temperature, and
higher hydrate saturation all lead to an increased pressure gradient in the decomposed zone.

(3) Bottom hole pressure, reservoir temperature, and hydrate saturation all affect
the temperature distribution in the decomposed zone. The temperature gradient in the
decomposed zone is proportional to the reservoir temperature and hydrate saturation and
inversely proportional to the bottom hole pressure.

(4) Gas and water production both increase with the decrease in bottom hole pressure,
yet the latter is 4 orders of magnitude less than the former in numerical value, which may
be due to the large difference in the viscosity of gas–water two phases, and the gas seepage
speed is much larger than that of water.

(5) Both gas and water production are sensitive functions of reservoir temperature. A
higher initial reservoir temperature can provide more heat for hydrate dissociation, and
the corresponding decomposition products are higher.

(6) The gas production increases with the decrease in hydrate saturation, while the
water production increases first and then decreases with the decrease in hydrate saturation.
This indicates that when the hydrate saturation is low, although the absolute permeability
of the reservoir is relatively large, the water production is still low even if the hydrate is
completely decomposed due to the small hydrate content.

Based on the previous model, this paper has made some progress in considering the
gas–water two-phase seepage in the decomposed zone, whereas the model itself still has
some shortcomings. For instance, the model in this paper is a simple one-dimensional
model, and only heat convection is considered in the thermal model. Additionally, the
hydrate saturation in the decomposed zone is regarded as a fixed value when calculating
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the permeability, and its variation with time is not considered. These model defects need to
be further improved in future studies.
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Abstract: With the continuous growth of global energy demand and the gradual deple-
tion of traditional fossil energy reserves, natural gas hydrates have attracted widespread
attention as a potential clean energy source due to their vast reserves and wide distribution.
Although various extraction methods, including depressurization, thermal stimulation,
chemical inhibitors, and displacement methods, have been proposed, there are still chal-
lenges, such as low extraction efficiency, poor sustainability, and high costs, making it
difficult to achieve large-scale engineering applications. Among these, the use of gases
such as CO2 for displacement extraction of natural gas hydrates can both develop hydrate
resources and sequester CO2, achieving a win–win situation for resource development
and greenhouse gas reduction. This paper provides a detailed review of the multi-gas
displacement extraction technology for natural gas hydrates, systematically summarizes
the latest progress in thermodynamic and kinetic studies, analyzes the technical advan-
tages and feasibility of combining displacement methods with traditional techniques, and
explores the effects of multi-gas mixtures, such as N2, CO2, and H2, and their ratios on
hydrate extraction efficiency. Finally, this paper summarizes the technical challenges faced
by displacement extraction methods for hydrates and offers future research directions to
promote the development of multi-gas displacement technology for natural gas hydrates.

Keywords: natural gas hydrate; displacement method; thermodynamic properties; kinetic
properties; multicomponent gas

1. Introduction

1.1. Natural Gas Hydrate

Natural gas hydrate is a solid, ice-like substance formed by natural gas molecules and
water molecules under low-temperature and high-pressure conditions. For every 1 cubic
meter of solid hydrate that decomposes, approximately 163 cubic meters of natural gas
are released. The total carbon stored in global hydrate resources is roughly twice the total
carbon stored in all other conventional fossil fuels, including oil, coal, and conventional
natural gas [1,2]. This compound is considered a clean energy source, as it produces lower
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carbon dioxide emissions during combustion compared to traditional fossil fuels, helping to
reduce environmental pollution and mitigate global climate change issues [1]. Predictions
suggest that there are vast natural gas hydrate resources on Earth, with reserves exceeding
15 × 1012 tons. If 17% to 20% of this resource could be exploited, it would be sufficient to
provide ample energy supply for the next 200 years. Natural gas hydrate deposits are mainly
distributed in two regions: one is the high-latitude land covered by permafrost, such as
Siberia, Alaska, and the Canadian Archipelago; the other is the deep-sea sedimentary layers,
particularly in the continental shelf and slope areas, especially in water depths ranging
from 300 to 3000 m, such as the South China Sea depression in the western Pacific, the
Blake Plateau in the western Atlantic, and the Arabian Sea Trench in the Indian Ocean.
After nearly thirty years of global joint exploration, utilizing technologies such as seismic
wave detection, seabed sampling, and deep-sea drilling, more than 230 natural gas hydrate
deposits with industrial extraction potential have been identified worldwide. Figure 1
shows the geographical distribution, abundance levels, and the forms in which natural gas
hydrates exist on land and in the ocean. In the figure, yellow circles (BSR) represent regions
where natural gas hydrates have been discovered through the Bottom Simulating Reflector
(BSR) method. BSR is an important seismic exploration marker for identifying natural gas
hydrates. Red circles (by core) indicate areas where the presence of natural gas hydrates
has been confirmed through core sampling. Core sampling is a direct method of obtaining
underground material samples, which can definitively prove the existence of natural gas
hydrates. Red squares (production) represent areas where natural gas hydrate extraction has
already taken place. The figure marks several typical locations, such as Mallik in Canada,
Messoyakha in Russia, and Nankai in Japan. From the map, it is evident that natural gas
hydrate deposits are widely distributed across the globe. In the ocean, they are mainly
concentrated along the continental margins, while on land, they are primarily found in high-
latitude polar regions, such as those near the Arctic, demonstrating the immense market
potential and sustainable development advantages of natural gas hydrates [3]. Natural
gas hydrate can be used in various fields, such as civilian and industrial fuels, chemicals,
and power generation, offering broad application prospects. It forms a complete industrial
chain, from upstream exploration and development to midstream transportation and storage
and downstream comprehensive utilization. Research into its extraction technology can
not only accelerate energy technological innovation and industrialization but also provide
significant support for global energy structure optimization, environmental protection, and
climate change mitigation. With ongoing technological advancements, natural gas hydrate
is expected to become an important component of the global energy system, playing a key
role in the future energy transition [4].

Figure 1. Distribution of discovered gas hydrate deposits. BSR stands for the deposit located by
seismic refraction. By core refers to the areas where the presence of natural gas hydrates has been
confirmed through core sampling. Production indicates the areas where natural gas hydrate extraction
has already taken place [5].
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1.2. Natural Gas Hydrate Extraction
1.2.1. Traditional Natural Gas Hydrate Extraction Methods

The extraction methods for natural gas hydrates are still in the research and testing
stages. Despite facing numerous challenges, several technological solutions have been
proposed. Most existing extraction methods are based on adjusting the pressure and
temperature of the hydrates, shifting them from the stable hydrate zone to the dissociation
zone, thereby enabling dissociation [6]. There are three main traditional methods for
extracting natural gas hydrates: depressurization, thermal stimulation, and chemical
inhibitor injection. The advantages and disadvantages of these three methods are shown in
Table 1 [7–9].

Table 1. Advantages and disadvantages of different extraction methods.

Method Advantages Disadvantages

Depressurization Method
Technologically mature; simple to operate;
no chemical additives; no negative impact

on the environment

Requires prolonged depressurization, leading
to increased extraction costs; relatively low
extraction rate; rapid pressure changes may

cause well leakage or collapse

Thermal Stimulation
Method

Increase the decomposition rate of
hydrates; applicable to low-temperature

areas

High energy consumption; damages wellbore
and reservoir; using thermal fluids may require

treatment of the injected water; otherwise, it
could introduce environmental contaminants

Chemical Inhibitor Injection
Method

Low energy demand;
adaptable to various reservoir conditions

High chemical costs;
requires precise control of injection volume

The depressurization method used in the extraction of natural gas hydrates is a widely
used technique. Its basic principle is to lower the pressure in the hydrate reservoir to
disrupt the phase equilibrium of the hydrates, causing the dissociation of the hydrates
into gas (such as CH4) and water, thereby enabling the extraction of natural gas [10,11].
Currently, two main approaches are used to achieve depressurization: (1) the use of low-
density drilling mud technology, which aims to achieve a depressurization effect; (2) the
use of pump pressure technology to extract free gas and other fluids from beneath the
natural gas hydrate reservoir to achieve the depressurization goal [12].

The thermal stimulation method is a technique that promotes natural gas release by
heating the hydrate reservoir [13]. Its basic principle is to provide heat to the natural
gas hydrate reservoir, increasing the temperature, thereby causing the dissociation of the
hydrates into gas and water and releasing natural gas [14]. The implementation methods
include thermal fluid injection, electric heating, and geothermal heating, among others [15].
Table 2 lists the advantages and disadvantages of different thermal extraction methods.

Table 2. Merit and demerit of different thermal recovery methods.

Method Advantages Disadvantages

Thermal fluid injection method Increase recovery rate; widely applicable;
high heat transfer efficiency

High energy consumption; significant heat loss;
complex equipment maintenance

Electric heating method High energy efficiency; precise control;
minimal equipment requirements

High equipment cost; high power consumption;
poor adaptability

Geothermal heating method Low energy consumption; minimal heat
loss; wide applicability

Slow heating effect; limited improvement in yield;
less effective than high-temperature heating

The chemical inhibitor injection method prevents the formation of hydrates or pro-
motes their dissociation by injecting chemical inhibitors, thereby improving natural gas
recovery efficiency [16]. This method is particularly suitable for deep-sea or polar natural
gas hydrate reservoirs, as hydrates in these regions are typically stable due to temperature
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and pressure conditions and are not easily dissociated naturally. Chemical inhibitors can
effectively control the formation and dissociation of hydrates. Common chemical inhibitors,
as shown in Table 3, include thermodynamic hydrate inhibitors, kinetic hydrate inhibitors,
anti-agglomerants, and dual-function hydrate inhibitors [17].

Table 3. Advantages and disadvantages of different chemical inhibitors.

Inhibitor Type Advantages Disadvantages

Thermodynamic
Hydrate Inhibitors

Alcohols and
electrolytes

Effectively reduce the formation
temperature of hydrates, thereby

preventing their formation

It usually requires a high dosage,
leading to increased costs and

environmental impact

Kinetic Hydrate
Inhibitors Polymeric compound

Effectively inhibit hydrate formation
at a lower dosage, suitable for

long-term flow assurance

In some cases, it may not be stable
enough, and its effectiveness varies

with different gas compositions

Anti-agglomerants
Compounds with
various chemical

structures

Prevent the agglomeration of hydrate
particles, thereby reducing the risk of

blockage

It needs to be used in combination
with other inhibitors to enhance

effectiveness

Dual-function Hydrate
Inhibitors

Amino acids, ionic
liquids, and

nanoparticles

Combining the advantages of
thermodynamic and kinetic
inhibition provides a more

comprehensive inhibitory effect

Relatively novel, and it requires
further research to determine its

long-term effects and
cost-effectiveness

In the extraction process of natural gas hydrate, a combination of various traditional
methods is often employed to enhance extraction efficiency. For example, the combination
of depressurization and thermal stimulation. By reducing pressure, the stability of the
hydrate is lowered, and the heating process accelerates the decomposition of the hydrate,
thereby promoting the release of natural gas and shortening the extraction cycle. The
advantage of this method lies in its ability to accelerate gas release and increase extraction
rates. However, the thermal stimulation process requires a large amount of energy and may
cause temperature fluctuations, which can affect the stability and continuity of extraction.
Additionally, prolonged depressurization may lead to instability in the hydrate reservoir,
affecting the gas recovery rate [12].

Furthermore, the combination of depressurization and chemical inhibitors can also
significantly improve extraction efficiency. Chemical inhibitors can suppress the re-
crystallization of the hydrate during depressurization, reducing instability and accelerating
hydrate decomposition at lower temperatures, thereby maintaining high gas output [10,11].
However, chemical inhibitors are expensive, and their potential environmental impact
needs to be evaluated and monitored, as long-term use may pose environmental risks.

Moreover, combining thermal stimulation with chemical inhibitors can prevent the
re-crystallization of the hydrate at lower temperatures during the heating process, thus
maintaining extraction efficiency. Heating helps accelerate the decomposition of the hydrate,
while inhibitors further stabilize the decomposition process [16]. However, this method
requires a large amount of energy input, and the use of chemical inhibitors is costly.
Additionally, the ratio of heat energy to inhibitor use must be carefully controlled, as
excessive use may lead to environmental issues. Therefore, while coupling methods
can improve extraction efficiency, their implementation must carefully consider energy
consumption, costs, and environmental impact.

1.2.2. CO2 and CH4 Displacement Method

Traditional methods promote the natural decomposition of hydrate into natural gas
by breaking the phase equilibrium of hydrates in their initial state. However, when
exploring the feasibility and economic viability of various extraction technologies, the
stabilizing support role of natural gas hydrates in the surrounding formation cannot be
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overlooked. While traditional extraction methods promote hydrate decomposition, they
may also weaken the formation’s stability, potentially triggering geological disasters such as
earthquakes and underwater landslides, which highlights the limitations of these extraction
methods [18]. On the other hand, with the rapid development of human society and
the surge in greenhouse gas emissions, this has become a major environmental issue
that urgently needs to be addressed. In this context, CO2 sequestration technology, as
an effective means to promote CH4 extraction, reduce CO2 emissions, and alleviate the
greenhouse effect, has become increasingly important. Therefore, in the exploration of
natural gas hydrate extraction methods, it is also essential to actively consider how to
integrate CO2 sequestration technology to achieve a win–win situation for both energy
development and environmental protection [19]. Figure 2 shows the development history
of the displacement method research.

The principle of the displacement extraction method is to inject CO2 into the submarine
hydrate-bearing zone, replacing CH4 in the hydrate with CO2, thereby enabling the safe
and efficient extraction of CH4 hydrate while also achieving the long-term stable geological
sequestration of CO2 [20]. In addition, during the hydrate displacement extraction process,
the generated CO2 hydrate helps maintain the geological stability of the hydrate reservoir,
effectively preventing formation collapse and instability caused by the phase transition
and decomposition of CH4 hydrate. In this process, CO2 and CH4 in the hydrate undergo a
substitution reaction through physical and chemical processes, with CO2 being fixed in the
form of a hydrate, while the original CH4 is released as gas [21]. The displacement method
has strong technical adaptability and is capable of operating effectively under different
temperature and pressure conditions, especially in low-temperature, high-pressure reser-
voirs. It offers good technical and economic feasibility and broad applicability, contributing
to global emission reduction goals and the sustainable utilization of energy.

Figure 2. The development history of the research on replacement method [22–29].
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2. Structure and Properties of Hydrates

2.1. Crystal Structure of Hydrates

Hydrates have a crystal structure similar to that of molecular sieves, where water
molecules are connected by hydrogen bonds to form a regular lattice structure. These lattice
units create a cage-like structure that can encapsulate and store gas molecules. Depending
on the size and quantity of the gas molecules and their interaction with water molecules,
the structure of hydrates is generally classified into three types: Type I, Type II, and Type H.
Due to its simplicity and stability, the most commonly found hydrate in nature is Type I,
composed of smaller gas molecules such as CH4 (which makes up more than 90%). These
are commonly referred to as methane hydrates [30,31].

The cage structure of hydrates is not always completely filled, and there are certain
vacancies within the cages. These vacancies allow gas molecules to enter the cages and be
“encapsulated.” The stability of the hydrate and its gas storage capacity typically depend
on the size, shape, and degree of matching between the vacancies in the cages and the gas
molecules. During the formation of hydrates, gas molecules enter these vacancies and are
surrounded by water molecules, forming a stable solid structure under specific temperature
and pressure conditions [21,32]. For example, in Type I hydrates, the smaller 56-cage mainly
accommodates one gas molecule, while the larger 512-cage can hold multiple small gas
molecules. The presence of vacancies and the entry of gas molecules allow hydrates to
store a large amount of gas, which is a key feature of hydrates as a medium for gas storage.

During the formation of hydrates, gas molecules are surrounded by water molecules
and embedded into vacancies within the cages. Once the gas molecules enter the cages, they
interact with the water molecules primarily through van der Waals forces and hydrogen
bonding. Due to the small size and chemical inertness of the gas molecules, they can be
stably surrounded by water molecules, forming a stable “cage-like” structure [32]. The size,
type, temperature, and pressure of the gas molecules collectively determine the formation,
stability, and storage capacity of hydrates. Suitable gas size and shape, low temperature,
and high-pressure conditions, as well as the appropriate type and concentration of gas,
facilitate the stable formation and efficient storage of hydrates. With changes in temperature
and pressure, hydrates can undergo thawing or gas release, leading to the decomposition
of the hydrate and the release of gas [33].

In the process of replacing methane with carbon dioxide for the extraction of natural
gas hydrates, the maximum theoretical displacement efficiency is 75%. This phenomenon
is primarily related to the crystalline structure of the hydrate and the interactions between
gas molecules. Natural gas hydrates typically have a cage-like crystalline structure, which
is mainly classified into two types: Structure I (S-I) and Structure II (S-II). In these hydrate
structures, carbon dioxide molecules usually replace methane molecules. However, since
carbon dioxide molecules are larger than methane molecules, carbon dioxide cannot com-
pletely replace all the methane molecules, resulting in a maximum displacement efficiency
of about 75%.

In Structure I hydrates, methane molecules occupy the small cages, while carbon
dioxide molecules preferentially fill the larger large cages. In Structure II hydrates, carbon
dioxide molecules also preferentially occupy the larger cages, similar to the large cages in
Structure I. These structural differences and the size disparity between carbon dioxide and
methane molecules limit the complete replacement of methane by carbon dioxide [30,31,33].

2.2. Thermodynamic Study

Thermodynamic studies mainly focus on the formation phases of hydrates, stability
regions, and the changes in free energy during the replacement process. Through thermo-
dynamic analysis, the stability of CO2 and CH4 in hydrates and their replacement behavior
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under different temperature and pressure conditions can be predicted [34]. Additionally,
research on phase equilibrium helps to determine stable operating conditions, control the
thermodynamic driving forces of replacement reactions, study the dynamic processes of
gas diffusion and exchange, ensure thermodynamic and kinetic stability during extraction,
and provide a scientific basis for the long-term sequestration of CO2 and environmental
safety [26].

2.2.1. Thermodynamic Characteristics of Replacement Reactions

According to the basic principles of chemical thermodynamics, spontaneous reactions
always proceed in the direction of decreasing Gibbs free energy. Yezdimer et al. [23] demon-
strated through molecular dynamics simulations that the Gibbs free energy of CO2 hydrate
is lower than that of CH4 hydrate. Additionally, the Gibbs free energy of the replacement
reaction is negative, indicating that the reaction can proceed spontaneously [24]. From
the perspective of phase change heat, the heat released during the decomposition of CO2

hydrate (57.98 kJ/mol) is greater than the heat absorbed during the decomposition of
CH4 hydrate (54.94 kJ/mol). Therefore, the heat required for the decomposition of CH4

hydrate can be provided by the heat released during the formation of CO2 hydrate, and the
replacement reaction does not require additional heat input from external sources [35,36].

Akihiro [37], in his study of the phase equilibrium temperature and pressure of CH4

and CO2 hydrates below the freezing point, found that they follow the same pattern.
During the replacement process, a mixed gas of CO2 and CH4 is generated. Goel [38],
through experimental research on the formation process of CH4 and CO2 hydrates, plotted
phase equilibrium curves for mixtures of CO2 and CH4 at different ratios. He found that
as the CO2 content increased, the phase equilibrium pressure of the mixed gas decreased
while the phase equilibrium temperature increased. CO2 hydrate remains stable within
the temperature range of 260–270 K and the pressure range of 0.6–1.7 MPa, while CH4

hydrate is not easily formed. Circone et al. [39] further demonstrated through experiments
that, within a specific temperature and pressure range (0.1 MPa, 168–218 K), CH4 hydrate
can decompose while CO2 hydrate remains stable. Xie et al. [40], by fitting experimental
data using 10 thermodynamic models, showed that from the perspective of adsorption
thermodynamics, the adsorption amount of CO2 is larger than that of CH4 under the
same conditions, with an adsorption strength range of 16.71–35.65 kJ/mol, which is higher
than CH4’s range of 12.48–28.90 kJ/mol. This indicates that shale adsorbs CO2 more
strongly. Gas adsorption is a spontaneous and enthalpy-driven process, with a negative
ΔG indicating spontaneous adsorption. Furthermore, the absolute value of ΔG for CO2 is
smaller than that for CH4, meaning the CO2 adsorption process is more likely to occur.

2.2.2. Stability of Hydrates and Gas Distribution Behavior

The stability and formation process of hydrates is closely related to the occupancy
state of gas molecules within the hydrate crystal structure. Methane hydrate is typically
stable at lower temperatures and higher pressures, while carbon dioxide hydrate has a
relatively wider range of stable temperatures and pressures, and its formation conditions are
more easily achieved compared to methane hydrate [26]. Additionally, the decomposition
process of hydrates plays a significant role in gas replacement behavior and energy release.
Therefore, a thorough study of the phase diagram and stability of hydrates is crucial for the
development of these applications [41].

Ohgaki et al. [22] proposed a method for extracting natural gas hydrates using CO2

substitution. This method involves introducing CO2 gas into the gas–liquid hydrate three-
phase system of CH4, forming a gas–liquid hydrate equilibrium system containing both
CO2 and CH4. Figure 3 shows the thermodynamic equilibrium curves for pure CH4 and

197



Energies 2025, 18, 975

pure CO2 hydrates, as well as the gas–liquid phase equilibrium curve for CO2. The thermo-
dynamic trends for the two natural gas hydrates can be summarized as follows: under the
presence of gaseous CO2, the formation conditions for pure CO2 hydrate are milder than
those for pure CH4 hydrate. When gaseous CO2 is injected into the methane hydrate layer,
the unstable methane hydrate dissociates, releasing methane gas and liquid water. Subse-
quently, the melted water reacts with the injected CO2 and spontaneously forms a more
stable CO2 hydrate as the product of the entire gas exchange reaction [42]. In the figure,
areas A and B are located above the H2O-hydrate-CO2 equilibrium curve and below the
H2O-hydrate-CH4 equilibrium curve, respectively. Thermodynamic analysis indicates that
these regions suggest that, under specific temperature and pressure conditions, gaseous
methane (CH4) and CO2 hydrate can coexist. Therefore, when CO2 is injected into the
CH4 hydrate layer, CO2 can be stored as a hydrate. This phenomenon reveals that CO2

hydrate (CO2·nH2O) is more stable than methane hydrate (CH4·nH2O) [43]. Under the
same environmental conditions, CO2 can form and stabilize hydrates at lower temperatures
and higher pressures, while CH4 hydrate requires higher temperatures or lower pressures
to remain stable.

Figure 3. Phase diagram of CO2 replacement hydrate. A–D represent the different regions enclosed by
the thermodynamic equilibrium curves of pure CH4 and pure CO2 hydrates, as well as the gas-liquid
phase equilibrium curve of CO2 [42].

The process of CO2 replacing methane occurs above the methane hydrate phase equi-
librium line to ensure that CO2 can effectively replace methane. The reaction must take
place under conditions where methane hydrate remains stable. Only above the methane
hydrate phase equilibrium line does methane hydrate maintain a stable solid structure,
providing a basis for CO2 molecules to substitute into the lattice. Below the phase equi-
librium line, methane hydrate will spontaneously decompose, and there will be no stable
methane hydrate structure available for CO2 to carry out the replacement reaction. At the
pressure–temperature conditions above the phase equilibrium line, the process of CO2 and
water molecules forming a hydrate is thermodynamically more favorable. Higher pressure
and appropriate temperature conditions help CO2 molecules overcome energy barriers to
enter the hydrate lattice and replace methane molecules. This thermodynamic advantage
drives the replacement reaction towards the formation of CO2 hydrate and the release
of methane [42]. In the process of CO2 replacing methane, if the pressure–temperature
conditions fluctuate near the methane hydrate phase equilibrium line, methane hydrate
may re-form, encapsulating unreacted CO2 or blocking pore channels, thus reducing the
replacement efficiency. To minimize this risk, stable conditions above the phase equilib-
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rium line should be maintained to ensure the continuous progress of the replacement
reaction [41]. Additionally, if the CO2 concentration is too high or poorly controlled, exces-
sive formation of CO2 hydrate at the sediment surface may occur, creating a dense shell
that hinders CO2 diffusion and methane release, thereby reducing replacement efficiency.
By properly controlling the CO2 injection rate and reaction conditions, this issue can be
avoided, maintaining a high replacement efficiency. Therefore, controlling the replacement
process above the methane hydrate phase equilibrium line ensures the stable existence of
methane hydrate while reducing the risks of reformation of methane hydrate and excessive
formation of CO2 hydrate.

This conclusion indicates that CO2 hydrate has a clear thermodynamic advantage,
as it not only forms more easily under natural sediment conditions but also has greater
potential to replace methane hydrate [44]. The figure also presents the equilibrium data
between the liquid and gas phases of CO2, which is crucial for understanding the behavior
of CO2 in hydrates. These data can help researchers better predict the conversion efficiency
of CO2 during the replacement process of natural gas hydrates, thereby optimizing the
overall process of CO2 sequestration and natural gas extraction.

At the same time, during the exchange process, because of their smaller size and
stronger polarity, CO2 molecules can more easily be embedded into the hydrate cages, espe-
cially in Structure I hydrates, where CO2 can effectively replace CH4 molecules. However,
the competitive entry of CO2 and CH4 for entry may result in changes to the stability of the
hydrates. This leads to the hindrance of the displacement process, with the main limiting
factors including thermodynamics, competitive adsorption, kinetics, and hydrate stabil-
ity. CO2 replacement of methane requires specific temperature and pressure conditions,
and unfavorable temperature and pressure may result in low replacement efficiency. At
the same time, the competitive adsorption of CO2 and methane in the hydrate structure
may affect the replacement effect, especially when methane has already been adsorbed.
Kinetically, the diffusion rate of CO2 is relatively slow, and the size and structure of the
hydrate pores also influence the rate of the displacement reaction. Furthermore, excessive
CO2 displacement may alter the stability of the hydrate, causing hydrate decomposition or
instability. Finally, the entire displacement process often requires a long time, especially
under low temperatures and high pressure, which limits large-scale applications. Therefore,
the distribution and phase behavior of gas molecules in hydrates are not only central to the
formation, stability, and dissociation processes of hydrates but are also key factors in the
study of hydrate utilization and its environmental impacts [45].

2.3. Kinetic Studies

Kinetic studies primarily focus on several key factors in the gas displacement process,
including reaction rates, diffusion mechanisms, and dynamic changes at the interface.
Although thermodynamically favorable conditions for gas displacement may exist, the
actual rate and efficiency of the displacement process are still constrained by various kinetic
factors. Therefore, even when thermodynamic conditions are met, the actual occurrence
of the gas displacement process is still limited by these kinetic factors, requiring further
experimental studies and modeling for optimization [46].

2.3.1. Gas Diffusion and Exchange Rate

The diffusion process of gas within the hydrate is crucial to the gas displacement
rate. In natural gas hydrates, gas molecules diffuse into the hydrate’s cage structure,
displacing the original gas molecules inside the hydrate [44]. This process involves several
key steps, including the entry of gas molecules from the external environment into the
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hydrate interface, penetration through the solid structure of the hydrate, and exchange
with the existing gas molecules.

The diffusion rate of CO2 is typically higher than that of CH4, which may be due to
the larger size of CO2 molecules, resulting in a more complex spatial occupation within
the hydrate’s cage structure. The structure of the hydrate is typically formed by water
molecules arranged in a cage-like pattern, creating pore structures to trap gas molecules [18].
Due to the larger molecular volume of CO2, CO2 molecules may be more likely to aggregate
and interact with each other within the hydrate’s cage compared to methane molecules,
thereby affecting its diffusion behavior [23].

In the gas displacement process, gas exchange primarily occurs at the gas–hydrate
interface. This process refers to the interaction between gas molecules and water molecules
within the hydrate, causing the gas molecules to enter the hydrate structure and potentially
displace the original gas molecules [47]. During this process, a larger gas–hydrate interface
area helps accelerate gas exchange. If the hydrate particles are smaller in size, the surface
area per unit volume increases, leading to more contact between gas molecules and the
hydrate, which in turn enhances the exchange rate. Additionally, if the hydrate structure is
more loosely packed or has larger pore sizes, the diffusion rate of gas molecules within the
hydrate is faster, improving the efficiency of gas exchange. Conversely, if the hydrate struc-
ture is more compact, the diffusion rate of gas molecules is restricted, and the displacement
process may slow down [44].

2.3.2. Reaction Mechanisms in the Displacement Process

The process of CO2 displacing methane hydrate is a complex and dynamic multi-step
reaction that involves competition, diffusion, and the reorganization of the hydrate structure
between gas molecules. In this process, CO2 molecules compete with methane molecules
for occupancy of the hydrate’s empty cages. This process is not merely a simple gas
exchange but also involves a series of changes related to the hydrate structure. A schematic
diagram of the two CH4 hydrate replacement mechanisms is shown in Figure 4 [46].

Figure 4. Schematic diagram of two CH4 hydrate replacement mechanisms: (a,e) contact between
CO2 molecules and the CH4 hydrate; (b) partial hydrogen bond fracture of the CH4 hydrate cage
(not necessary); (c) CH4 molecules leave the hydrate cage, and CO2 molecules enter hydrate cage;
(d,h) CO2 hydrate formation; the replacement process is complete; (f) complete dissociation of the
CH4 hydrate cage; (g) the two objects are interchangeable [46].

The CO2-CH4 hydrate replacement process can be divided into three steps: First, CO2

contacts the surface layer of the CH4 hydrate. As CO2 enters the hydrate surface, the
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cage-like structure of the methane hydrate begins to break down, causing a portion of the
methane gas to rapidly decompose and be released. At this point, methane gas escapes
from the hydrate, and the structure of the surface layer of the hydrate is disrupted. As
the displacement process progresses, CO2 and CH4 quickly combine with surrounding
free water molecules, forming a mixed hydrate layer. Finally, CO2 gas slowly diffuses into
the interior of the hydrate and continues to displace the methane molecules within the
hydrate structure. As CO2 penetrates deeper into the hydrate, methane molecules originally
occupying the internal cages are gradually replaced, and methane gas escapes outward,
completing the displacement process. This stage of diffusion is relatively slow and depends
on factors such as temperature, pressure, and the pore structure of the hydrate [20].

2.3.3. Kinetic Characteristics of the Displacement Reaction

Studies have shown that the CO2-CH4 displacement process is a complex dual mech-
anism significantly influenced by the occupancy of the hydrate cages. Bai et al. [48]
conducted an in-depth study of this process using molecular dynamics (MD) simulations,
revealing that the chemical potential changes of CO2 molecules lead to the decomposition
of methane hydrate and, by disturbing the structure of the hydrate, cause CH4 molecules
to be released from the cage-like structure. Nakano et al. [49] found experimentally that
CO2 diffuses faster than methane (CH4) in the hydrate, proving that the CO2-CH4 hydrate
displacement method is kinetically feasible. Tung et al. [50] pointed out that liquid CO2

can directly replace methane (CH4) in the hydrate without the need for the decomposi-
tion process. Other studies [51] explored the microscopic behavior of CO2 and methane
hydrates during the displacement reaction by using high-pressure reactors under different
temperature and pressure conditions combined with molecular dynamics simulations, as
shown in Figure 5. Figure 5A,B show the process of CO2 replacing methane hydrate with
and without free water. Figure 5C demonstrates that during the free water replacement
process, the number of hydrogen bonds gradually decreases, and the decomposition rate of
methane hydrate and the formation rate of CO2 hydrate show different slopes at each stage.
The results indicate that within a certain temperature and pressure range, as temperature
and pressure increase, the displacement efficiency gradually improves.

Researchers have also conducted in-depth studies on the formation and decomposition
mechanisms of hydrates using visualization techniques such as neutron diffraction, Raman
spectroscopy, and nuclear magnetic resonance (NMR). For example, Uchida et al. [52]
used Raman spectroscopy to confirm that the CO2-CH4 hydrate displacement reaction
primarily occurs at the surface layer of the CH4 hydrate. The results showed that during the
displacement process, the concentration of methane (CH4) gas in the gas phase gradually
increased over time, but the rate of increase slowed down as the reaction progressed. This
indicates that as the displacement reaction advances, CH4 molecules in the hydrate are
gradually replaced by CO2, leading to a stabilization in the concentration of CH4 gas.
Kuang et al. [53] studied the microstructural evolution of CO2 hydrates in porous media
using NMR technology, revealing the structural changes of CO2 hydrates in the pore
space and their interactions with the surrounding environment under different conditions.
Additionally, by analyzing the variation in pore water volume distribution with depth in
sand layers under different storage conditions (as shown in Figure 6), they found differences
in the formation locations of hydrates in porous media, confirming that CO2 hydrates
nucleate randomly in porous media and preferentially form in pore spaces. Their research
provides an important theoretical basis for understanding the behavior of CO2 hydrates
in underground storage and the development of natural gas hydrates. Farahani et al. [54]
compared the formation and decomposition of CH4 hydrates in synthetic and natural
sediment samples. Through experimental analysis, they found that CH4 hydrates in natural
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sediments exhibited different kinetic characteristics during formation and decomposition
compared to synthetic samples. This discovery provides new insights into the stability of
natural gas hydrates, storage conditions, and gas displacement phenomena, presenting
both challenges and opportunities for the exploitation and utilization of hydrates.

Figure 5. Carbon dioxide replacement of methane hydrate process. (A) Snapshot of carbon dioxide
replacement of methane hydrate in the model with free water. (B) Snapshot of carbon dioxide
replacement of methane hydrate without the free water model. (C) NHB variation with time during
the replacement process of the free water model: (I) the destruction of the methane hydrate cage
structure by the edge of carbon dioxide and (II) the generation of the carbon dioxide hydrate cage
structure along the source direction [51].

In the practical process of CO2 displacement for natural gas hydrate exploitation,
thermodynamics and kinetics work together in a complementary manner. Thermodynamic
studies provide the phase equilibrium conditions and driving forces for the displacement
process, while kinetic studies reveal the reaction rates, diffusion mechanisms, and influenc-
ing factors of the process. By combining thermodynamic and kinetic models, researchers
can optimize the various operating conditions involved in the extraction process to achieve
more efficient gas displacement. In terms of temperature and pressure control, thermo-
dynamic models can determine the optimal temperature and pressure ranges to promote
the CO2 displacement of methane. Kinetic simulations, on the other hand, can help re-
searchers predict the reaction rates and efficiency under different temperature and pressure
conditions, thereby identifying the most suitable operating conditions.
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Figure 6. Variations in water volume (top) and sectional water saturation (bottom) distributions at
vertical locations in porous media during the hydrate formation process [53]. Figure (a–f) show the
variation in the distribution of pore water volume at different vertical positions in the sand layer
under varying pressure, temperature, initial water saturation, and initial gas saturation conditions.

3. Combined Enhancement of Displacement Method and Traditional
Methods

The displacement method, as a novel natural gas extraction technology, holds sig-
nificant potential in improving extraction efficiency, reducing greenhouse gas emissions,
and promoting sustainable extraction. However, its high cost, technical complexity, and
environmental risks are key challenges that need to be addressed for its commercializa-
tion [46]. Therefore, researchers worldwide have conducted extensive studies on enhancing
the CO2-CH4 displacement process, exploring various aspects from the macro-level dis-
placement process to the micro-level displacement mechanisms. The aim is to find an
efficient enhancement method that comprehensively considers factors such as economic
cost, environmental protection, and process complexity. Table 4 presents a comparison of
the impacts of the displacement method combined with various traditional methods of
natural gas extraction.

3.1. Combined Extraction of Displacement Method and Depressurization Method

The traditional depressurization method has been applied in natural gas hydrate
extraction to some extent. However, during the depressurization process, the dissociation
of hydrates is an endothermic reaction, leading to a gradual decrease in methane production
and a continuous drop in reservoir temperature. At the same time, a large amount of water
is produced during depressurization, which not only further reduces gas production
efficiency but may also cause a series of safety issues. This presents numerous challenges
for the practical application of this method [21]. In contrast, the displacement method
promotes hydrate dissociation by injecting external gases (such as CO2) to replace methane
molecules in the hydrate. Combining depressurization with the displacement method
can fully leverage the synergistic effects of both, significantly improving methane release
efficiency [48,55].
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Table 4. A comparison of the impacts of different methods on the combined natural gas extraction.

Extraction Method
Combination

Advantages Disadvantages
Suitable Geological

Conditions
Key Factors Affecting

Extraction

Displacement Method
Combined with

Pressure Reduction
Method

Increase extraction rate;
sustainable gas release;

reduce the risk of
hydrate

re-crystallization

High cost of gas
injection; extraction
efficiency limited by

reservoir characteristics

Higher bottom
pressure, better

permeability, and
porosity

Reservoir temperature
and pressure; gas

injection rate and gas
selection

Displacement Method
Combined with

Thermal Stimulation
Method

Thermal energy
promotes hydrate

dissociation, enhancing
displacement
effectiveness

Thermal stimulation
method may cause

potential damage to the
reservoir; high energy

consumption and
relatively high cost

The hydrate layer at a
lower temperature
(0 ◦C to 10 ◦C) is

relatively thick and
evenly distributed

Reservoir temperature
and thermal response
characteristics; heat

injection methods and
temperature control;
thermal stability and

structure of the reservoir

Displacement Method
Combined with

Chemical Inhibitor
Method

Improve the long-term
stability of natural gas
production; prevent

hydrate
recrystallization

Inhibitors may increase
environmental risks;

chemical inhibitors are
expensive and could

negatively impact
extraction costs

Mid- to
high-saturation

hydrate reservoirs
under

low-temperature and
high-pressure

conditions

Selection and injection
concentration of chemical

inhibitors; cost and
environmental

friendliness of inhibitors;
synergistic effect of

inhibitors and
displacement gases

The advantage of this combined method is that the depressurization process creates
the necessary low-pressure environment for the injection of displacement gases, ensuring
that the displacement gas can effectively penetrate the hydrate layer. Meanwhile, the
displacement method accelerates the dissociation of the hydrate through gas exchange,
greatly enhancing the release rate of CH4 [47]. Specifically, when CO2 is used as the
displacement gas, it can undergo a substitution reaction with methane in the hydrate,
which not only helps improve methane recovery but also enables the sequestration of
greenhouse gases, thus offering significant environmental benefits.

Zhao et al. [56] proposed an alternative method for depressurization extraction. Ex-
periments showed that after 2 h of depressurization dissociation, CO2 was used to displace
the hydrates. Compared to non-depressurization extraction, the total displacement rate
after combined depressurization increased to over 30%. Lee et al. [57], using a triaxial
compression testing apparatus and applying the method of depressurization followed by
displacement, found that the methane recovery rate could be increased from 35% with pure
CO2 replacement to around 60%. They also studied the impact of the depressurization
process and CO2 injection on the stability of natural gas hydrate reservoir structure. The
results indicated that, during the dissociation of hydrates, as the dissociation ratio of CH4

hydrates gradually increased, the structural strength of the hydrates significantly decreased.
This phenomenon suggests that the stability of the hydrates weakens with methane release,
causing the reservoir structure to gradually become looser, which increases the risk of
potential reservoir collapse or gas leakage during extraction. Further analysis revealed that
when the dissociation ratio of CH4 hydrates reaches 20%, subsequent CO2 displacement
can achieve the optimal displacement efficiency.

Chen et al. [58] employed a “cross-flow method” for depressurization combined with
displacement using two wells. The experimental results indicated that the inlet pressure,
outlet pressure, and confining pressure all had significant effects on production efficiency.
Higher inlet pressure facilitated the effective injection of CO2 into the porous medium (as
shown in Figure 7a), promoting the formation of CO2 hydrates and enhancing displacement
extraction. Additionally, when the outlet pressure is higher than the equilibrium pressure
of CO2, depressurization can disrupt the structure of methane hydrates, thus increasing
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the hydrate displacement rate. The experiments also showed that the impact of outlet
pressure was greater than that of confining pressure (Figure 7b). In this study, the utilization
efficiency ranged from 27.2% to 46.6% (Figure 7c), reflecting that improving CO2 utilization
efficiency through depressurization is feasible, with outlet pressure being one of the most
important parameters determining utilization efficiency.

Figure 7. (a) Utilization efficiency vs. time curves for different inlet pressures. (b) Utilization efficiency
vs. time curves for different outlet and confining pressures. (c) Maximum utilization efficiency in
different experimental groups [58].

In contrast to the extraction sequence mentioned above, Yang et al. [59] adopted a
method where CO2 displacement is carried out for a period of time before depressuriza-
tion. In the initial stage, CO2 is injected to displace the hydrates, which increases the
concentration of CO2 in the hydrates. Then, by reducing the pressure, the driving force for
hydrate dissociation is enhanced, further promoting the CH4/CO2 displacement reaction,
ultimately achieving a total displacement rate of 80 mol%. The advantage of this extraction
sequence is that it can utilize CO2 more efficiently, not only increasing gas production but
also effectively reducing the energy required for methane hydrate dissociation, making the
overall extraction process more energy-efficient and environmentally friendly.

Moreover, the combined method of depressurization and displacement can address
the issues of slow methane release and uneven gas diffusion that occur in single depres-
surization methods. By properly adjusting the depressurization rate and the amount of
displacement gas injected, the methane release process can be optimized, avoiding the
reformation of hydrates or localized freezing caused by excessive depressurization or im-
proper gas injection, thereby improving the stability and safety of the extraction process.
This makes it a safer method for natural gas hydrate extraction [60].

3.2. Combined Extraction of Displacement and Thermal Stimulation Methods

The thermal stimulation method is simple to operate, technically mature, and widely
applicable. However, when used alone for natural gas extraction, the thermal stimulation
method can be costly and may lead to reservoir instability, potentially triggering geological
hazards. Therefore, in practical applications, thermal stimulation is often combined with
the displacement method. This combination can improve methane recovery rates while
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reducing the energy consumption and reservoir instability risks associated with thermal
stimulation [61,62].

Zhang et al. [62] studied the CH4 substitution rate from the perspective of combined
thermal stimulation and displacement methods for natural gas extraction. They found that
the methane recovery efficiency (CRE) during the hydrate substitution process significantly
increased from the original 10–50% to 21–63%. Tupsakhare et al. [63] conducted heating
stimulation experiments using a gas mixture of 85% CO2 and 15% N2 with heating powers
of 100 W, 50 W, and 20 W. Under a 100 W heating power, about 60% of the methane gas
could be extracted from the hydrate. In another study, Tupsakhare et al. combined CO2/N2

displacement with thermal stimulation to enhance hydrate recovery. The results showed
that, compared to the recovery rate of 26.5% from thermal stimulation alone, the recovery
efficiency of natural gas using the combined thermal stimulation and displacement method
(68.8%) was significantly higher.

The efficiency of heat transfer varies significantly depending on the choice of heat
source. When using an external heat source for hydrate extraction, its efficiency is generally
lower than that of internal heat sources. The main reason for this is that heat tends to
dissipate in the non-hydrate regions outside the hydrate layer [21]. Fan et al. [64] conducted
experiments, as shown in Figure 8a, to explore three different heat injection modes: Incre-
mental Heating Injection for Enhanced Replacement Recovery (IHIR), Decremental Heating
Injection for Enhanced Replacement Recovery (DHIR), and Constant Heating Injection for
Enhanced Replacement Recovery (CHIR). The changes in CH4 recovery rates under these
modes are presented in Figure 8b. The results show that incremental heat injection can lead
to more CH4 dissociation and replacement, achieving the highest CH4 recovery rate (17.0%)
and the highest gas mole fraction (13.5%) while also reducing the energy consumption for
gas separation and purification.

Figure 8. (a) Schematic diagram of hydrate exploitation simulation experiment. (b) The variation of
CH4 recovery percentage during the replacement recovery processes of three enhanced modes [64].
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The combined use of thermal stimulation and displacement methods can play a
crucial role in enhancing CH4 recovery and CO2 sequestration. However, ensuring the
stability and safety of the operation through effective monitoring and adjustments remains
a challenge for technical implementation. Additionally, in practical applications, optimizing
the parameters of thermal stimulation and displacement to balance methane recovery and
CO2 sequestration is still an important area of research.

3.3. Combined Extraction of Displacement and Chemical Inhibitor Methods

The chemical inhibitor method has the advantages of accelerating the decomposition
of natural gas hydrates and improving methane recovery efficiency. However, its draw-
backs cannot be overlooked. The main issues include poor selectivity of the inhibitors,
environmental pollution risks, high costs, and potential adverse effects on the formation
and stability of hydrates, which is why it is rarely used alone in natural gas hydrate ex-
traction. In recent years, some researchers have combined chemical additives with the
CO2-CH4 hydrate displacement method to explore joint extraction technologies. Tetra-n-
butylammonium bromide (TBAB), a commonly used hydrate promoter, has been applied
to enhance CO2-CH4 displacement research. It effectively lowers the phase equilibrium
conditions of CO2 hydrate, thereby improving the displacement capacity of CO2 for CH4

hydrate and significantly enhancing the displacement efficiency [65]. Some studies also
indicate that [66] chemical inhibitors can effectively improve CO2’s displacement efficiency
for CH4 hydrate, optimizing the extraction process. However, simultaneous decomposition
and displacement significantly reduce displacement efficiency. Therefore, the optimal
approach is to first add chemical inhibitors to decompose CH4 hydrate, releasing most
of the CH4 gas, and then inject CO2 for displacement, which can significantly improve
displacement efficiency. In addition to thermodynamic inhibitors, researchers have also
explored hydrate promoters and anti-agglomerants. Heydari and Peyvandi’s study [67],
which used biological surfactants to replace natural gas hydrates, showed that biological
surfactants not only effectively promoted the formation of methane hydrates but also
significantly improved CO2 displacement efficiency. Specifically, the displacement ratio
increased by 72.6%, and displacement kinetics improved by 39%. Although the biological
surfactants were added during the hydrate formation phase, the study also indicated that
their addition altered the hydrate morphology and had a positive impact on continuous
displacement reactions.

Currently, this method is still in the early stages of research, with many scholars, both
domestically and internationally, conducting related studies. The displacement poten-
tial and economic benefits remain unclear. In addition, issues such as the selection and
optimization of inhibitors, environmental impacts, and their long-term effectiveness and
stability continue to be major constraints for large-scale applications. Therefore, how to
better simulate and understand these coupled processes, optimize process parameters, and
achieve the best extraction results remains a significant challenge in technological progress.

Overall, the combined application of the displacement method and traditional extrac-
tion methods provides an innovative solution for natural gas extraction. This combination
not only significantly optimizes extraction efficiency but also provides strong support
for the sustainable development of energy. As shown in Table 5, the combination of
the displacement method with three traditional methods demonstrates complementary
advantages in several aspects, further enhancing the overall extraction efficiency.
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Table 5. Combination of the displacement method with three traditional methods.

Method Experimental Conditions Advantages CH4 Recovery Rate
Literature

Source

Combined Pressure
Reduction and

Substitution
Method

Experiments conducted using a
customized high-pressure
flow-through apparatus at
different methane hydrate

dissociation levels (0%, 20%,
40%, 60%, 80%, 100%)

The mechanical properties of methane
hydrate-bearing sediments were
considered to provide a basis for

economically safe extraction;
experimental studies were conducted to
investigate the effects of various factors
on mechanical properties and methane

recovery rate

35.4–63.3% Lee
et al. [57]

Pressure
Reduction-Assisted

CO2 Substitution
Method

Design of a one-dimensional
experimental setup to simulate

the interface between horizontal
wells, investigating the impact of

different pressures (inlet
pressure, outlet pressure) on

CO2 substitution behavior. The
experimental temperature is

275 K, and the methane hydrate
saturation is 32%

By combining the advantages of CO2
substitution and pressure reduction,

production efficiency is improved, and
risks are reduced; the impact of pressure
parameters on natural gas extraction was

studied, providing theoretical support
for further research and application

27.2–46.6% Chen
et al. [58]

Pressure
Reduction-Assisted

CO2 Substitution
Method

Study of the
depressurization-assisted CO2
substitution process by varying
initial hydrate dissociation ratio

(0%, 50%, 100%), substitution
period (1, 4, 7 days), and CO2

injection flow rate

The issues of weakened geomechanical
strength of methane hydrate-bearing

sediments caused by pressure reduction
alone and the slow production rate
during substitution were addressed;

methane production and CO2
sequestration efficiency were improved

Through
depressurization-assisted
substitution, the amount

of CO2 stored in the
sediment can be greater
than the amount of CH4

produced, with
approximately 92% of the

initial methane being
replaced by CO2

Choi
et al. [68]

Combined
CH4/CO2

Substitution and
Thermal

Stimulation Method

Experiments conducted under
different methane hydrate

saturations, substitution zones,
and freezing point conditions

The diffusion rate of CO2 was increased
through thermal stimulation,

overcoming the diffusion limitation in
the CO2 substitution process alone; the
methane substitution percentage, CO2

storage efficiency, and energy efficiency
under different conditions were analyzed

and discussed

64.63% Zhang
et al. [62]

Combined
CH4/CO2

Substitution and
Thermal

Stimulation Method

Experiments conducted in a
large-scale hydrate vessel

(LSHV) with heating rates of 20,
50, and 100 W

The effect of temperature on N2 capture
was studied, and it was found that N2 is
selectively captured in hydrate cages at

temperatures below 12 ◦C

At a heating rate of 100 W,
the mole number of

methane during thermal
stimulation is 8.5; during
thermal stimulation with
CO2 substitution, it is 16;

and during thermal
stimulation with CO2 +
N2 substitution, it is 20

Tupsakhare
et al. [63]

Combined Thermal
Stimulation and

CH4/CO2
Substitution
Method with
Nanoparticle

Addition

Experiments conducted in a
high-pressure stainless steel

reactor under different pressures
(40 bar, 45 bar) and temperatures

(5.5 ◦C, 8 ◦C, 10 ◦C)

Without the need for vacuum extraction,
this method can effectively increase
methane recovery and CO2 storage
efficiency; the optimal experimental

conditions (45 bar and 8 ◦C) were
determined

The recovery rate of CH4
increased from 19.8% to

51.9%

Adibi
et al. [69]

Inhibitor-Assisted
Substitution

Method (Using
Methanol Solution)

Using an automated core
flooding system to simulate and
monitor fluid flow and studying
the effects of different inhibitors
on CH4 hydrate dissociation and
CO2 substitution by varying the

injected fluid

The CO2 substitution method and
thermodynamic hydrate inhibitor

technology were combined to replace the
simple CH4 hydrate substitution process

Under the experimental
conditions, the methane

recovery rate exceeds 92%

Khlebnikov
et al. [66]

Bio-Surfactant-
Assisted Method

(Using
Rhamnolipid)

Studying the effect of different
concentrations of rhamnolipids

on the kinetics of methane
hydrate formation and

comparing it with the chemical
surfactant SDS

Compared to the chemical surfactant
SDS, it significantly reduces the

induction time and total time; improves
gas consumption and increases the

kinetic growth rate of the hydrate; it can
enhance the substitution rate and CO2

storage capacity

Injecting rhamnolipid
increased the substitution

percentage by
approximately 72.6%

Heydari
et al. [67]
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The combination of CO2 injection, depressurization, thermal stimulation, and chemical
inhibitors has shown significant potential in natural gas hydrate extraction, improving
recovery rates (such as sustained methane production in the South China Sea pilot project)
and carbon sequestration efficiency, contributing to the low-carbon transition. However, its
technical depth and scaling face multiple challenges: the CO2 injection and depressuriza-
tion combination is limited by reservoir permeability differences, with low-permeability
gas fields prone to insufficient fluidity and potential underground water contamination
risks; combined with thermal stimulation, although it enhances gas flow (as seen in the
Russia Mezoyakha gas field), the high-temperature environment accelerates equipment
aging, increases maintenance costs, and irreversible changes in reservoir porosity threaten
long-term stability [1]; when used with chemical inhibitors (such as ethylene glycol), al-
though it can control hydrate dissociation risks (as seen in the South China Sea basin
project in Japan), long-term use poses underground water contamination risks and relies
on costly monitoring systems. On the economic side, high initial investments (equipment
and reservoir modification) and specialized operation and maintenance costs far exceed the
financial capacity of small and medium-sized enterprises, while the imperfect carbon trad-
ing market and fragmented policies further weaken revenue stability. Despite significant
technical advantages, the large-scale application still needs to overcome core challenges
such as geological adaptability, equipment durability, and environmental risks. In the
future, AI should be used to optimize technical parameters, low-cost materials should be
developed, and a global carbon market should be promoted, along with tax incentives and
international standards coordination at the policy level, to balance energy efficiency and
climate goals [4].

4. Multicomponent Gas Displacement Process

The CO2-CH4 hydrate replacement has become a widely studied field in academia.
Previous studies have shown that up to 68% of the methane (CH4) captured in hydrates
can be replaced by carbon dioxide (CO2) for recovery [20,70]. The main reasons for the
low efficiency of CO2 replacement in natural gas hydrate extraction are as follows: (1) The
methane (CH4) molecules in natural gas hydrates are relatively small and can be accom-
modated in the “large cages” and “small cages” of the hydrate structure. In contrast, CO2

molecules, which are slightly larger and have a different molecular structure compared to
CH4, can only replace methane molecules in the large cages and are unable to effectively
replace methane in the small cages. (2) There are strong van der Waals forces between
methane molecules and hydrate cages, which makes the methane molecules tightly bound
within the hydrate. (3) During the CO2 replacement process, when CO2 molecules enter the
hydrate structure, especially at the hydrate surface, CO2 forms a mixed hydrate layer with
some methane molecules. This leads to difficulty in CO2 entering the internal structure of
the hydrate, limiting the exchange between CO2 and methane and significantly reducing
the replacement efficiency. Therefore, finding small molecular gases that can replace CH4

in the small cages, increasing the hydrate phase equilibrium pressure, and enhancing gas
transfer are key factors in improving the efficiency of CO2 replacement for natural gas
hydrate extraction.

4.1. CO2-H2 Mixture Replacement to Improve CH4 Recovery Rate

The use of a CO2 and H2 mixture can improve the replacement efficiency [28]. The
addition of H2 does not lead to additional occupation of the hydrate cages. The reason
hydrogen can facilitate the replacement process is primarily because H2 molecules, being
smaller, diffuse easily within the hydrate system. The introduction of H2 reduces the partial
pressure of methane in the gas phase, which helps to destabilize the methane hydrate,

209



Energies 2025, 18, 975

promoting its dissociation rather than directly replacing methane through gas exchange.
Additionally, H2 can enhance the mass transfer process, aiding in the diffusion of methane
gas within the medium [71]. The CO2-H2 methane extraction technology uses mixed gas
injection to enhance recovery and carbon sequestration. CO2 displaces methane, while
H2 boosts reservoir permeability [28]. Benefits include hydrogen’s high diffusivity for
improved gas flow and catalytic carbon utilization (e.g., methane dry reforming). Key
challenges include the following: hydrogen flammability risks, complex gas separation
(membrane/cryogenic methods), and hydrogen embrittlement under high pressure. No
large-scale applications exist yet, with insights drawn from hydrogen storage and CO2-
EOR. Heterogeneous reservoirs risk uneven gas distribution and efficiency drops. High
costs dominate, alongside safety expenses and uncertain carbon revenue. Future suc-
cess hinges on affordable green hydrogen, hydrogen-resistant materials, and integrated
“production-extraction-sequestration” systems to balance feasibility and economics in
low-carbon transitions.

This finding aligns with the research by Ding et al. [27], who used a simulated CO2/H2

mixed gas integrated gasification combined cycle (IGCC) to replace CH4 in methane
hydrates and monitored the changes in CH4, CO2, and H2 gas concentrations using a gas
chromatograph (GC). Three key points (hydrate phase “A” point, gas–hydrate interface
“B” point, and gas phase “C” point) were selected for Raman detection (as shown in
Figure 9). As shown in Figure 9a, the experiment formed sI CH4 hydrate. During the
continuous injection of the CO2/H2 gas mixture into the reactor, the Raman spectra changes
at the hydrate phase point (Figure 9c,d) indicated the formation of CO2 and CH4 hydrates,
suggesting that the replacement occurs only between CO2 and CH4 molecules. No H2 signal
was detected in the figures, as shown in Figure 9b, indicating that H2 was not encapsulated
in the hydrate cages. The experiment demonstrated that the replacement process occurs in
two steps: first, the dissociation of CH4 hydrate, followed by the formation of CO2 hydrate.
Furthermore, the CH4 recovery rate through CH4-CO2/H2 replacement was greater than
71%, significantly higher than the CH4-CO2 replacement (50%). Notably, H2 does not
compete with CH4 for occupying hydrate cages but rather plays a facilitative role in the
CO2-CH4 replacement process.

Figure 10a shows the phase equilibrium conditions of hydrates formed by mixtures of
H2 + CH4 + CO2 at different ratios. The injection ratio of H2 has a significant impact on the
phase equilibrium of the H2 + CH4 + CO2 ternary hydrate. As the H2 ratio increases, the
dissociation kinetics of the hydrate become more favorable, but the separation barrier for
CO2 also increases. In contrast, a lower H2 ratio favors the formation of the hydrate but
may lead to a lower CH4 yield [72].

The study by Sun et al. [73] shows that when the mole fraction of CO2 in the gas is
low, the impact of the mixed gas on the hydrate structure is more significant. Additionally,
as the hydrogen content increases, the dissociation rate of CH4 hydrates also shows an
increasing trend. Under appropriate temperature and pressure conditions, the methane
replacement rate can reach over 90% [74]. Wang et al. [28] conducted experiments with
different gas compositions (mole ratios of CO2 and H2), during which they monitored
parameters such as the mole ratio of CO2 and H2 during the gas exchange process, methane
replacement rate, and CO2 sequestration ratio. The study indicates that there is a balance
point between the mole fractions of CO2 and H2: too high a mole fraction of CO2 promotes
CO2 sequestration but sacrifices gas yield, while a higher mole fraction of H2 favors gas
yield but is not conducive to CO2 sequestration. A balance in CO2 substitution can be
achieved within a CO2 mole fraction range of 55% to 72%, as shown in Figure 10b. Xu
et al. [75] conducted replacement experiments under specific temperature and pressure
conditions and analyzed the composition of released gases using gas chromatography
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(GC), measuring the CH4 replacement efficiency during the process. The results show
that there are significant differences in the final composition and replacement efficiency of
CH4 in experiments with different gas mixtures. The order of replacement efficiency is as
follows: CO2/H2 > CO2/N2 > pure CO2. Xie et al. [76] clarified the impact of gas partial
pressure on hydrate replacement in CH4-rich systems. The experimental results, for the first
time, show that in a CO2/CH4/H2 ternary gas system, even if the partial pressure of CH4

exceeds the phase equilibrium pressure of CH4 hydrates, H2 can promote the premature
dissociation of CH4 hydrates. The effects of different H2 and CO2 gas mixing ratios on
the extraction efficiency of pure hydrate phases and hydrate-sediment mixed phases are
detailed in Table 6.

Figure 9. (a) Raman spectroscopy of the points A (hydrate phase point), B (gas hydrate interface
point), and C (gas phase point) after CH4 hydrate formation. (b) 1H NMR spectrum of the hydrate
phase after replacement. (c) The changes of Raman spectroscopy for CO2 hydrate (d) The changes of
Raman spectroscopy for CH4 hydrate [27].

Figure 10. (a) Hydrate phase equilibrium conditions for H2 + CH4 + CO2 mixtures. (b) Comparison
of the effect of CO2 and H2 at different ratios on CH4 recovery and CO2 sequestration rates [72].
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Table 6. The effect of the CO2 + H2 mixed gas replacement method on the enhancement of the natural
gas hydrate recovery rate.

Mixed Gas
Ratio

(CO2/H2)
Hydrate Medium Temperature Pressure

CH4

Recovery
Rate

Literature
Source

0.72/0.28

Sandstone + brine 275.6 K 5.0 MPa

28.0%
Wang

et al. [28]0.55/0.45 47.0%

0.36/0.64 25.0%

0.18/0.82 70.0% Xu
et al. [75]0.4/0.6

Pure water
274.0 K 4.5 MPa 78%

0.601/0.399 274.2 K 6.0 MPa 32%
Sun

et al. [73]0.74/0.26 Quartzite + brine 276.0 K 3.6 MPa 41.4~52.4%

0.74/0.26 Quartz sand + brine 276.0 K 3.7 MPa 30.0~50.0%

0.4/0.6
Quartz sand + brine

276.0 K 3.7 MPa 40.0~75.0% Sun
et al. [73]0.22/0.78 276.0 K 3.7 MPa 12.0~88.0%

4.2. CO2 and N2 Mixture Displacement to Improve CH4 Recovery Rate

The application of CO2 and N2 mixed gas displacement in methane (CH4) extraction
is considered an effective method to significantly improve the methane recovery rate from
natural gas hydrates. The CO2 and nitrogen gas mixed methane extraction technology
involves the simultaneous injection of CO2 and N2, which work synergistically to displace
adsorbed methane and reduce pressure, achieving both enhanced recovery and carbon se-
questration. Its advantage lies in the ability to adjust the gas mixture ratio to suit geological
conditions (such as permeability and temperature) while reducing the risk of secondary hy-
drate formation. However, there are significant technical challenges: the gas mixture ratio
needs precise control to avoid pore blockage or decreased efficiency, adsorption separation
technologies (such as pressure swing adsorption) have limited adaptability to complex
formations, and high-pressure corrosive environments exacerbate equipment wear and in-
crease maintenance costs. In practical applications, while experiences from CO2-enhanced
oil recovery (such as Shengli Oilfield) and nitrogen-assisted extraction can be referenced,
large-scale cases remain scarce, and heterogeneous formations are prone to gas retention
or micro-seismic risks. Economically, the high initial investment and operational energy
consumption depend on carbon trading revenues. However, small and medium-sized
enterprises face challenges due to financial pressure and fragmented policies, especially in
regions with underdeveloped carbon markets. Future progress will require technological
optimization (such as AI control and low-cost catalysts), policy coordination (global carbon
pricing), and industry chain integration (gas fields—chemicals—sequestration) to help bal-
ance resource development and emission reduction goals in the energy transition. Research
by Park et al. [25] shows that when flue gas is used to replace methane (CH4) in Type I
hydrates, the displacement efficiency can reach 85%, while the displacement efficiency
of pure CO2 gas is only 64%. Raman spectroscopy results indicate that approximately
23% of CH4 in the hydrate cages is replaced by N2, while 62% is replaced by CO2. This
suggests that CH4 can be displaced by N2, and the occupation of N2 effectively improves
the replacement efficiency. Koh et al. [42] summarized that N2, as a smaller guest molecule,
can form type II hydrates on its own. Different concentrations of mixed gases, pure CO2,
and N2 lead to the formation of different Type I and Type II hydrate structures. Since CO2

molecules are larger, the addition of N2 gas can significantly improve the displacement
efficiency (as shown in Figure 11). When pure CO2 gas is used to replace methane in
hydrates, CO2 molecules are thermodynamically unstable in the small Type I cages (512).
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Therefore, displacement mainly occurs in the larger Type I cages (51262), and methane
molecules in the small cages are not replaced.

Figure 11. Comparison of sI CH4 hydrate recovery yield by using pure CO2 (left) and CO2 + N2

mixture (right). sI-L represents 51262 cages, and sI-S represents 512 cages [30].

After the introduction of N2, N2, as a smaller molecule, tends to occupy the small
cages, which allows N2 and CO2 to work together to achieve the displacement process
in both large and small cages. This interaction not only enhances methane recovery but
also effectively improves production efficiency [77]. Research by Pandey et al. [78] also
indicates that the use of a CO2 and N2 mixed gas can further increase methane recovery.
Furthermore, as the concentration of CO2 in the CO2 + N2 mixture increases, the methane
recovery rate also rises, while the stability of the mixed CH4-CO2 hydrate is enhanced.

Specifically, the essential mechanism of this process lies in the competition between
N2 and CO2 gases for entry into the molecular cage structures of the hydrate. Due to
the different molecular behaviors of N2 and CO2 during hydrate formation, N2 gas can
influence the dissolution of CO2 and the conditions for hydrate formation. When N2

competes with CO2 for entry into the hydrate cages, it alters the thermodynamic stability of
the hydrate, making the temperature and pressure conditions for hydrate formation more
stringent than those for pure CO2 hydrates.

Various researchers have conducted studies on the impact of different CO2 and N2

mixing ratios on methane (CH4) hydrate recovery rates, and the results are shown in
Table 7. Lee et al. [79] primarily used Differential Scanning Calorimetry (DSC) and Pressure–
Volume–Temperature (PVT) experimental methods to investigate the replacement process
of methane hydrate (CH4·nH2O) under different gas mixing systems, particularly the
displacement process with CO2 and N2 mixed gases. The study found that the injection of
mixed gases effectively promotes the dissociation of methane hydrates, enabling methane
recovery while also trapping CO2 as CO2 hydrates or mixed hydrates. Additionally, the
gas mixture ratio significantly influences the displacement efficiency, with different gas
combinations exhibiting varying replacement effects. During the displacement process,
the original pure methane hydrate gradually transforms into a mixed hydrate composed
of CH4, CO2, and N2. This change leads to increased fluctuations in heat flow, thereby
affecting the thermodynamic and kinetic properties of the hydrate.

In a CO2 and N2 mixed gas environment, when the nitrogen (N2) proportion is
relatively low, the methane (CH4) displacement recovery rate is very low. However, when
the N2 proportion exceeds 50%, the methane displacement recovery rate increases to 12.2%,
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while the CO2 hydrate sequestration rate reaches 42.8%. In contrast, when pure liquid
CO2 is used for natural gas hydrate extraction, the CO2 sequestration rate is only 22.1%,
significantly lower than the effectiveness of the CO2 and N2 mixed gas displacement
method [59,75,79–81].

Table 7. The effect of the CO2 + N2 mixed gas displacement method on the improvement of the
natural gas hydrate recovery rate.

Gas Mixture Ratio
(CO2/N2)

Hydrate Medium Temperature Pressure CH4 Recovery Rate
Literature

Source

0.1/0.9 Porous silica +
water 274.0 K

11.5/14.6/18.6 MPa 77%/80%/79%
Lee et al. [79]

0.2/0.8 13.7 MPa 80%

0.6/0.4 Pure water 4.5 MPa 73.4% Xu et al. [75]

0.146/0.854 Silica sand + water 273.3 K 4.2 MPa 53.3% Yang et al. [59]

0.28/0.72 Pure water + SDS
solution 284.3K 9.0 MPa 13.2% Niu et al. [80]

0.5/0.5
Pure water

273.9 K 5.0/6.7 MPa 8.3%/17.7%
Zhou et al. [81]

0.75/0.25 274.0 K 2.6/3.2/3.5 MPa 9.5%/12.6%/17.9%

Experimental results and the equilibrium pressure data of the hydrate at different N2

ratios (as shown in Figure 12) indicate that when CO2 and N2 mixed gases are used for
natural gas hydrate extraction, the equilibrium pressure of the hydrate increases with the
increase in the N2 proportion. At higher N2 concentrations, the hydrate requires higher
pressure to maintain its stability. The stability of CH4 hydrate decreases, making it more
prone to replacement reactions, and the recovery rate significantly improves [72].

Figure 12. Images of hydrate phase equilibrium at different N2 ratios [72].

Since sI hydrates are widely present in natural gas hydrates, most studies focus on the
replacement reactions in sI hydrates. However, sII hydrates have also been found in nature
in certain regions, and the replacement mechanism of sII hydrates is significantly different
from that of sI hydrates. Seo et al. promoted the replacement reaction of sII (C3H8 + CH4)
hydrate by externally injecting a CO2/N2 (50:50) mixed gas. The study showed that the
replacement degree of C3H8 + CH4 hydrate was about 54%. This method not only achieved
a higher gas recovery rate than the pure CO2 replacement method but also maintained the
crystal structure of the hydrate after the replacement reaction (as shown in Figure 13b),
indicating that the replacement process did not cause any structural changes in the sII
hydrate. At the same time, according to the Raman spectrum of the CO2 and N2 molecular
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vibration modes in the C3H8 + CH4 hydrate (Figure 13a), it was observed that both CO2

and N2 molecules occupied the cages of the sII hydrate. In Figure 13c, the reduction in
C3H8 and CH4 amounts in the initial C3H8 + CH4 hydrate and the increase in CO2 and
N2 amounts in the replaced C3H8 + CH4 hydrate are similar, further confirming that CH4

in the small cages is replaced by N2, while C3H8 in the large cages is mainly replaced by
CO2 [82].

Figure 13. (a) Raman spectra of the initial C3H8 + CH4 hydrate and replaced C3H8 + CH4 hydrate
with CO2/N2 gas. (b) PXRD patterns of the CH4 hydrate, initial C3H8 + CH4 hydrate, and replaced
C3H8 + CH4 hydrate with CO2/N2 gas. Asterisks indicate hexagonal ice. (c) Guest composition
and standard deviation of the initial C3H8 + CH4 hydrate and replaced C3H8 + CH4 hydrate with
CO2/N2 gas [82].

Overall, although a higher proportion of N2 helps improve the displacement efficiency
and CO2 sequestration rate, it also introduces new challenges, such as the formation of
multiple hydrates and the encapsulation effect, which may adversely affect the methane
displacement recovery rate. Therefore, when using mixed gas displacement methods for
natural gas hydrate extraction, it is necessary to comprehensively consider factors such as
gas ratios, displacement efficiency, and the formation and encapsulation effects of hydrates
to achieve optimal recovery and CO2 sequestration outcomes.

4.3. The Displacement of CH4 Recovery Is Improved by Using CO2 Mixed with N2 and H2

When using a CO2 and N2 mixed gas for natural gas hydrate displacement, it can
promote the dissociation of hydrates under lower pressure conditions, theoretically im-
proving gas displacement efficiency. However, in practical operations, the displacement
effect of the mixed gas has not fully achieved the expected recovery rate, indicating that
some factors during the actual dissociation process may have affected the enhancement of
displacement efficiency.

The main reason for this phenomenon is that the formation of CO2 hydrates and
N2 hydrates adversely affects the recovery of internal natural gas hydrates, primarily
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methane hydrates. Specifically, CO2 and N2 interact with the hydrate structure during
the displacement process, forming CO2 hydrates and N2 hydrates. These newly formed
hydrate structures can encapsulate the original methane hydrate particles, hindering their
dissociation and release, thus impacting the methane recovery efficiency [29].

Therefore, under different pressure and temperature conditions, Chaturvedi et al. [83]
studied the effects of CO2, N2, and H2 combinations on hydrate formation and methane
recovery. At higher N2 concentrations, even with the introduction of a small amount of H2,
the methane recovery rate in natural gas hydrates could still be increased to 67–69 mol%
(Figure 14a–c). When the H2 concentration increased from 0.1 mol% to 1 mol%, the methane
recovery rate further improved to 71 mol%, and the presence of hydrogen at high pressure
promoted natural gas hydrate formation. Previous studies have paid less attention to
the synergistic effect of H2 in the presence of N2, and a possible explanation has been
proposed: small gas molecules like N2 occupy smaller hydrate cages, preventing CO2 from
entering larger cages and thus hindering hydrate formation. However, H2 competes with
N2 for the smaller cages, allowing CO2 to fill the larger cages for a longer time until the
hydrate channels close. This theory, however, still requires further verification. Although
the hydrogen promoter increased the hydrate yield and expanded the hydrate formation
region, its effect remained limited at high N2 concentrations. Further research indicated
that when the H2 mol% exceeded 1 mol%, the methane recovery rate no longer increased
significantly (Figure 14d–g), possibly because H2 occupies hydrate cages, hindering further
natural gas hydrate formation.

Figure 14. (a–c) Role of H2 dosing in the flue gas of high N2 concentration on the recovery of CH4

from gas hydrates via CO2-CH4 recovery. (d–g) Role of high volume H2 dosing in flue gas of high N2

concentration on the recovery of CH4 from gas hydrates via CO2-CH4 recovery [83].
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The mechanism can be further illustrated in Figure 15. The addition of hydrogen helps
optimize the hydrate formation process of the CO2 + N2 mixed gas, and H2 helps increase
the rate of hydrate formation, thereby accelerating CO2 storage and conversion and opti-
mizing the gas displacement effect for methane. However, if the hydrogen concentration is
excessively high, it could disrupt the stability of CO2 hydrates. Elevated hydrogen levels
may compete with CO2 for hydrate formation, thereby hindering the formation of CO2

hydrates and diminishing its ability to replace methane effectively. Moreover, hydrogen
itself does not have a strong ability to form hydrates, and its hydrate formation rate is
much lower than that of CO2, and excessively high hydrogen concentrations may lead to
adverse changes in the structure and thermodynamic properties of the hydrates, affecting
the overall stability of the reservoir. Therefore, to ensure reservoir stability and maximize
methane recovery, it is essential to strictly control the hydrogen proportion when injecting
CO2 + N2 + H2 mixed gas [27].

Figure 15. (a) Schematic diagram of N2 and H2 boosting the hydrate phase equilibrium pressure to
promote CH4 hydrate decomposition [72]. (b) Proposed schematic showing H2’s role in increasing
CO2 hydrate formation in the presence of N2 [29].

5. Conclusions

Displacement reactions, as an important method for the production and storage of
multi-component gases from hydrates, have made significant progress in basic research
and laboratory stages, demonstrating their broad application potential in areas such as
energy storage, gas separation, and environmental protection. Storing gases in hydrates
not only significantly increases the gas storage density but also enables efficient gas release
and reuse under low-temperature and normal-pressure conditions.

However, despite some success in laboratory studies of hydrate displacement reactions,
several challenges remain in practical applications. First, the efficiency and reaction rate of
the displacement reaction are still limited, and the thermodynamic issues and optimization
of reaction conditions need further research. Second, the selective displacement and
stability of multi-component gases need to be addressed through additional theoretical and
experimental work.

To further improve the technical efficiency of methane displacement with mixed gases
and achieve sustainable development, the following research directions need to be explored:

Improving the accuracy of experimental devices and numerical models: Future work
should focus on developing more accurate experimental equipment and numerical models
that are closer to real extraction environments, validating the performance and effectiveness
of different gas mixtures.
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In-depth study of the internal mechanisms of the displacement process: Future re-
search should use high-resolution experiments and theoretical simulations to clarify the
thermodynamic and kinetic characteristics of different reaction paths, providing a theoreti-
cal basis for optimizing displacement efficiency.

Optimizing the gas mixture ratio and injection strategy: For the injection of CO2, N2,
and H2 mixed gases, optimizing the ratio and injection strategy to achieve the best methane
recovery rate and CO2 storage efficiency is a key area for future research. Additionally,
the synergistic effects of salt additives and gases should be considered, exploring the
combined impact of CO2+N2+salt additives on reservoir stability, recovery rate, and CO2

sequestration efficiency.
Improving CO2 sequestration and stability: Future research should focus on the long-

term safety of CO2 sequestration, the storage capacity of reservoirs, and potential leakage
pathways to ensure the environmental safety of the technology.

Enhancing the dual utilization benefits of CO2 and methane: Combining the extraction
of CO2 and CH4 hydrates with long-term CO2 sequestration through integrated energy
recovery and greenhouse gas emission reduction measures can enhance the overall benefits
of natural gas hydrate extraction. The secondary sequestration method combining high-
temperature CO2 with deep geothermal energy can improve CO2 sequestration rates while
potentially enhancing methane recovery, promoting the development of this technology in
a green and energy-efficient direction.
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