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Abstract: The utilization of natural gas hydrates as an alternative energy source has garnered
significant attention due to their proven potential. Despite the successful offshore natural gas
hydrate production tests, commercial exploitation has not been achieved. This study aims to enhance
the understanding of gas production behavior through simulations from a single vertical well in
the Nankai Trough and assess the effectiveness of the step-wise depressurization method for gas
production using TOUGH + HYDRATE. The simulation results showed that the effective permeability
for the water phase decreased as the hydrates were decomposed, and the invasion of the pore water
from the underburden eliminated this effect. Compared with the direct depressurization method, the
step-wise depressurization method significantly increased the cumulative gas production by more
than 10% and mitigated the rapid generation of gas and water production during the moment of
depressurization. The results also indicated that the depressurization gradient was more sensitive
to the cumulative gas production than the maintenance time of depressurization. In view of the
gas and water production characteristics coupled with the challenges in carrying out the step-wise
depressurization method, it is suggested that a depressurization gradient of 1 MPa and a maintenance
time of 1 day should be employed.

Keywords: nature gas hydrate; step-wise depressurization; gas production; Nankai Trough

1. Introduction

Natural gas hydrates (NGHs) are crystalline solid, nonstoichiometric compounds
that form under a special environment of low temperature and high pressure [1–3]. They
are primarily present in continental slopes, deep-sea, or permanent frozen strata [4–6].
They are considered as one of the most promising alternative energy sources due to the
characteristics of high energy density, wide distribution, and combustion cleanliness [7–9].

The mechanism of the exploitation is to break the phase equilibrium of NGHs and
extract gas from the NGH reservoir [10,11]. There are four main exploitation methods,
including depressurization, thermal injection, chemical inhibitor injection, and carbon
dioxide replacement methods [12,13]. The thermal injection method has poor energy
efficiency due to the low energy transformation ratio [14,15]. Environmental concerns
and potential reservoir pollution are major problems for the chemical inhibitor injection
method [16,17]. The low replacement rate limits the development of the carbon dioxide re-
placement method [18,19]. Depressurization is generally believed to be the most promising
method because of its simplicity, technical feasibility, and economic effectiveness [20–22].
Recent offshore NGH field tests conducted by Japan and China, during which the de-
pressurization method was used, suggested the possibility of extracting gas from NGH
reservoirs [23–26]. In 2013, Japan conducted the world’s first offshore production test of
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NGHs using a single vertical well. This test was successful in producing a cumulative
volume of 119,500 m3 of natural gas over a period of 6 days, with an average daily pro-
duction rate of 2.0 × 104 m3/d. It is worth noting that the production test lasted only
6 days, primarily due to the severe issue of sand production. In 2017, Japan conducted a
second offshore production test of NGHs following the first test in 2013. It was reported
that a total of around 2.0 × 105 m3 of natural gas was produced over a period of 24 con-
secutive days (i.e., 8.33 × 103 m3/d) during this recent test. Additionally, in 2017, China
conducted a production test of NGHs in the Shenhu area of the South China Sea, achieving
a cumulative gas production of 3.09 × 105 m3 during 60 days with an average production
rate of 5.15 × 103 m3/d. In 2020, China’s second production test of NGHs resulted in an
improvement in the average gas production rate, with a cumulative gas production of
8.614 × 105 m3 over 30 days and an average production rate of 2.87 × 104 m3/d. However,
the issue of sand production remains a significant concern and the gas production rates
of the recent field tests were far from the commercial exploration level of 5.0 × 105 m3/d
(0.1 MPa and 289 K) [2]. Consequently, in order to achieve successful commercial gas pro-
duction from offshore NGH deposits in the future, significant improvements in production
efficiency are necessary, and the depressurization method must be optimized [27].

Numerous laboratory-scale studies have investigated the optimization of depressur-
ization method for the development of the offshore NGH deposits, including the step-wise
depressurization method. For example, Heeschen et al. [28] compared the effects of two
gradient depressurization modes, 7.0-5.0-4.2 MPa and 9.0-7.0-5.0-4.2-3.0 MPa, on gas pro-
duction behaviors using the gas production test results of Mallik as a basis. The results
showed that the second mode with a small depressurization gradient had a higher cumu-
lative gas yield. Yang et al. [29] used real marine sediments as a carrier to compare and
study the production behaviors of natural gas by single-step and multi-step decompression
methods and found that the multi-step method could alleviate the reservoir temperature
drop. Zhao et al. [30] employed a multi-level pressure reduction approach in their study
of hydrate exploitation and found that it could effectively mitigate the reservoir tempera-
ture decline. In addition, a small depressurization gradient of 0.5 MPa could increase the
rate of hydrate decomposition by 18.92%. Overall, at the laboratory scale, the step-wise
depressurization method may potentially improve the rate of hydrate decomposition and
the cumulative gas production.

Due to the difficulties and exorbitant costs associated with field testing, the study of
reservoir-scale phenomena is often carried out using numerical simulations. These simula-
tions prove useful in determining the most efficient exploitation methods and monitoring
changes in reservoir characteristics. Several specialized simulators, such as TOUGH +
HYDRATE, STOMP-HYD, CMG-STARS, and MH21-HYDRES, have been developed for
this purpose. Utilizing the field test data, numerous numerical simulations have been con-
ducted to enhance gas productivity, including the utilization of horizontal wells, hot water
injection, gas exchange, and permeability enhancement techniques of the NGH reservoirs.
However, research on the step-wise depressurization method for gas production at the
reservoir scale remains limited.

The main objective of this study was to investigate the effects of different step-wise
depressurization methods on natural gas hydrate production in the Nankai Trough of Japan
and identify the optimal depressurization strategy. To achieve this aim, a multi-layered
NGH reservoir model was established, which provided a more accurate representation of
the reservoir conditions compared to a single-layered model. The accuracy of the model
was confirmed through the comparison with the actual field test data. Then, the gas and
water production characteristics and changes in reservoir permeability over the course
of one year were analyzed in this study. Ten scenarios were simulated to evaluate the
effects of the key factors, such as the depressurization gradient and maintenance time
after each depressurization step, on gas and water production. The cumulative gas and
water production from different step-wise depressurization cases were also compared after
100 d of production. Additionally, the evolution of reservoir characteristics distribution by
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the step-wise depressurization method had also been presented in this study. The results
of this research are expected to provide valuable guidance for future commercial NGH
production initiatives.

2. Numerical Modeling
2.1. Numerical Simulator

The TOUGH + HYDRATE software developed by the Lawrence Berkeley National
Laboratory is widely used for simulating gas production behaviors in NGH reservoirs [31].
This simulator has a good track record of accurate predictions, as confirmed by many schol-
ars [4,32,33]. This simulator was also employed for predicting gas and water production in
this study. Specifically, the equilibrium model was adopted, and all the simulation results
were obtained based on the assumption that sand production has been fully controlled
and the pore structure of the NGH reservoirs would not be deformed. The main control
equations are the mass and energy balance equations as follows,

d
dt

∫
Vn

MκdV =
∫

Γn
Fκ ·ndΓ +

∫
Vn

qκdV, (1)

where Mκ , Fκ , and qκ represent the mass accumulation term, Darcy flux vector, and source
or sink term, respectively; Vn, Γn, and κ represent the grid volume (m3), grid surface area
(m2), and component, respectively; t represents time (s); and V and Γ are the volume (m3)
and surface area (m2), respectively.

2.2. Model Construction and Domain Discretization

The production site AT1 in the Nankai Trough was chosen for the simulations. This
site is located in the Daini Astumi Knoll of the Eastern Nankai Trough off the Pacific coast
of Japan [24]. The NGH reservoir at this site comprise upper alternate layers consisting
primarily of interbedded sand and silt, middle silt-dominated layers containing mostly silt
with sand as the minor component, and lower sand-dominated layers composed primarily
of thick sand sequences with little silt [22,24].

A multi-layered NGH reservoir model was utilized in this study, as depicted in
Figure 1, which was constructed using a cylindrical coordinate system. The reservoir model
was divided into three main sections, the overburden (OB), hydrate layer, and underburden
(UB). The hydrate layer was further divided into three sublayers, the upper layer (HBL1),
middle layer (HBL2), and lower layer (HBL3), corresponding to the three hydrate sublayers
mentioned previously. The OB and UB were set to be 30 m thick, which has been shown to
effectively eliminate the boundary effects [34]. The thicknesses of the HBL1, HBL2, and
HBL3 were set to be 20 m, 8 m, and 32 m, respectively. The radial extent of the reservoir
model was set to be 200 m. A production well with a length of 38 m and a radius of 0.1 m
was used in this simulation and positioned in the HBL1 and HBL2 zones, as well as the
upper part of the HBL3 zone in order to match the field test.
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In this model, a fine grid division was performed, yielding a total of 22,648 grids, with
152 grids along the radial coordinate (r) and 149 grids along the vertical coordinate (z). To
ensure efficient calculation while preserving accuracy in predictions, the radial grid size
was determined using logarithmic growth. It is noteworthy that the first and last grids
along the radial coordinate were set to be 0.1 m to represent the wellbore from which gas
and water were produced and the boundary of the model, respectively. The reaction in the
hydrate layer is complex, including intricate transformations in heat conduction, hydrate
decomposition, and fluid flow. To properly capture these processes, the vertical grid size
for the hydrate layer was set to be 1 m, whereas the vertical grid size for the non-hydrate
layer was set to be 3 m. Furthermore, to ensure an accurate representation of the reaction,
the grids were meticulously fine-tuned at the interface between the layers.

2.3. Initial and Boundaries Conditions

The pressure gradient of the model was assumed to be the hydrostatic pressure
gradient and calculated by the empirical formula [35],

Ppw = Patm + ρswg ∗ (H + Z) ∗ 10−6, (2)

where Ppw represents the hydrostatic pore water pressure and Patm represents the standard
atmospheric pressure, MPa; ρsw is the average seawater density, kg/m3; g stands for the
gravitational acceleration, m/s2; H is the water depth, m; and Z is the depth of the sediment
from the seafloor, m.

The temperature distribution was derived according to the geothermal gradient and
the mean seafloor temperature as follows [22],

T = Ts f + ∆T · Z× 10−3, (3)

where Ts f represents the mean temperature of the sea floor, and the value is set to be 3.5 ◦C
according to the literature [24]; ∆T is the geothermal gradient, and the value was set to
be 30.0 ◦C/km. In this simulation, a set of parameters based on relevant studies were
used to model the reservoir, such as the porosity, initial hydrate saturation, and intrinsic
permeability of each layer [10,36,37]. For example, (a) the porosity was set to be 0.40 for the
whole reservoir; (b) the initial hydrate saturations of the HBL1, HBL2, and HBL3 were set
to be 0.50, 0.35, and 0.60, respectively; (c) the intrinsic permeability of the reservoir was
considered in relation to anisotropy, i.e., the permeabilities in the horizontal and vertical
directions of the HBL1, HBL2, and HBL3 were set to be 0.30 D and 0.20 D, 0.05 D and
0.05 D, and 0.40 D and 0.30 D, respectively. The permeability of the OB and UB were set
to be isotropic, with the values of 0.01 D and 1.00 D, respectively. The parameters of each
layer in this model are listed in Table 1, and the reservoir parameters and conditions used
in the simulations are shown in Table 2.

In order to implement the first-type boundary conditions, also known as Dirichlet
boundary conditions, fixed pressure and temperature were imposed at the top and bot-
tom of the model. The wellbore pressure was set to be 4.5 MPa, which aligned with the
production pressure observed in the field. As depicted in Figure 2, after a prolonged
simulation, the formation conditions remained stable, indicating that the model was
successfully constructed.
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Table 1. Parameters of each layer in the model.

Layer Parameter Value and Unit

OB
Thickness 30 m
Porosity 0.40

Intrinsic permeability 0.01 D

HBL1

Thickness 20 m
Porosity 0.40

Intrinsic permeability 0.30 D (horizontal),
0.20 D (vertical)

Initial hydrate saturation 0.50

HBL2

Thickness 8 m
Porosity 0.40

Intrinsic permeability 0.05 D (horizontal),
0.05 D (vertical)

Initial hydrate saturation 0.35

HBL3

Thickness 32 m
Porosity 0.40

Intrinsic permeability 0.40 D (horizontal),
0.30 D (vertical)

Initial hydrate saturation 0.60

UB
Thickness 30 m
Porosity 0.40

Intrinsic permeability 1.00 D

Table 2. Reservoir parameters and conditions used in the simulations.

Parameter Value and Unit

Seawater density (ρsw) 1022 kg/m3

Grain density 2650 kg/m3

Grain specific heat 792 J/(kg·◦C)
Wet thermal conductivity (sand) 2.917 W/(m·◦C)
Wet thermal conductivity (silt) 1.7 W/(m·◦C)
Dry thermal conductivity 1.0 W/(m·◦C)

Capillary pressure model [38] Pcap = −P0

[
(S∗)−

1
λ − 1

]1−λ
,

S∗ = (SA − SirA)/(SmxA − SirA)
P0 [initial capillary pressure (Pa)] 104 Pa (sand), 105 Pa (silt)
λ [exponent in the capillary pressure model] 0.45 (sand), 0.15 (silt)
SmxA [maximum water saturation] 1.00

Relative permeability model [39] krA = [(SA − SirA)/(1− SirA)]
n,

krG = [(SG − SirG)/(1− SirA)]
nG

SirA [irreducible water saturation] 0.25 (sand), 0.55 (silt)
SirG [residual gas saturation] 0.01 (sand), 0.05 (silt)
n [exponent in the relative permeability model for the
aqueous phase] 3.5 (sand), 5.0 (silt)

nG [exponent in the relative permeability model for the
gas phase] 0.01 (sand), 0.05 (silt)

patm [standard atmospheric pressure (MPa)] 0.101325 MPa
g [gravitational acceleration (m/s2)] 9.8 m/s2
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3. Direct Depressurization Method

In this section, the accuracy of the model was verified by comparing the simulation
results with the field data collected during the first test of the Nankai Trough. To further
investigate the characteristics of gas and water production, a year-long simulation by the
direct depressurization method was conducted.

3.1. Model Validation

To ensure the accuracy of the simulations, a 6-day simulation was conducted, as
illustrated in Figure 3. The gas production rate remained at approximately 2.0 × 104 m3/d,
which was consistent with the field data from the Nankai Trough with the exception of
the first day. The unusually high gas production rate on the first day was caused by
an instantaneous pressure drop from 13.5 MPa to 4.5 MPa, resulting in a slightly higher
cumulative gas production than the actual value. Given the similar results observed in
other studies [22,37,40,41], it could be concluded that the model was accurate and has been
successfully established. Based on the successful establishment of the model, a one-year
simulation by the direct depressurization method was conducted using this model.
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3.2. Characteristics of Gas and Water Production

Figure 4 shows the evolution of gas and water production rates, as well as cumulative
gas and water production, during the first year of the simulation. The results indicated
that the gas production rate decreased quickly from its initial value of 2.82 × 105 m3/d to
approximately 1.6 × 104 m3/d, which was due to the initial sudden pressure drop. The
gas production rate then gradually decreased, reaching a value of 1.15 × 104 m3/d at the
end of the first year. This decreasing trend was attributed to the slow pressure propagation,
which hindered the decomposition of hydrates [41]. In contrast, the water production rate
remained stable at 0.6 × 104 m3/d throughout the year. This value was significantly higher
than the field test, and this phenomenon was attributed to the use of a waterproof device
in the field test that was not accounted for in the simulation.
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3.3. Evolution of the Reservoir Permeability

Numerous studies have shown that reservoir permeability is a critical factor controlling
gas–water flow in reservoirs, which, in turn, is crucial for gas hydrate exploitation. In
the TOUGH + HYDRATE simulator, the flowing phase is based on the Darcy’s law and
divided into aqueous phase flow and gaseous phase flow, with the effective permeability
represented by the rock intrinsic permeability multiplied by the relative permeability of the
aqueous/gaseous phase. In this simulation, the modified version of Stone’s three-phase
relative permeability method was chosen as the relative permeability model, with specific
parameters shown in Table 2. The evolution of effective permeabilities in aqueous and
gaseous phase flows are illustrated in Figure 5. During the exploitation process, the effective
permeability of the aqueous phase was found to decrease, and the affected area gradually
expanded. This phenomenon was beneficial to prevent excessive water production from
the production well. The HBL2 was found to exhibit the smallest decrease in effective
permeability. Additionally, it was observed that there was no significant decrease in the
effective permeability of the aqueous phase in the lower part of the HBL3, hence attention
should be paid to the flow of water from the UB into the production well. Regarding
the effective permeability of the gaseous phase, it was observed that after gas hydrate
decomposition the effective permeability increased, which facilitated the flow of gas into
the production well. In addition, the effective permeability decreased as the distance from
the production well increased.
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4. Optimized Step-Wise Depressurization Method

The direct depressurization method can lead to (a) the emergence of low-temperature
zones near the production well [42,43], which negatively impacts the production of nature
gas, and (b) large gas and water production in a short time, which may result in sand
production issues. In order to address these challenges, a step-wise depressurization
method was proposed in this work. To thoroughly and clearly study the effect of the
step-wise depressurization method, we have designed 10 sets of cases, each utilizing a
different approach to reach a production pressure of 4.5 MPa. Specifically, Case 0 was used
as a control group and the direct depressurization method was applied. Cases 1–3, 4–6, and
7–9 utilized the depressurization gradients of 3 MPa, 2 MPa, and 1 MPa, respectively, with
the maintenance times of 24, 12, and 6 h after each depressurization stage. The schematic
diagram of the step-wise depressurization patterns was shown in Table 3. Additionally, a
summary of the different cases and their comparative analysis, aiming to study various
influencing factors, was provided in Table 4. Furthermore, the evolution of the distribution
of reservoir characteristics was monitored and presented visually.

Table 3. The schematic diagram of the step-wise depressurization patterns.

Case Depressurization
Step Depressurization Process Maintenance

Time (h)
Depressurization
Time (d)

Case 0 (Reference case) 1 13.5→ 4.5 None None

Case 1 3 13.5→ 10→ 7→ 4.5 24 3
Case 2 4 13.5→ 10→ 8→ 6→ 4.5 24 4
Case 3 7 13.5→ 10→ 9→ 8→ 7→ 6→ 5→ 4.5 24 7

Case 4 3 13.5→ 10→ 7→ 4.5 12 1.5
Case 5 4 13.5→ 10→ 8→ 6→ 4.5 12 2
Case 6 7 13.5→ 10→ 9→ 8→ 7→ 6→ 5→ 4.5 12 3.5

Case 7 3 13.5→ 10→ 7→ 4.5 6 0.75
Case 8 4 13.5→ 10→ 8→ 6→ 4.5 6 1
Case 9 7 13.5→ 10→ 9→ 8→ 7→ 6→ 5→ 4.5 6 1.75
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Table 4. Summary of the research cases.

Group Cases Objectives

Group A Cases 0–3
Depressurization gradientsGroup B Cases 4–6

Group C Cases 7–9

Group D Cases 1, 4, 7
Maintenance timeGroup E Cases 2, 5, 8

Group F Cases 3, 6, 9

4.1. Comparison of the Production Behaviors with Different Depressurization Gradients

The production characteristics of gas and water over a 30-day period for Cases 0–3
are displayed in Figure 6, where Figure 6a–d represents the gas production rate, water
production rate, cumulative gas production, and cumulative water production, respectively.
It can be observed from Figure 6a,b that each time a depressurization operation was carried
out the gas and water production rates increased sharply. The peak gas production rate of
Case 0 had reached 28.20 × 104 m3/d, while those for Cases 1, 2, and 3 of the step-wise
depressurization patterns were 10.52 × 104 m3/d, 7.80 × 104 m3/d, and 5.28 × 104 m3/d,
respectively. It was evident that the step-wise depressurization method reduced the sudden
large surge in gas production rate from the direct depressurization method by breaking
it down into multiple smaller surges. Compared to Case 0, the peak gas production
rate of Case 3 decreased by 81.38%. Furthermore, when each step-wise depressurization
pattern reached the final production pressure, the gas production rate was higher than
that of the direct depressurization method. In terms of water production rate, Case 0 had
a peak water production rate of 3.63 × 104 m3/d, whereas those for Cases 1, 2, and 3
of the step-wise depressurization patterns were 1.61 × 104 m3/d, 1.30 × 104 m3/d, and
0.98 × 104 m3/d, respectively. It can be understood that when the water production rate
was high, it is easy for sand to be carried along and flow toward the production well.
Therefore, it is necessary to avoid such a situation, and the step-wise depressurization
method could be used to mitigate this problem to some extent. Case 3, in particular, showed
a decrease of 84.02% in peak water production rate compared to Case 0. The cumulative
gas and water production of Cases 0–3 are shown in Figure 6c,d. It can be observed
that the cumulative gas production of the step-wise depressurization method was higher
than that of the direct depressurization method, which confirmed the conclusion drawn
from Figure 6a that the gas production rate of the step-wise depressurization method was
higher than that of the direct depressurization method. When the gradient of the step-wise
depressurization pattern was 1 MPa (Case 3), the increase in cumulative gas production
became less significant compared to Case 2. As is well known, water production increases
with the increase in gas production [44–46]; however, in Case 3, the cumulative water
production was not as high as that in Case 2. This could be attributed to the small pressure
gradient during each depressurization stage, which resulted in a weaker stimulation of
water flow and a slower influx into the production well. In general, the smaller the
gradient in the multi-stage depressurization pattern becomes, the more favorable it is for
gas production.
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4.2. Comparison of the Production Behaviors with Different Maintenance Times

The previous section focused on the impact of the depressurization gradient on the
production behavior by the step-wise depressurization method. This section will primarily
analyze the effect of maintenance time. The gas and water production behaviors are shown
in Figure 7. Cases 3, 6, and 9 all feature the same depressurization gradient of 1 MPa, with
different maintenance times of 24 h, 12 h, and 6 h, respectively. From Figure 7a, it can be
observed that the peak gas production rate of Case 9 (6.10 × 104 m3/d) was slightly higher
than that of Case 3 (5.28 × 104 m3/d), and the gas production rates of all the three cases
eventually approach a similar value. As shown in Figure 7b, the peak water production
rates were almost identical among Cases 3, 6, and 9, with the values of 0.97 × 104 m3/d,
0.97 × 104 m3/d, and 0.98 × 104 m3/d, respectively. This indicated that the peak value of
the water production rate was independent of the maintenance time. As shown in Figure 7c,
the cumulative gas production of Cases 3, 6, and 9 were 85.8 × 104 m3, 88.9 × 104 m3,
and 90.4 × 104 m3, respectively. Compared with Case 3, the cumulative gas production of
Case 9 increased by 5.36%, indicating that shortening the maintenance time was beneficial
to increase the cumulative gas production. From Figure 7d, it can be observed that the
cumulative water production of Case 9 (18.8× 104 m3) was 5.62% higher than that of Case 3
(17.8× 104 m3). The increase in gas production was slightly lower than the increase in water
production, which was not the desired result. In summary, shortening the maintenance
time is beneficial for improving the gas production rate and cumulative gas production,
but it may also result in excessive water production.
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4.3. Comparison of the Cumulative Gas and Water Production for Each Step-Wise
Depressurization Pattern

A 100-day simulation was executed to gain a deeper understanding of the effect of
the step-wise depressurization method over an extended time frame. The cumulative
gas production increment between various step-wise depressurization patterns and the
direct depressurization method is depicted in Figure 8. As evidenced, all the step-wise
depressurization patterns demonstrated a larger cumulative gas production compared
to the direct depressurization method. The cumulative gas production increased as the
depressurization gradient decreased and the maintenance time was shortened. The impact
of the depressurization gradient on the cumulative gas production surpassed that of the
maintenance time on the cumulative gas production. Additionally, it is observed that
the cumulative gas production of Case 3 after 100 days was 8.53% higher than that of
Case 0, which was even higher than the improvement of 4.63% observed after 30 days
(Figure 7). This indicated that the step-wise depressurization method remained effective
over a longer period of time. The cumulative water production is shown in Figure 9. It
can be observed that the cumulative water production of each case corresponded to its
cumulative gas production, with large cumulative gas production being associated with
large cumulative water production. Through comparative analyses, it is observed that the
increase in cumulative gas production for Case 9 (10.08%) relative to Case 0 was greater
than the increase in cumulative water production (8.45%). Through comparison under
the same factors, it can be found that compared with Case 1 in terms of depressurization
gradient, the cumulative gas production of Case 3 increased by 4.09%, and the cumulative
water production increased by 3.10%. Compared with Case 3 in terms of maintenance time,
the cumulative gas production of Case 9 increased by 1.43%, and the cumulative water
production increased by 1.58%. Therefore, the exploitation conditions used in Case 3 was
more favorable for the exploitation of hydrates. In general, step-wise depressurization
can alleviate the rapid gas and water production in a short time, and to some extent
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facilitate the gas exploitation; however, there is still a significant gap between the achieved
improvement and commercial exploitation. Thus, it is recommended to combine the step-
wise depressurization technique with other methods such as thermal stimulation and
permeability enhancement technology for effective exploitation.
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4.4. Evolution of Reservoir Characteristics Distribution by Step-Wise Depressurization Method

Considering the comprehensive effects of depressurization gradient and maintenance
time on gas and water production, as well as the implementation of step-wise depressur-
ization, it was reasonable to select Case 3 as the optimal production condition. Therefore,
Case 3 was chosen for presenting the distribution of reservoir characteristics. The evolution
of pressure and temperature at various times (6 d and 30 d) were presented in Figure 10. As
observed in Figure 10a,b, the pressure decline was mainly concentrated within a range of
50 m, and the propagation speed of pressure in the HBL2 was slower than those in the other
two layers. A small area of low temperature was observed near the production well on the
sixth day, as shown in Figure 10c, which could be attributed to the rapid decomposition
of hydrates and the Joule–Thomson effect [47]. Additionally, it is observed that the tem-
perature in the lower part of the HBL3 began to increase in Figure 10d. Figure 11 revealed
the hydrate and gas saturation distributions in the reservoir. It could be observed that the
complete decomposition of gas hydrates occurred within 10 m of the production well. The
decomposition rate of gas hydrates in the HBL2 was found to be slower than that of the
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HBL1 and HBL3, possibly due to the lower permeability of the layer, which hindered the
gas–water flow and thus slowed down the decomposition of hydrates. The area of free gas
distribution largely overlapped with that of the complete decomposition of gas hydrates.
In summary, the evolution of reservoir property distribution by step-wise depressurization
exhibited a similar trend to that of direct depressurization [32,41,48]. This similarity could
be attributed to the fact that both methods induce gas hydrate decomposition by reducing
pressure. However, the step-wise depressurization method yields a larger amount of gas
production compared to direct depressurization.
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5. Conclusions

In this study, a reservoir model based on the field test results of the Nankai Trough
was established, and then a one-year exploitation simulation was conducted for a better
understanding of the gas and water production characteristics and the evolution of reservoir
characteristics. In addition, the impact of the step-wise depressurization method on the
gas extraction from the NGH reservoir was discussed in detail. The main conclusions are
as follows:
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(1) The effective permeability for the aqueous phase flow will decrease as the decom-
position of gas hydrates, while the pore water flow from other layers will eliminate
this effect.

(2) The step-wise depressurization method is effective in mitigating short-term excessive
gas and water production. A small depressurization gradient and a long maintenance
time for each stage can enhance the mitigation effect.

(3) The stepwise depressurization method can increase the cumulative gas production by
up to 10% at maximum. Considering the gas and water production characteristics,
as well as the difficulty in implementing the step-wise depressurization, it is recom-
mended to adopt a depressurization gradient of 1 MPa and a maintenance time of
1 day.

The simulation results presented in this study primarily focused on evaluating the
effectiveness of the step-wise depressurization method for the NGH exploitation in the
Nankai Trough of Japan. To provide theoretical support for commercial exploitation,
future simulations will be conducted over longer time periods and incorporate various
exploitation methods.
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