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a b s t r a c t

Natural gas hydrate is an energy resource for methane that has a carbon quantity twice more than all
traditional fossil fuels combined. However, their practical application in the field has been limited due to
the challenges of long-term preparation, high costs and associated risks. Experimental studies, on the
other hand, offer a safe and cost-effective means of exploring the mechanisms of hydrate dissociation
and optimizing exploitation conditions. Gas hydrate decomposition is a complicated process along with
intrinsic kinetics, mass transfer and heat transfer, which are the influencing factors for hydrate
decomposition rate. The identification of the rate-limiting factor for hydrate dissociation during
depressurization varies with the scale of the reservoir, making it challenging to extrapolate findings from
laboratory experiments to the actual exploitation. This review aims to summarize current knowledge of
investigations on hydrate decomposition on the subject of the research scale (core scale, middle scale,
large scale and field tests) and to analyze determining factors for decomposition rate, considering the
various research scales and their associated influencing factors.
© 2023 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

Natural gas hydrates (NGHs) are widely distributed in conti-
nental margins and permafrost zones [1]. Due to the huge resource
potential, NGHs have received extensive attention as a potential
alternative energy. Several methods have been carried out based on
the principle of destructing the stability situations of NGHs systems
for fluid extraction [2], which includes depressurization [3e5], in-
hibitor injection [6e8], thermal stimulation [9e11], carbon dioxide
replacement [12e14], and combinations of these methods [15,16].
Among these methods, depressurization is regarded as the most
effective and commercially feasible one for NGHs exploitation
because of its low external energy input, low cost, and simple
operation; It thereby attracts extensive attention from relevant
scholars [3,17e19]. Field production tests in Mallik [20], Nankai
Trough [21], and the Shenhu area [22] have proved the technical
feasibility of the depressurization method for gas hydrate

development [23]. However, only limited field tests have been
carried out in nature so far because it needs long-time preparation
and huge cost, and it is hard to conduct [24]. Therefore, experi-
mental investigations play a significant role in developing the
exploitation technologies for NGHs and clarifying the correspond-
ing mechanisms [25]. Over the past several decades, numerous
research have devoted to studying the methane hydrate decom-
position behavior, and the focus shifted from the fundamental
research of hydrate decomposition mechanism to the selection and
optimization of the hydrate development methods. The field
application of laboratory data is of great significance to the NGHs
economical exploitation. However, the scale of the reservoir
significantly influences depressurization-induced gas production,
leading to variations in hydrate dissociation behaviors observed in
the experimental studies compared to field tests. Hydrate dissoci-
ation process is essentially a multiphaseemulticomponent heat
and mass transfer problem coupled with intrinsic kinetics [26,27],
all of them are the factors influencing on the hydrate decomposi-
tion rate. The intrinsic kinetics of hydrate decomposition charac-
terizes the process of hydrate material transformation under the
condition of excluding the influence of mass transfer and heat
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transfer. The determining factor of gas production depends on the
reservoir scale [15]. The determining factor for the core-scale cases
is the intrinsic kinetics of hydrate decomposition [28]. This implies
that the dissociation rate model for core-scale cases can be
formulated as a function of intrinsic kinetics, as discussed in the
study by Kim et al. [29], and the hydrate dissociation rate in core-
scale studies can be viewed as being limited by intrinsic kinetics.
However, for field-scale tests, heat and mass transfer are the
dominant factors, and intrinsic kinetics can be negligible [28,30]
(see in Fig. 1).

In recent years, there has been a notable advancement in the
development of experimental apparatus, which has expanded from
core-scale setups to encompass larger-scale configurations aimed
at stimulating real exploitation conditions [15,31]. In Fig. 2, exper-
imental studies with the research topics “depressurization” and
“natural gas/methane hydrate” on depressurization-induced hy-
drate production from 2002 to 2020 are summarized and classified
by research scale. Chong et al. [18] gives boundaries of middle-scale
and large-scale reactors (1e10 L for middle-scale and >10 L for
large-scale, respectively). In addition, the core scale is known as the
centimeter scale. The largest volume of the centimeter scale is 1 L
(the length, width and height of the reactor are all 10 cm). Thus, to
facilitate the understanding and summary, the core, middle, and
large research scale refer to the volume of the apparatus used for
gas hydrate decomposition experiments is 0e1 L, 1e10 L and >10 L,
respectively in this work. As seen in Fig. 2, experimental studies still
concentrated on core- and middle-scale. Moreover, as mentioned
below, large-scale tests are insufficient to replace field tests.
Moreover, in most cases, the findings obtained at these various
scales are directly utilized for mutual comparison and verification.

This hinders the transition from experimental results to industrial
production. This work aims to summarize the existing knowledge
of investigations on hydrate decomposition on the subject of the
research scale (core scale, middle scale, large scale and field tests)
and to analyze determining factors for hydrate decompositionwith
various research scale as well as their related influencing factors.

2. Hydrate Decomposition via Depressurization With
Different Research Scales

To facilitate the follow-up discussion, the process of hydrate
decomposition via depressurizationwas divided into three periods:
(i) free gas release, (ii) mixed gas (i.e., both free gas and hydrate
dissociation gas) release, and (iii) hydrate dissociation gas release
[4,46]. Compared with the stage (iii), the durations of stages (i) and
(ii) are much shorter. Relevant scholars combined stages (i) and (ii)
into the depressurizing period (DP), and stage (iii) was called the
steady/constant pressure period (CP) [61].

2.1. Core-scale research

2.1.1. Rate-limiting factors
The decomposition intrinsic dynamics is considered as the

determining factor for gas production in core-scale tests
[15,28,136,137]. Kim et al. [29] derived an apparent dissociation rate
based on an intrinsic model for the kinetics of hydrate decompo-
sition and determined the rate constant from experimental data.
This result has been confirmed and extended in later studies
[15,28,136].

Fig. 1. Schematics illustrating the rate-limiting factors of various research studies.
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Based on it, Tang et al. [28] conducted sensitivity analyses and
provided compelling evidence that hydrate dissociation kinetics
significantly impact gas production behavior in hydrate-bearing
cores. Yet, Oyama et al. [37] argued that the heat transferred from
the ambient is predominant for hydrate dissociation during the
stage (iii). By comparing the methane hydrate decomposition rate
under the limitation of intrinsic kinetics, heat transfer, and mass
transfer separately, Hong et al. [138] proved that the degree of the
limiting factors was affected by the reaction time. Their findings
demonstrated that the extent of these limiting factors was influ-
enced by the progression of the reaction over time. Initially, due to
rapid heat transfer, intrinsic kinetics emerged as the dominant
factor. However, as the sensible heat was depleted, heat transfer
from the boundaries assumed the role of the rate-limiting factor.
Overall, rate-limiting factors of depressurization-induced hydrate
decomposition are intrinsic kinetics [28,136,139] and heat transfer
[37] in a core-scale reactor.

According to the solution method, kinetics models used for
describing the hydrate decomposition process include theoretical,
numerical, and analytical models [140]. Of these factors, the
theoretical model is purely derived based on the basic theory and
gives the physical and mathematical relationships between the

relevant variables of the hydrate dissociation process without any
semi-empirical correlation. In the study by Oyama et al. [37], a
theoretical model was employed to describe the overall dissoci-
ation rate as the combined effect of both forward and backward
reaction rates. Moreover, the decomposition process of methane
hydrate was also modeled as a first-order reaction, so as to obtain
another expression for the hydrate decomposition rate. Compared
with two equations of the overall dissociation rate, the authors
figured out the overall hydrate dissociation coefficient. The
physical and mathematical relations between the related vari-
ables are only derived from the basic theory of chemical engi-
neering. However, due to the complexity of the actual chemical
process and many influencing factors, the theoretical model ob-
tained by Oyama et al. [37] was under following assumptions: (a)
neglecting the formation of ice; (b) The core temperature equals
the three phase equilibrium temperature of the corresponding
pressure with continuous gas production at the production
pressure; (c) A gas flow path is generated during the initial
depressurization process.

In contrast, the numerical method refers to the calculation
aiming at obtaining numerical results. The numerical analysis
brings huge computational costs, and the efficiency and accuracy of
numerical calculation often depend on the calculation tools.
Therefore, in early research, the use of numerical calculation was
obviously limited. With the progress of scientific computing, the
efficiency of solving equations has been dramatically improved,
which makes the numerical solution the most widely used method
in recent years. The simulator of transport of unsaturated ground-
water and heat (TOUGH)-Fx/hydrate has been adopted to discuss
hydrate decomposition [28,139], which belongs to the TOUGH
family simulation code and is themost widely used reservoir model
applied for the NGHs production evaluation. Software of the
computational fluid dynamic was also widely used in hydrate
decomposition research [141e143].

The analytical method involves expressing all relationships
among model parameters, initial conditions, input information,
simulation time, and results through closed-form solutions of dif-
ferential equations [140]. This approach is widely utilized in hy-
drate decomposition research, as seen in previous studies
[29,138,144]. For example, Hong et al. [138] reported an analytical
model of methane hydrate decomposition rate under the limitation
of intrinsic kinetics, heat transfer, and mass transfer, respectively.
The results proved that the degree of the limiting factors was
affected by the reaction time. Due to the rapid heat transfer rate,
intrinsic kinetics is the rate-controlling factor early. Then, heat
transferred from boundaries becomes the rate-limiting factor after
the sensible heat is exhausted.

2.1.2. Influence of the research volume
Indeed, the rate-limiting factors in hydrate decomposition do

not abruptly transition at a specific scale but instead exhibit a
gradual shift. According to the obtained mathematical model, for
core-scale cases, the limitation of intrinsic kinetics gradually
weakened with the increase of the research volume, while that of
heat transfer was aggravated. To exclude the other effects and
investigate the intrinsic kinetics of hydrate dissociation alone, Kim
et al. [29] adopted a sufficient stirring speed and maintained the
system at a constant temperature during the hydrate dissolution
process. A kinetic model of hydrate dissociation rate that only
considered the limiting effect of the intrinsic kinetics was given to
describe the experimental data.

�dnH
dt

¼ kdadec
�
fse � fg

�
(1)

Fig. 2. (a) Summary of the scale of hydrate devices used for depressurization-induced
hydrate decomposition over the past two decades [2e5,17e19,23e26,28,30,32e135];
(b) research scale distribution of publications.
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where nH is the total moles of methane contained in the hydrate
particles; kd is the rate constant of intrinsic decomposition; adec
denotes the decomposing area of methane hydrate particles; fse, fg
represent the fugacity of methane corresponding to the three-
phase equilibrium state and decomposition pressure, respectively.
In Eq. (1), kd is affected by temperature and activation energy, and
the formulation is expressed as:

kd ¼ k0de
�DE=RT (2)

where DE represents the activation energy, J$mol�1$K�2; R is gas
constant, 8.314 J$mol�1$K�1; T is the temperature of the system, K;
k0d presents the intrinsic kinetics constant. The kinetics model can
also be correlated with hydrate reservoir volume, and the expres-
sion can be rewritten as below. Similar discussions have also been
proposed by another scholar [145].

�dnH
dt

¼ k0de
�DE=RTAdecV

�
Pse � Pg

�
(3)

where Adec represents the decomposition area per unit volume,
m�1; V is the volume of the hydrate reservoir, m3.

Adec ¼ AHSfSH (4)

where AHS is the surface area of 1 m3 NGHs, AHS ¼ 3:75� 105

m2$m�3 [146]; f is the porosity; SH presents hydrate saturation.
According to Eq. (4), Adec does not change with the research

volume. Consequently, when solely taking into account the
constraint imposed by intrinsic kinetics, it becomes evident that
with larger research volume, the rate of hydrate decomposition
tends to increase. Moreover, the limiting effect of intrinsic kinetics
diminishes as the research volume expands. This implies that
intrinsic kinetics exerts a less restriction on the rate of methane
hydrate decomposition when employing a large-scale volume.

As for the heat transfer limitation, an analytical solution for the
transfer velocity of the methane hydrate dissociation interface
[138] was presented with the following correlation.

dXðtÞ
dt

¼ l

ffiffiffi
a

t

r
(5)

where XðtÞ is the hydrate interface location, a is thermal diffusivity,
and l is the eigenvalue. As shown in Eq. (5), the transfer position of
methane hydrate decomposition surface per unit time is indepen-
dent of the reservoir volume under the condition of being limited
by heat transfer only. However, it is important to recognize that in
larger volume settings, the process necessitates more time for
transfer, resulting in a more prolonged influence of the heat
transfer process. In summary, as the research volume enlarges, the
degree of limitation attributed to decomposition kinetics di-
minishes, while the impact of heat transfer becomes more pro-
nounced, as visually depicted in Fig. 3.

This view was confirmed in the research of Chen and Hartman
[147], in which an analytical solution was obtained, and the deri-
vation method was similar to that of Hong et al. [138]. In the work
by Chen and Hartman [147], the roles of heat transfer and intrinsic
kinetics were evaluated by considering the contribution fraction of
each process. As seen in Eq. (6),wh andwi are contribution fractions
of heat transfer and intrinsic kinetics, respectively. Both of them are
dimensionless quantities. Notably, wh and wi were not computed
independently; Instead, the ratio of both quantities was treated as a
unified entity. In addition, both wh and wi are transient processes,
functions of time, the initial methane hydrate thickness, and the
temperature difference between the system and the phase

boundary. Thus, the ratio of the contribution fraction of each pro-
cess was estimated by Eq. (6) in Chen and Hartman's [147] work.

wh
wi

¼ l $ ½1� expð�kdtÞ�$
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rHDh
2ktDT

r
(6)

where l is the initial thickness of the methane hydrate on thewall. k
is the thermal conductivity of dissociated hydrate, rH is the density
of the hydrate, Dh is the enthalpy of methane hydrate dissociation
(436.5 kJ$kg�1), and DT represents the temperature difference be-
tween initial temperature and phase equilibrium temperature,
respectively.

Besides the research volume, various other factors also exert
influence on the rate-limiting factors in core-scale hydrate
decomposition. Specifically, concerning hydrate decomposition
kinetics, as indicated by Eq. (3), factors such as the initial system
temperature, pressure differential, and particle surface area play
pivotal roles in altering the extent to which intrinsic kinetics act as
the limiting factor, thereby affecting the rate of methane hydrate
decomposition. In the realm of heat transfer, the influencing factors
encompass the initial temperature, initial water saturation, and
production pressure. Overall, there is an overlap in the factors that
influence both intrinsic kinetics and heat transfer.

2.2. Large-scale research

2.2.1. Rate-controlling factors
In recent studies, laboratory equipment has undergone a trans-

formation from core-scale setups to larger-scale configurations,
allowing for more realistic simulations of hydrate dissociation be-
haviors akin to those found in actual NGH reservoirs [69]. As of now,
China [79,109,148], Germany [149], the United States of America [40],
and Japan [56] have developed several large-scale simulators and
carried out a series of studies onmethane hydrate dissociation using
different methods. However, most large-scale experimental studies
fail to identify the limiting effect of mass transfer on the decompo-
sition rate of hydrate [4,49,109,150,151], including the study of
depressurization-induced hydrate decomposition with a 1710-L de-
vice [56].

Some simulation studies with a larger research scale pointed out
that mass transfer plays a more important limitation role during the
hydrate dissociation process [152,153]. However, it is crucial to
acknowledge that the extensive research scales employed in simu-
lations are often challenging to replicate in experimental settings.
Thus, heat transfer is the main rate-limiting factor of the hydrate
decomposition rate in a large-scale experimental study. The
decomposition of methane hydrate involves heat sources such as the
sensible heat stored within the undecomposed hydrate deposit and

Fig. 3. The shift between the rate-limiting factors of intrinsic kinetics and heat transfer
with scale increases.
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heat conducted from the surrounding environment. Methane gas
recovery curves obtained by Kou et al. [105] show little discrepancy
underdifferent boundaryconditions during theDPprocess.However,
during the CP stage, gas production behavior was distinctly different
under the condition of isothermal and semi-adiabatic boundaries.
This is to say, the latent heat is exhaustedfirst (corresponding to stage
(ii)) and then is the environmental heat conducted from the device

boundaries (stage (iii)) [4,15]. In other words, the heat conducted
from the external environment has little impact on the DP stage but
plays a vital role during the CP stage. The gas production rate
depended on the CP stage [4,55,109]. In view that the heat conducted
from the external surroundings is the main driving force for the CP
stage, it is also the dominate limiting factor affecting the whole hy-
drate decomposition process [4,15,49,50,55,105]. A simulation of the

Fig. 4. Evolution of the spatial distribution of hydrate saturation over time of numerical simulation results during hydrate dissociation [49].

Fig. 5. Curves of recovery ratios during hydrate dissociation for Runs 1e3 and the partial enlargement of the first 300 min during hydrate dissociation [49].
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hydrate dissociation process [49] has shown that the direction of the
methane hydrate dissociation front aligns with the external heat
transfer, with both progressing inward from the reactor boundaries
towards the center [55], as illustrated in Fig. 4.

Fig. 5 shows the curves of recovery ratios during hydrate
dissociation for Runs 1e3 [49]. Whereas, Runs 1e3 were performed
with the isothermal-, semi-adiabatic- and adiabatic-boundary,
respectively. As observed, in the CP stage, Run 1, conducted under
isothermal conditions, exhibited a significantly more rapid increase
in gas production rate compared to Run 2, which employed a semi-
adiabatic boundary. As mentioned above, heat conduction from the
ambient is the dominant driving force of hydrate dissociation. Thus,
the isothermal boundary condition promotes the dissociation of gas
hydrate as compared with the semi-adiabatic boundary. When
comparing Run 1 to Run 3, it is apparent that the production rate in
the early CP stage of Run 1 surpasses that in Run 3, while the
production rate in the later phase of the CP stage in Run 1 appears
to lag behind Run 3. However, the overall characteristics of gas
production rates in Run 1 and Run 3 are similar. Because of the
different distributions of wellbore, the flow direction of Run 1 is
identical to the heat transfer direction, while the flow direction of
Run 3 is opposite to the heat transfer direction. One might expect
that these different convection directions would result in a faster
heat transfer rate in Run 1 than Run 3. However, the experimental
result suggests that the influence of hydrate convection on heat
dissociation in the CP stage may not be obvious.

The transfer direction of hydrate decomposition front for actual
field-scale tests is opposite to the large-scale experimental studies.
For field-scale tests, the NGHs decomposition front starts from the
exploitation well and then transmits to the surrounding area [154].
The real NGHs reservoir environment is generally characterized by
low permeability, and the NGHs decomposition process is signifi-
cantly restricted by mass transfer [28]. In addition, the real NGHs
environment also has a different thermodynamic condition [155].
Recently, relevant scholars have introduced a novel criterion for
identifying rate-limiting factors, relying on the characteristics of
the dissociation front advance. The advance curve of the hydrate
decomposition front may be a non-piston-like mode [47] when the
hydrate dissociation was carried out under a constant-temperature
boundary. For the adiabatic-thermal boundary, it may be in a
piston-like dissociation mode [55,139]. In addition to the thermal
boundary conditions, the initial permeability of the hydrate deposit
and internal reaction rate influence the hydrate decomposition
front mode [156e159].

Moreover, considering that the initial permeability, thermal
boundary conditions, and intrinsic reaction rate serve as indicators
of mass transfer, heat transfer, and intrinsic kinetics limitations,
respectively [31,138,140,160e162], the determination of rate-
limiting factors hinges on the dissociation front characteristics
within the targeted NGHs reservoirs.

2.2.2. Influencing parameters of the hydrate decomposition rate
In a large-scale reactor, the primary rate-limiting factor

affecting the hydrate decomposition rate is heat transfer. This
rate is influenced by two main heat sources: the sensible heat
contained within the undecomposed hydrate deposit and
the heat conducted from the external environment. Conse-
quently, the parameters associated with these two heat transfer
processes also have a significant impact on the rate of hydrate
decomposition.

(1) Initial water saturation

The initial water saturation exerts a significant influence on the
thermal properties of the hydrate sediment, notably altering its

heat capacity and thermal conductivity, thereby impacting the heat
transfer process. In cases of gas saturation, the duration of the DP
stagewasmuch shorter than that of thewater-saturated case under
identical pressure reduction conditions. This is because more free
gas exists in the gas-saturated system, which has a faster exhaust
rate than the water displacement [153]. However, hydrate decom-
position during the DP period depends on the latent heat; more
latent heat will be provided in case of high-water content. This
leads to more hydrate decomposition in this stage. A relevant study
showed that 87% of methane hydrate was decomposed in 41 min
during the DP stage in awater-saturated environment, whereas in a
water saturated environment, 85% of methane hydrate was
decomposed over an extended period of 65 min [163]. The hydrate
decomposition quantity is larger, and the methane hydrate
decomposition speed is faster during the DP stage in the water-
saturated case. However, during the CP stage, there exist opposite
conclusions [164]. The external heat transfer rate is slower in a
water-saturated environment. The curve of temperature changing
with time was “L-shaped” in the water-saturated hydrate reservoir.
In contrast, for the gas-saturated hydrate reservoir, the temperature
variation with time was “V-shaped” [164]. As aforesaid, in the
process of hydrate dissociation, the sensible heat was first
exhausted, and the environmental heat was conducted from the
device boundaries.

(2) Initial reservoir temperature

The mass of the methane hydrate dissociated is related to the
sensible heat consumption during the DP stage [15], a relationship
that is proportional to the drop in reservoir temperature. The
methane hydrate decomposition mass can be mathematically
expressed as below [69].

mdissDP ¼ f
�
Tres � Teq

�
(7)

where mdissDP is the mass of methane hydrate dissociation during
the DP stage; Tres is the initial hydrate reservoir temperature; And
Teq is the hydrate equilibrium temperature corresponding to the
production pressure.

Maintaining a constant production pressure, it becomes evident
that a lower initial system temperature results in a reduced
contribution of sensible heat originating from the reservoir. Thus, a
lower production pressure is associated with a diminished rate of
hydrate decomposition and a smaller quantity of hydrate decom-
position occurring during the DP stage. In addition, a lower initial
system temperature also induces a slower gas production rate
during the CP stage. This is caused by the low temperature drop and
resulted from the small temperature difference between the device
and its surroundings [69].

(3) Production pressure

The dissociation behavior of methane hydrate differs signifi-
cantly depending on whether the production pressure is above or
below the quadruple point. If the production pressure is above the
quadruple point, hydrate dissociates into water and methane gas.
As the production pressure decreases, the pressure drop in the DP
stage becomes extensive, which results in the release of more
latent heat from the methane hydrate reservoirs. This accelerates
the hydrate decomposition rate during the DP stage. For the CP
stage, a lower production pressure induces a more substantial
temperature difference between the internal and external envi-
ronments of the system, creating a larger driving force for hydrate
decomposition. Li et al. [55] discussed the hydrate decomposition
behaviors with the production pressures of 4.70, 4.20 and
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3.70 MPa, respectively. The results showed that the duration of
methane hydrate decomposition during the DP stage ranged from
128.2 min to 42.0 min, with corresponding decomposition rates
varying from 18.93 to 88.51 g$min�1 across different production
pressures. In contrast, during the CP stage, the methane hydrate
decomposition times spanned from 8160 min to 3366 min, and
the decomposition rates ranged from 2.282 to 5.422 g$min�1,
again contingent on the specific production pressure conditions.
The hydrate decomposition rates of the DP and CP stages were
greatly accelerated when the production pressure decreased.
Similar findings were also reported in another study with pro-
duction pressures of 4.8 and 2.5 MPa [68]. In addition, methane
hydrate decomposition is more dependent on latent heat with a
lower production pressure.

Methane hydrate dissociates intomethane gas and ice below the
quadruple point, creating a complex scenario. During the DP stage,
the available latent heat within the hydrate sediment surpasses
that of hydrate decomposition above the quadruple point. In
addition, the transformation of pore water into ice would also
release heat. Thus, the hydrate decomposition below the quadruple
point obviously promotes the heat transfer process during the DP
stage. However, for the CP stage, the generated ice weakened the
effect of the external heat transfer. Consequently, in this scenario,
the dissociation of hydrates relies more heavily on the latent heat
contained within the hydrate reservoir.

Moreover, the effects of initial temperature and water satura-
tion on the rate-controlling factors in the above discussion would
differ when the production pressure is below the quadruple point
[68]. Regarding the impact of water saturation, it was pointed out
that the methane hydrate decomposition speed is faster during
the DP stage in a water-saturated environment. However, for
hydrate production below the quadruple point, the gas produc-
tion rate is faster from the quadruple point to the production
pressure for the gas saturated case. This observation may be
attributed to the increased ease of freezing in a gas-saturated
environment. In terms of the influence of the initial tempera-
ture on the hydrate decomposition, it was emphasized that higher
initial temperatures enhance the hydrate decomposition rate in
both the DP and CP stages [69]. However, a lower initial temper-
ature will accelerate the methane hydrate decomposition because
water is easier to convert to ice when the production pressure is
below the quadruple point.

2.3. Middle-scale research

2.3.1. Rate-limiting factors and Stefan number
The main rate-limiting factor of middle-scale depressurization-

induced hydrate decomposition is heat transfer [3]. Moreover,
latent heat is consumed during the DP stage, and then the heat
conducted from the outside environment in the CP stage. In the
study of Zhao et al. [3], quartz sand, corundum, and silicon carbide
were adopted to simulate actual reservoirs, of which the heat ca-
pacities and thermal conductivities were 742, 775 and
673W$m�1$K�1; 1.35, 28.82 and 41.90 J$kg�1$K�1, respectively. The
similar heat capacities of the three kinds of media indicated the
same latent heat of hydrate deposits in the three systems. The
difference in thermal conductivity between the three kinds of
media led to an obvious difference in thermal conductivity
behavior among the three systems. According to the results, the
internal and external temperature changes of the device were the
same for three types of fillers during the DP stage, while those
during the CP stage were significantly different. Specifically, in the
CP stage, the internal reactor temperature had a sharp increase for
the quartz sand case, which was higher than the external envi-
ronment. The thermal conductivity of quartz sand was smaller than

the other two sediments, and the external environment heat
cannot be introduced timely, resulting in methane hydrate regen-
eration and temperature rise.

The Stefan number is introduced to quantitatively evaluate the
relationship between the contributions of heat conducted from
outside and latent heat on the hydrate decomposition. Stefan
number (Ste) is defined as the ratio of the sensible heat of the
hydrate-bearing sediment to the total consumption heat of
methane hydrate decomposition [145]:

Ste¼ CpDT
fDH

$
r

rH
(8)

where Cp is the hydrate sediment specific heat capacity, r is sedi-
ment density, and the subscript H represents methane hydrate.
DHðTÞ is the latent heat of methane hydrate dissociation per mole,
which is related to the temperature [3,165].

According to Eq. (8), the Stefan number is independent of the
reactor volume. In simpler terms, for middle-scale cases, the heat
conducted from outside also accounts for the central part of the
consumption. Moreover, the proportion is the same as that of the
large-scale case. However, this does not mean that the heat
transfer characteristics of the depressurization-induced large-
and middle-scale methane hydrate dissociation process are
identical. Irreversible energy loss is not considered in the above
discussions, which varies with the research scales [82]. In addi-
tion, during the hydrate decomposition process, factors such as
the distance of external heat transfer and the shape of the heat
exchange surface would also be affected by the research scale.
Consequently, these variations may lead to differing degrees of
limitation in the heat transfer process.

2.3.2. Scaling criterion
Li et al. [4] studied gas production behavior by depressuriza-

tion in a large-scale (117.8 L) device and compared it with that
obtained from a middle-scale (5.8 L) reactor. Results suggested
that the gas production process including (i) free gas release stage,
(ii) mixed gas release stage, and (iii) dissociated gas release stage.
In addition, period (i) plus period (ii), corresponding to the DP
stage, lasted 40 and 36.5 min for the middle- and large-scale re-
actors, respectively. In contrast, the duration of the CP stage for
middle- and large-scale reactors were 300 and 6081 min,
respectively. This result illustrates that the research scale has little
influence on the duration of the DP stage but has a pronounced
impact on the CP stage. The course of the CP stage is significantly
longer under large-scale conditions. Therefore, for a large-scale
case, hydrate decomposition is restricted by external heat trans-
fer for a longer time, which can also be proved by comparing the
spatial temperature distributions over time obtained from the
large- and middle-scale cases [4].

To facilitate the application of experimental-scale studies on hy-
drate decomposition to field tests, researchers developed a scaling
criterion, as outlined in the study by Wang et al. [30]. In that study,
three devices with inner volumes of 117.80, 5.80 and 0.73 L were
employed to assess the scaling criteria in terms of the relationship
between gas production ratio and inner volume ratio. The results
demonstrated that the ratios of gas production in the DP stage were
consistentwith thedevice volume ratios, thus confirming the validity
of the scaling criteria. However, for the CP stage, adjustments to the
scaling criteria were necessary based on experimental data. Ulti-
mately, the researcher utilized the ratios of research volume and gas
production obtained from the large-scale device to predict gas pro-
duction at a field scale of 50 m � 50 m � 60 m. However, it is chal-
lenging to establish a scaling criterion capable of accurately
simulating the gas production rate for field-scale predictions through
experimental data. This can be attributed to the various limitation
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degrees of heat transfer and mass transfer between field tests and
experimental studies. In addition, differences in heat sources and
mass transfer behaviors between field-scale and experimental-scale
investigations further complicate the establishment of such criteria,
with further details to be discussed in the subsequent section.

3. Natural Gas Hydrate Reservoirs Exploitation by
Depressurization

Detailed conditions of typical field-scale production tests are
shown in Table 1. International gas hydrate scientific drilling and

Table 1
Field tests of hydrate production onshore and offshore

Research area Year Method Duration Gas production/m3

Onshore
1 Mackenzie Delta, Canada [20] 2002 Heating 5 d ~516
2 Mackenzie Delta, Canada [166] 2007 Depressurization 12.5 h ~830
3 Mackenzie Delta, Canada [166] 2008 Depressurization 6 d ~13000
4 North slope of Alaska, USA [167] 2012 CO2 replacement and depressurization 30 d ~24000
5 Permafrost area of the Qilian Mountains, Qinghai, China [168] 2016 Depressurization 23 d ~1078
Offshore
1 Nankai Trough, Japan [21] 2013 Depressurization 6 d ~11390
2 Nankai Trough, Japan [169] 2017 Depressurization 12 d ~35000
3 Nankai Trough, Japan [169] 2017 Depressurization 24 d ~200000
4 Shenhu area of SCS, China [22] 2017 Formation fluid extraction 60 d ~309000
5 Shenhu area of SCS, China [170] 2020 Formation fluid extraction 30 d ~861000

Fig. 6. International gas hydrate scientific drilling and production tests [171].
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production tests are depicted in Fig. 6. To date, over 120 sites over
the world have found NGH, but only 10 drilling tests were carried
out, 5 in permafrost regions (MacKenzie Delta in 2002, 2007, and
2008; Alaska's north slope area in 2012, and Qinghai, China in
2016), and 5 in seafloor (Eastern Nankai Trough, Japan in 2013 and
twice in 2017; Shenhu area of the South China Sea, in 2017 and
2020, respectively).

The geological characteristics of hydrate deposits are shown in
Table 2. As shown, the natural gas hydrate reservoirs are character-
izedby large-scale and lowpermeability,making themchallenging to
replicate accurately in experimental settings. Consequently, simu-
lating hydrate dissociation within the heat transfer characteristics of
the natural environment becomes a complex task. Specifically
speaking, in an experimental-scale (including core-, middle-, and
large-scale) case, the hydrate decomposition depends on the heat
conducted from the device boundaries once the sensible heat within
the hydrate deposit has been depleted. For most experimental
studies, the temperature of the external environment is constant,
ensuring that heat from the boundaries consistently influences the
entire hydrate decomposition process. In contrast, the thermody-
namic condition of an actual NGHs reservoir is similar to an adiabatic
case [155]. The heat comes from the surrounding undecomposed
hydrate in the case of a real NGHs reservoir. With the decomposition
of NGHs, the ambient temperature gradually decreases until the
dissociation progress stops [154].

In addition, real NGHs reservoirs have lower permeability
than the most experimental conditions caused by the
compression of overburden and surrounding strata. Moreover,
in actual NGH reservoirs, grain sediments tend to agglomerate,
leading to decreased sediment permeability caused by

overburden pressure during gas production. Conversely, in
experimental studies, methane hydrate sediment permeability
often increases as hydrate dissociation progresses due to the
reduction in hydrate saturation. As a result, as seen in Fig. 7,
the transfer direction of hydrate decomposition front for actual
field-scale tests is opposite to the large-scale experimental
studies. In field-scale tests, the NGHs decomposition front
initiate from the exploitation well and then extend to the
surrounding area [154]. For large-scale experimental studies, as
mentioned previously, the hydrate dissociation front aligns
with external heat transfer, receding from the reactor bound-
aries towards the center [49]. This confirms the necessity of
NGHs reservoir exploitation tests.

But field-scale tests are characterized by the harsh environment,
colossal cost, high risk, and data acquisition technology limitations;
Relevant scholars are focusing on numerical simulation [176e179].
Numerical simulations offer the advantage of replicating large-
scale, low-permeability environments more easily compared to
experiments. Meanwhile, it can reflect the changes in corre-
sponding physical parameters (such as pressure, temperature,
permeability, and hydrate saturation) more intuitively in the hy-
drate decomposition process. However, almost all equations in
numerical simulation study were established based on certain as-
sumptions, necessitating more extensive and detailed research in
the future.

4. Conclusions and Prospects

From the investigations into hydrate decomposition across
different research scales, several key conclusions emerge.

Table 2
Geological characteristics of hydrate deposits

Location Depth Reservoir scale Reservoir property

Permeability (md)/porosity Saturation

Onshore
Mackenzie Delta, Canada [20] ~890e930 m below the

land surface
~40 m thick; ~200 m distance
between well

Absolute permeability:
100e1000 md**
Initial effective permeability of
water: 0.01e10 md
Porosity: 0.32e0.38

Hydrate: 50%e80%
Water: 20%e50%

Mackenzie Delta, Canada (test in
2007/8) [172]

1070e1110 m below the
land surface

~38 m thick; ~200 m distance
between well

Absolute permeability:
100e1000 md
Initial effective permeability
of water: 0.001e1 md
Porosity: 0.3e0.4

Hydrate: 50%e95%
Water: 50%e5%

Qilian Mountains, Qinghai, China
(test in 2011) [173]

133e396 m below the
land surface

10e175 m thick e Hydrate:13%e86%;

North slope of Alaska, USA
[174,175]

~700 m below the surface 10e20 m thick Absolute permeability:
~1000 md
Porosity: 0.03e0.05

Hydrate: ~70%
Water: ~25%

Offshore
Shenhu area of SCS, China [22] Water depth:

1266 m
Mbsf*: 201 m

Three intervals,
(1) ~35 m
thick;
(2) ~15 m
thick;
(3) ~27 m thick;

Interval (1): 2.9 md/0.35
Interval (2): 1.5 md/0.33
Interval (3): 7.4 md/0.32

(1): Hydrate: 35%
(2): Hydrate: 31%
(3): Hydrate: 7.8%

Liwan gas reservoirs, north south,
China [170]

Water depth:
1310 m
Mbsf: 117e196 m

~60 m thick e Hydrate: ~70%

Nankai Trough, Japan (test in 2013)
[143]

Water depth:
1000 m
Mbsf: 300 m

~60 m thick Absolute permeability:
470e840 md
Initial effective
permeability of water:
0.01e1 md
Porosity: 0.32e0.38

Hydrate: 60%e80%

Note: Mbsf represents “meter below seafloor”. **: 1 md ¼ 0.0009869 mm2.
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(1) Core-scale research: In core-scale studies, the primary
rate-limiting factors for hydrate decomposition are
intrinsic kinetics and heat transfer. Interestingly, as the
research volume increases, the influence of intrinsic ki-
netics diminishes while that of heat transfer becomes
more pronounced.

(2) Large-scale research: In large-scale experiments, heat
transfer emerges as the predominant rate-limiting factor for
depressurization-induced methane hydrate dissociation.

(3) Middle-scale research: Similar to large-scale experiments,
heat transfer takes precedence as the primary rate-limiting
factor in middle-scale research. Moreover, the relationship
between the contributions of heat conducted from the
outside and latent heat in hydrate dissociation resembles
that of large-scale experiments under ideal conditions.

(4) Field-scale testing: Field-scale tests reveal that methane
hydrate decomposition rates are constrained by both heat
and mass transfer. Additionally, field-scale tests present
distinct thermodynamic conditions and sediment perme-
ability dynamics during the hydrate decomposition pro-
cess, resulting in variations in the hydrate decomposition
front

As mentioned above, the obtained conclusions under the
experimental conditions could differ significantly from the nat-
ural hydrate production tests. This can be attributed to the dif-
ference between experimental conditions and natural trial
production in terms of research scale, thermodynamic condition,
and sediment permeability. However, the experimental studies
that pay attention to the hydrate sedimentary layer with low
permeability and large scale at the same time are very limited.
Naturally occurring marine hydrate accumulates and dissociates
under axial and confining pressures, which are influenced by
water depth and lateral pressure from surrounding strata. The
development of core holders capable of applying both axial and
confining pressure is crucial to replicate these conditions accu-
rately. The core holder capable of exerting confining and axial

pressure is one of the most suitable experimental equipment to
account for this condition. In recent years, experimental appa-
ratus that cannot apply confining and axial pressure have been
developed from core-scale to large-scale to simulate real
exploitation conditions. However, core-scale cases still dominate
the core holder focus. Furthermore, there is a lack of experi-
mental studies that simulate adiabatic conditions resembling the
natural environment. Therefore, future research should aim to
incorporate characteristics such as research scale, thermody-
namic conditions, and sediment permeability of actual exploi-
tation conditions simultaneously to obtain data that closely
aligns with the real exploitation conditions.
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