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Most of the implemented marine gas hydrate test exploitation in the world adopt
the depressurization method to break down the hydrate in the reservoir into
natural gas and then extract it, but because the gas production results are still
a certain distance away from the commercial exploitation, and it mainly stays
in the stage of theoretical research and trial exploitation. Based on two trial
productions in the Shenhu area of the South China Sea, this study established
a model for hydrate exploitation and investigated the impact of different well
types on the recovery rates of hydrates and free gas in different development
layers during depressurization. For the Class 1 hydrate reservoirs, horizontal
wells are the optimal solution to extract hydrate and free gas simultaneously
when exploiting the hydrate three-phase layer. Meanwhile, the effect of different
well spacing in vertical wells on the recovery rate of hydrate and free gas was
studied. It is found that the best recovery efficiency is achieved when the spacing
between two wells is 80 m. The lower the bottom flow pressure of the well, the
higher the production capacity, but its influence is limited.

KEYWORDS

class 1 hydrate reservoirs, depressurization exploitation, numerical simulation, recovery
rate, horizontal well

1 Introduction

Natural gas hydrate (NGH), commonly known as combustible ice, is a clathrate
crystalline compound formed by hydrocarbon gases such as methane and water under
high pressure and low temperature (McMullan and Jeffrey, 1965; Sloan and Koh, 2007).
NGH has the characteristics of high energy density, wide distribution, large scale, high
combustion value, clean and no pollution, etc. It is an energy source that has not yet been
effectively developed on a large scale on earth and is also known as the new alternative
energy source with the most development potential in the 21st century (Xu and Li, 2015;
Chibura et al., 2022; Wei et al., 2022). The efficient development of hydrate resources from
marine sediments is crucial in addressing the world’s energy shortage (Zhao et al., 2017;
Xu et al., 2019; Wei et al., 2021).
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FIGURE 1
Classification of natural gas hydrate reservoirs. (A) Class 1, (B) Class 2 (C) Class 3 (D) Class 4.

Moridis et al. divided the natural hydrate accumulations into four
main classes that are defined by their geologic features and their initial
conditions (Moridis and Collett, 2003; Moridis and Reagan, 2007a;
Moridis and Reagan, 2007b; Moridis et al., 2007; Moridis and Sloan,
2007), and most of the current studies have been conducted based on
this classification. As shown in Figure 1, the Class 1 accumulations are
composed of two layers: the Hydrate-Bearing Layer (hereafter referred
to as HBL) and an underlying two-phase fluid layer containing gas
and liquid water. In Class 1 deposits, the bottom of the HBL occurs
under equilibrium conditions and defines the bottom of the stability
zone. In addition, depending on the composition of the HBL, it is
divided into two types: water-saturated (Class 1W) and gas-saturated
(Class 1G) (Moridis and Reagan, 2011a). In Class 2 deposits, an HBL
overlies alayer of mobile water. Class 3 accumulations are composed of
a single zone, the hydrate interval (HBL), and are characterized by the
absence of an underlying zone of mobile fluids. A fourth class (Class
4) involves exclusively oceanic systems, and involves dispersed, low-
saturation hydrate deposits that lack confining geologic strata. Among
them, the Class 1 accumulations are currently the preferred target for
hydrate exploitation because the temperature and pressure conditions
in this class of hydrate reservoir are close to the phase equilibrium line,
meaning that only a small amount of decomposition driving force is
required for hydrate decomposition. Additionally, the Class 1 hydrate
reservoirs have the advantage that even if the hydrate decomposition
is minimal, a certain amount of gas can still be recovered during
exploitation due to the underlying free gas.

Natural gas hydrates are extracted by decomposing solid
hydrates into water and methane gas in the reservoir environment,
and then collecting the methane gas through extraction wells.
Currently, the exploitation methods of natural gas hydrate mainly
include depressurization (Wangetal., 2013; Zhaoetal, 2015),
thermal stimulation (Cranganu, 2009; Nair et al., 2016), inhibitor
injection (Li et al., 2007; Villano et al., 2009), N,/CO, replacement
(Ohgaki et al., 1996; Goel, 2006), and solid fluidization exploitation
methods proposed for the development of marine non-diagenetic
natural gas hydrate (Zhou et al., 2014; Zhou et al., 2017; Wei et al.,
2018; Zhou et al., 2018). Of these methods, depressurization and
heating methods are relatively simple to implement. However,
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compared to the heating method, depressurization is more cost-
effective and has higher gas production efficiency. It is the
main method used in recent test exploitation and will be the
primary method for gas hydrate exploitation in the future. During
production in the Messoyakha hydrate reservoirs, depressurization
was the dominant mechanism (Makogon and Omelchenko,
2013). The first oceanic hydrate production trial in the Eastern
Nankai Trough achieved a gas production rate of 20,000 m*/d via
depressurization (Yamamoto, 2015). China conducted two trial
productions in the Shenhu Area of the South China Sea in 2017
and 2020, respectively. The first trial production used straight
wells for depressurization development, and the average daily
gas production was only 5,151 m®/d (Lietal, 2018), while the
second trial production used horizontal wells for depressurization
development, and the average daily gas production increased
significantly to 2.87 x 10* m*/d (Ye et al., 2020).

Due to the complexity, high investment, and unpredictability
of hydrate test exploitation projects, it is beneficial to use
powerful, flexible,
research methods to pre-evaluate hydrate reservoirs before their
extraction (Moridis, 2003; Konno etal., 2017). Various widely
used hydrate simulators, including TOUGH + HYDRATE (T + H)
(Moridis et al., 2011; Sun et al., 2019), HydrateResSim (Gamwo and
Liu, 2010), MH21-HYDRES (Masuda et al., 2008; Kurihara et al.,
2009), STOMP-HYD (Anderson et al., 2011), and CMG-STARS
(Myshakin et al., 2012; Lin et al., 2020), can be utilized to analyze
the hydrate production performance and determine exploitation

and cost-effective numerical simulation

strategy preferences. At present, many numerical simulation studies
have been carried out on the depressurization production of natural
gas hydrate reservoirs.

Hong Pooladi-Darvish ~ (2003) the
depressurization u7production of a two-dimensional cylindrical
natural gas hydrate reservoir, studied the influence of various

and simulated

parameters on gas production behavior, and analyzed the natural
gas production potential of gas hydrate bearing formation. Moridis
and Reagan analyzed the production performance of hydrate
reservoir under different heat injection and depressurization
conditions. Lietal. (2011) established a single hydrate reservoir
production model and discussed the gas production efficiency of
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FIGURE 2
The regional geological setting and location of the two offshore NGH production test sites. The red rectangle in (A) indicates the production test area.
(B) illustrates the topography surrounding the production well and the trajectory of the well (Yu et al.,, 2021).

depressurization production in horizontal wells. In 2011, Moridis
and Reagan et al. (2011b) used the T + H to perform depressurizing
dissociation simulations of actual geological gas hydrate reservoirs.
The calculation results show that the gas production phase can
be divided into two phases. The first is the phase where the gas
production gradually increases, and the water production gradually
decreases, and the second is the phase where the fluid production
rate is very low. Moridis also compared the performance of a
vertical well and a horizontal well and found that production
using horizontal wells is approximately two orders of magnitude
larger than that from vertical wells accessing the same section
of the HBL. In 2012, Suetal. (2012) established a vertical shaft
depressurization mining model using T+H study based on the
real geological parameters in the Shenhu Sea, South China Sea.
The simulation results showed that the proportion of hydrate
decomposition produced water was too large when the vertical
wells were mined by depressurization, and the area could not be
mined economically and efficiently by using the depressurization
method alone. In 2015, Fengetal. (2015) compared the hydrate
production efficiency of single horizontal and double horizontal
wells. In 2018, Chen et al. (2018) tablished a geological model for
the hydrate trial production area in the Shenhu Sea area of the South
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China Sea and predicted the potential production behavior of the
area. In 2022, Guo et al. (2022) demonstrated that the recovery rates
of hydrate and free gas are significantly influenced by well placement
and stimulation in different development configurations.

In 2021, Yuetal. (2019) further investigated the free gas
accumulation behavior in a methane hydrate reservoir by using
a multiple-well system with an assumed WS. They found that
the free gas accumulation zone was dramatically enlarged with
the increase in well spacing, which means a proper WS should
be carefully determined. Similarly, Terzariol and Santamarina.
(2021) also studied reasonable well spacing under the condition
of multi-well depressurization production of hydrate to explore
the synergistic interactions among wells. Their investigation
also indicated the optimal WS is mainly dependent on the
characteristic lengths, burdens permeability, well pressure, and
formation thickness. In 2023, Sunetal. (2023) compared the
production performance of vertical and horizontal wells with
different well spacing. The results show that the relatively longer WS
in homogeneous sediments with the same ultra-low permeability
means lower cumulative gas recovery, but the full opposite
phenomenon will be observed after increasing the formation
permeability, and subsequently, a method to determine the
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FIGURE 3
Construction of the class 1 hydrate reservoirs model for depressurization exploitation in the Shenhu Sea, South China Sea. (A) Hydrate reservoir model,
2017. (B) Hydrate reservoir model, 2020.

optimal well spacing by the minimum radius of curvature method
was proposed.

In 2013, Zhaoetal. (2013) used T + H to numerically
simulate the gas production potential of a single vertical well
gas hydrate reservoir in the Qilian Mountain permafrost zone
of the Qinghai-Tibet Plateau with bottomhole pressures of 1,
1.5, and 2.5 MPa, respectively. The results suggest that lower
production pressures may not be conducive to exploiting the
gas production potential of hydrate reservoirs. Fanetal. (2013)
utilized the HydrateResSim simulator to model a horizontal
well for hydrate extraction under constant temperature and
pressure reduction, defining three pressure scenarios to analyze
heat injection efficiency and gas production rates. Results
indicated that the hydrate gas production rate increased
over time before stabilizing, with higher pressure reductions
leading to increased production capacity. In 2017, Merey and
Sinayucetal. (2017) performed pressure reduction mining
analyses on hydrate reservoirs of varying thicknesses using the
HydrateResSim simulator for pressure reductions ranging from 2.0
to 6.0 MPa. Xiaetal. (2019) introduced a novel depressurization
mode with decreasing bottom-hole pressure in 2020, investigating
its production characteristics numerically. They discovered that
as the depressurization exponent decreased, gas production,
dissociation, and the gas-to-water ratio all increased. Compared
to the proposed depressurization model, the index for hydrate
production at constant bottom-hole pressure was better; however,
it resulted in higher energy consumption within the hydrate
reservoir and more severe hydrate alteration. Therefore, a suitable
depressurization exponent should be selected to achieve a balance
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between production and reservoir energy consumption during
depressurization production.

In summary, despite numerous preliminary evaluations
conducted on various well types, well spacings, and bottomhole
pressures, systematic discussions on the impact of different
production intervals on hydrate recovery rates, particularly
for Type 1 hydrate reservoirs, remain scarce. This study not
only updates the simulation benchmarks based on the latest
trial production data but also systematically investigates the
effects of distinct development intervals on the recovery rates
of Type 1 hydrate reservoirs. Through a comparative analysis
of two hydrate trial production campaigns conducted in the
Shenhu area of the South China Sea in 2017 and 2020, this
research, for the first time, elaborates on the specific impacts
of well types and development intervals on the recovery rates
of hydrates and free gas, which have often been overlooked
in previous studies. Furthermore, we assess the influence
of varying well spacings for vertical wells on production
performance, offering fresh insights into optimizing well spacing
designs. Unlike previous studies that primarily focused on
geological factors, our research underscores the significance of
development factors, such as well type selection and production
strategies, in enhancing recovery rates, and it presents, for
the first time, an Inflow Performance Relationship (IPR)
curve for hydrate production. These novel findings provide
vital engineering references for the development of hydrate
reservoirs in the South China Sea and other maritime regions
worldwide, particularly in implementing depressurization-based
extraction projects.
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TABLE 1 Parameters and models used in the simulations
(Li et al., 2018; Ye et al., 2020).

Parameter Value and model

Year 1st test (2017) 2nd test (2020)
Water depth (m) 1,266 1,225
Reservoir depth (mbsf) 200-278 207-297
Reservoir thickness (m) 78 90
The hydrate-bearing layer thickness (m) 35 46
The hydrate three-phase layer thickness (m) 15 25
The free gas layer thickness (m) 27 19
Initial temperature at the bottom of the 15.12 16.15
three-phase layer (°C)
Initial pressure at the bottom of the 15.05 15.95
three-phase layer (MPa)
Geothermal gradient (°C/100 m) 5.4 5.4
Average hydrate saturation in 34 31
hydrate-bearing layer (%)
Average hydrate saturation in hydrate 31 11.7
three-phase layer (%)
Average gas saturation in hydrate 16.4 13.2
three-phase layer (%)
Average gas saturation in free gas layer (%) 7.8 7.3
Average permeability of hydrate-bearing 29 2.38
layer (mD)
Average permeability of hydrate 1.5 6.63
three-phase layer (mD)
Average permeability of free gas layer (mD) 7.4 6.8
Average porosity of hydrate-bearing layer 35 37.3
(%)
Average porosity of hydrate three-phase 33 34.6
layer (%)
Average porosity of free gas layer (%) 32 34.7
Kep = (S4-8;a)/ (1-8304)"
Relative permeability model
K= (SG'SiYG)/(l'SirA)nG
) o 12 | o1/2
Composite thermal conductivity model Ky =Kgrp + (SA +Sy ) X
(Korw-Korp) + 9SiKos
A Py, 1, 116, Sipas S 0.30, 10° Pa, 3.5, 2.5, 0.3, 0.05

2 Mathematical model
2.1 T + H code introduction
The TOUGH+HYDRATE code (T+H) was developed by the

Lawrence Berkeley National Laboratory (LBNL) in the United
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States and has been extensively used internationally in the field of
hydrates. T + H is a fully implicit compositional simulator that
accounts for four phases (gas, water, ice, hydrate) as well as three
components (CH,, H,O, NaCl), to simulate the decomposition
and formation processes of hydrates under different exploitation
modes, equilibrium conditions, and kinetic conditions. By solving
the coupled mass-energy balance equations and satisfying Darcy’s
law, T+H can simulate the coupled processes of phase transition,
heat transfer, and multiphase flow during hydrate extraction in
natural gas hydrate deposits (Moridis and Reagan, 2007b).

2.2 Model assumptions

The assumptions in this model are listed as follows (Moridis
and Reagan, 2007b). 1) Hydrate is a single methane hydrate with
a methane content of 100%. 2) Darcy’s law is valid in the simulated
domainunder the conditions of the study. 3) Neglecting the mechanical
dispersion of dissolved gases and inhibitors in the aqueous phase
during transport, disregarding molecular diffusion and hydrodynamic
diffusion. 4) Dissolved salts do not precipitate as their concentration
increases during water freezing. 5) The concentration of the dissolved
inhibitors is such that it does not affect the thermophysical properties
oftheaqueous phase. 6) Inhibitors do not react with reservoir minerals.
7) The pressure P < 100 MPa (14,504 psi).

2.3 Mathematical model in T+H code

In the T + H code, mass and heat balance considerations in every
subdomain (gridblock) into which the simulation domain is been
subdivided by the integral finite difference method dictate that:

ij Mde:j Fk~ndF+J. qcdv (1)
dtly, T v

n n

where V,, is volume of subdomain n, m®; M* is mass accumulation
term of component x, kg-m™; « is hydrate(h) or methane (m) or
water (w) or water-soluble inhibitor (i) or heat (6); F¥ is Darcy flux
vector of component «, kg-m2.s1; T, is surface area of subdomain
n, m?% n is inward unit normal vector; g* is source/sink term of
component x, kg-m'3~s'1; tis time, s.

Under equilibrium conditions, the mass accumulation terms M
in Equation 1 is given by Equation 2 below.

M=y $SpppXp k= wym, i 2

B=AGLH
where ¢ is porosity, dimensionless; f is solid-hydrate (H) or aqueous
(A) or gaseous (G) or solid-ice (I); Sg is saturation of phase f3,
dimensionless; pj is density of phase , kg-m™; XE is mass fraction
of component k = w,m,i in phase f, kg/kg.

The mass fluxes of water, CH,, and inhibitor include
contributions from the aqueous and gaseous phases, are shown
in Equation 3.

F* = EEZA;G FE, K=w,m,i (3)
because they are immobile, the contributions of the two solid
phases (=L H) to the fluid fluxes are zero. The heat flux
accounts for conduction, advection, and radiative heat transfer, and
is given by Equation 4.
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X (m) X (m)

F = —k,VT+ fo,VT + ) hyFy (4)

,BEA,G

where k_g is composite thermal conductivity of the medium/fluid
ensemble, W-m™-K7;
A,G, Jkg''; f, is radiance emittance factor, dimensionless;
0, is Stefan-Boltzmann constant, Stefan-Boltzmann constant,
5.6687x107% J-m %K.

Under equilibrium conditions, the rate of heat removal or addition
includes contributions of the heat associated with fluid removal

hg is specific enthalpy of phase f=

or addition, as well as direct heat inputs or withdrawals, and is
described by Equation 5.

P =q,+ ) hggp )

k=A,G
where qg is the production rate of the phase f, kg-m™. For a
prescribed production rate, the phase flow rates qp are determined
internally according to the general different options available in the
TOUGH+ code.

Under different temperature and pressure conditions, hydrate
systems are in different phase states. When the equilibrium
state is broken, the state of the system will change. For the
phase equilibrium relationship between hydrate decomposition and
formation, Moridis (2023) has established a regression equation
based on data from several researchers reported by Sloan:

-1.941x10° +3.310x 10°T - 2.255 x 10' T?

+7.675%1072T% - 1.304x 107*T* + 8.861 x 1075 T°

(T >273,2K)

In (Pe)= ) 1 -1 -32
—4.389x10' +7.763x 1071 T=7.273x 1073 T

+3.854x107°T% - 1.037x 107/ T* +1.099 x 107 107°

| (T < 273.2K)

(6)

Frontiers in Earth Science

06

The effect of salinity on the dissociation equilibrium pressure-
temperature relationship is described by

T,=T+AT), @)
where:
In(1-X¢
ATD _ ATDJ ( mal,A) (8)
In (1 - X:nol,A,r)

In Equations 6-8, T'is temperature, K; p, is equilibrium pressure
at temperature T, Pa; T, is equivalent equilibrium temperature in
the presence of inhibitor, K; AT}, is inhibitor-induced temperature
depression, K; ATy, , is temperature depression at the reference mole
fraction X¢

mol,A’

. c
aqueous phase; X| |,

the aqueous phase; The inhibitor studied in this article is NaCl.

; is mole fraction of the inhibitor in the
KXjnolA’ le fracti f the inhibitor in th
is reference mole fraction of the inhibitor in

3 Geological setting and model
construction

3.1 Geological setting

In 2015 and 2016, the China Geological Survey identified eight
hydrate deposits containing underlying free gas in the Shenhu
area, located on the northern slope of the Baiyun Sag within the
Pearl River Mouth Basin in the northern South China Sea, as
depicted in Figure 2A. Among these, the W11 and W17 deposits
were selected as the optimal targets for production testing. The W17
site, situated in the Baiyun Sag of the Pearl River Mouth Basin,
features a complex seabed terrain characterized by a higher north
and lower south elevation, along with typical geological features such
as seamounts, erosional channels, steep slopes, and reverse slopes.
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Geological and tectonic activities have resulted in the formation
of a system of steeply inclined fractures and fault zones, providing
favorable conditions for the formation and accumulation of natural
gas hydrates. The first hydrate production test was conducted at Well
SHSC-4 in the W17 site in 2017, followed by a second test at Well
SHSC2-6, located approximately 500 m northwest of the first well,
in 2020. The locations of the test wells are illustrated in Figure 2B.
The simulated target reservoir is composed primarily of muddy
silt with mineral composition mainly consisting of quartz feldspar,
carbonate, and clay minerals, and its bound water saturation of
the reservoir is 65% or higher. The hydrate reservoir at this station
contains upper and lower capping layers, hydrate two-phase layer
(water + hydrate), hydrate three-phase layer (water + hydrate + free
gas), and underlying free gas layer (water + free gas), belonging to
the Class1 hydrate reservoir (Li et al., 2018). Ithas been reported that
the natural gas hydrates in the Shenhu Area of the South China Sea
originate from thermogenic gas sources and occur in the form of
structure I and structure II pore-filling types with methane content
of over 99% (Qin et al., 2020; Ye et al., 2020; Yu et al., 2021).
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3.2 Model construction

This study constructed a rectangular hydrate reservoir model
(i.e., x-y-z coordinate system) for the first and second tests in the
Shenhu Sea based on the field data obtained from the tests site, as
illustrated in Figure 3. Figure 3A presents the geological model of
the first test exploitation. From the reservoir characteristics shown in
Table 1, it can be known that the marine hydrate reservoir at this site
is located 200-278 m beneath the seafloor (mbsf) where the water
depth is 1,266 m and the reservoir thickness is 78 m. Considering
the symmetrical characteristic, only half of the reservoir model
was taken into account. Furthermore, it was assumed that the
reservoir properties were uniform along the y-coordinate, so only
a planar reservoir model (i.e., xz coordinate system) was used as the
simulation domain. This reservoir model had a length of 90 m and a
height of 137 m. Along the z-coordinate, it was split into five layers
from top to bottom: i) overburden (OB, 30 m); ii) hydrate-bearing
layer (HBL, 35 m); iii) three-phase layer (TPL, 15m); (iv) free
gas layer (FGL, 27 m); and v) underburden (UB, 30 m). Figure 3B
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TABLE 2 Production well design of different well types and
exploitation layers.

Cases Design Remarks
Case 1 Vertical well, HBL Figure 8A
Case 2 Vertical well, HBL + TPL Figure 8B
Case 3 Vertical well, HBL + TPL + FGL Figure 8C
Case 4 Horizontal well, HBL Figure 8D
Case 5 Horizontal well TPL Figure 8E
Case 6 Horizontal well, FGL Figure 8F

depicts the geological model of the second test exploitation. From
the reservoir characteristics shown in Table 1, it can be known
that the marine hydrate reservoir at this site is located 207-297 m
beneath the seafloor (mbsf) where the water depth is 1,225 m and
the reservoir thickness is 90 m. This reservoir model had a length of
90 m and a height of 150 m. Along the z-coordinate, it was split into
five layers from top to bottom: i) overburden (OB, 30 m); ii) hydrate-
bearing layer (HBL, 46 m); iii) three-phase layer (TPL, 25 m); iv) free
gas layer (FGL, 19 m); and v) underburden (UB, 30 m).

The initial conditions and boundary conditions of the reservoir
for this numerical simulation are from the public data of two
tests in the Shenhu Sea, South China Sea, and the specific data
are shown in Table 1. The survey shows that the seafloor temperature
in the Shenhu sea area is 3.3-3.7°C, the heat flux is 74-78 mW/m?,
and the geothermal gradient is 4.3-6.77°C/100 m.30,31 Therefore,
we set the initial temperature at the bottom of TPL for the first
and second tests models to 15.12°C and 16.15°C the initial pressure
at the bottom of TPL to 15.05 MPa and 15.95 MPa, and the
geothermal gradient was set to 5.4°C/100 m. The OB and UB only
contained liquid water without any free gas or hydrates, and since
the corresponding reservoir conditions (i.e., average porosity and
permeability) have not been reported in the literature, they were
assumed to be identical with those of the HBL and FGL. In addition,
the gas that formed the natural gas hydrates in the reservoir model
was assumed to be 100% methane.

4 Results and discussion
4.1 Effect of well type

According to publicly available information, the second test
recovery yielded 5.57 times the daily gas production of the
first test recovery. To investigate whether the significant increase
in gas production was due to the well type factor, numerical
simulations of vertical and horizontal well extraction were carried
out using the geological parameters of the first and second
test production, respectively. The physical models established are
illustrated in Figure 4.

Figure 5 display the spatial and temporal evolution of the gas
phase saturation field and hydrate saturation field during the first
test exploitation, while Figure 6 illustrate the spatial and temporal
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evolution of the second test exploitation. The left two panels of the
figure depict the changes in gas saturation during the production
process, while the right two panels show the corresponding changes in
hydrate saturation. As seen in Figure 5A, initially, there are significant
differences in gas saturation and pressure gradients between layers,
allowing free gas to rapidly disperse near the well. However, after
20 years, the dispersion becomes limited to the immediate vicinity
of the well. Figure 5C reveals that during the early stages of gas
production, the exploitation of the two-phase hydrate layer using a
horizontal well results in significant migration of free gas into this layer.
After 20 years of gas production, all free gas in the free gas layer near
the well is recovered, yet a considerable amount of free gas remains
in the two-phase hydrate layer. Figures 5B-D indicate that hydrate
decomposition initiates near the wellbore during the initial stages
of production using both vertical and horizontal wells. In the case
of vertical well production, hydrates surrounding the well are initially
extracted by disrupting their equilibrium state, leading to a significantly
larger area of undecomposed hydrates remaining after 20 years of gas
production compared to that observed in horizontal well production.

Figure 6 show that the spatial and temporal evolution patterns
of the gas phase saturation field and hydrate saturation field during
both vertical and horizontal well exploitation observed in 2020 are
comparable to those in 2017. Thus, we will not discuss them further
here. Nonetheless, it is worth noting that the final remaining areas
of free gas and undecomposed hydrate zone differ significantly due
to the distinct geological conditions.

In addition, Figure 7 shows the variation of the recovery rate
over a 20-year mining period for both tests. Figure 7A illustrates the
recovery rates of hydrate and free gas from vertical and horizontal
wells during the first test in 2017. The recovery rate initially increases
rapidly during the early stage of depressurized extraction, followed by
a slower growth rate. After 20 years of depressurized extraction, the
free gas recovery rate and hydrate recovery rate are 74.52% and 56.88%,
respectively, for vertical wells, and 65.65% and 72.57%, respectively,
for horizontal wells. The recovery rate of free gas from vertical wells
is 8.87% higher than that from horizontal wells, while the recovery
rate of hydrate from vertical wells is 15.69% lower than that from
horizontal wells. In Figure 7B, the recovery rates of hydrate and free
gas from vertical and horizontal wells during the second test in 2020
are presented. After 20 years of reduced pressure extraction, the free
gas recovery rate is 79.22% and the hydrate recovery rate is 63.62%
for vertical wells, while the free gas recovery rate is 77.77% and the
hydrate recovery rate is 69.44% for horizontal wells. The recovery
rate of free gas from vertical wells is 1.45% higher than that from
horizontal wells, and the recovery rate of hydrate from vertical wells is
5.82% lower than that from horizontal wells. Based on these results, we
can conclude that extracting the hydrate layer is more economically
efficient as the hydrate saturation is much higher than the free gas
saturation. Therefore, we recommend using horizontal wells for the
exploitation of the Class 1 hydrate reservoir under depressurization.

4.2 Effect of exploitation layer

Due to the abundance of numerical simulations on the first
trial production in 2017, there are relatively fewer numerical
simulations for the second trial production in 2020. Starting from
this section, numerical simulations will be conducted for the second

frontiersin.org


https://doi.org/10.3389/feart.2024.1444690
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Wei et al.

10.3389/feart.2024.1444690

A B
r,=0.1m r,=0.1m
3 3
z z
5 H
= =
< <
= =
= =
£ £
B g
N N
X (m)
D E
r,=0.1m r,=0.1m
3 3
z z
g H
g k-
< <
= =
= -]
£ £
a~ \ 2 a~
HBL
E £
N N
X (m)
FIGURE 8
(F) Class 6.

X (m)

X (m)

Schematic diagram of production well design of different well types and exploitation horizon. (A) Class 1, (B) Class 2 (C) Class 3 (D) Class 4. (E) Class 5.

r,=0.1m

Production well

Z (m)

X (m)

Production well

Z (m)

X (m)

trial production in 2020. In order to investigate the effects of different
well types and different production layers on the recovery rate of
hydrate and free gas, this section establishes a depressurization
production model with different well types and different production
layers and analyzes the changes in the recovery rate of hydrate and
free gas. The design of the scheme is shown in Table 2, and the model
is shown in Figure 8.

The recovery rates of different scenarios over a 20-year period
of exploitation are presented in Figure 9. As can be seen from
Figure 9A, Case 1 results in a recovery rate of 48.35% for free gas
and 38.96% for hydrate. In Case 2, the recovery rates increase to
76.55% and 58.40% for free gas and hydrate, respectively. Case 3
yields even higher recovery rates of 79.22% and 63.62% for free gas
and hydrate, respectively. The recovery rates of free gas and hydrate
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are the highest when the straight wells are exploited to the free gas
layer, while the recovery rates of free gas and hydrate are the lowest
when the hydrate two-phase layer is exploited. Therefore, direct wells
are recommended to reach the free gas layer. From Figure 9B, it
is evident that after 20 years of exploiting horizontal wells, Case 4,
which exploits the hydrate two-phase layer, results in the highest
hydrate recovery rate of 74.55%, but the lowest free gas recovery
rate of 57.63%. This is because the reservoir permeability is low,
and the horizontal wells are not directly in contact with the free gas
layer, making it difficult for the free gas to flow upward. Therefore,
the gas produced by exploiting the hydrate two-phase layer is
mainly hydrate decomposed gas. Case 5, on the other hand, exploits
the free gas layer, resulting in the highest free gas recovery rate
of 84.61%, but the lowest hydrate recovery rate of 42.26%. This
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extraction effect is opposite to that of the hydrate two-phase layer,
increasing the extraction range of the free gas layer but not directly
contacting the upper hydrate layer. As a result, it only relies on
the pressure drop transfer of the free gas layer to promote hydrate
decomposition, which has a limited effect. The recovery rate of
hydrate is 69.44%, and the recovery rate of free gas is 77.77%. The
horizontal well arrangement can effectively connect the upper and
lower layers, which can increase the decomposition area of hydrate
and communicate with the lower free gas layer. Therefore, for long-
term exploitation, it is recommended to drill horizontal wells to
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exploit the hydrate triple-phase layer, which can simultaneously
exploit hydrate and free gas. Hence, the optimal option for straight
well extraction is Case 3, and the optimal option for horizontal well
extraction is Case 5.

4.3 Effect of well spacing
This section examines the impact of various vertical well spacing

configurations on the recovery of hydrate and free gas. To illustrate,
we select a symmetric cross section (x = 190 m) with a width of
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1 m from the diameter of the model, as shown in Figure 10. The
center of symmetry is positioned at x = 90 m, and we conduct
depressurization exploitation simulations using vertical spacing of
30, 40, 50, 60, 70, 80, and 90 m to compare the variations of
hydrate and free gas recovery rates under different vertical spacing
configurations.

The spatial and temporal evolution of hydrate and free gas
saturation extracted using depressurization at a well spacing
of 30-60 m is shown in Supplementary Figures S1-54. Figure 11
exhibit the spatial and temporal characteristics of hydrate and free
gas saturation extracted using depressurization at a well spacing of
70-90 m. Figure 12 shows the variation trends of residual hydrate
volume and residual free volume in 20 years of depressurized
exploitation with different well spacing. As indicated in Figure 124,
the amount of residual hydrate extracted using double wells
decreases gradually over time. The larger the spacing between
double wells, the less residual hydrate is extracted after 20 years
of operation. When the spacing between wells is 80 m and 90 m,
the difference in the amount of residual hydrate is minimal.
Combining the observations from Figure 11, it can be deduced
that when the well spacing is 80 m, the undecomposed hydrate
area between two wells is small, whereas when the well spacing is
90 m, the undecomposed hydrate area between two wells is larger.
On the other hand, Figure 12B shows that the amount of residual
free gas decreases rapidly initially, followed by a slower decline
over time. However, the impact of different well spacing on the
amount of residual free gas is not significant. To minimize the
waste of hydrate resources, it is recommended to use double wells
for hydrate exploitation in vertical wells with a well spacing of
approximately 80 m.

4.4 Effect of bottom hole flowing pressure
The flow pressure at the bottom of the well is the most critical

anthropogenic factor during pressure-reduction mining. Figure 13
displays the IPR (inflow performance relationship) curves for
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20 years of vertical and horizontal well mining. Production capacity
gradually declines as the bottom flow pressure rises, and at the same
bottom flow pressure, the production capacity of horizontal wells is
greater than that of vertical wells.

5 Conclusion

The specific purpose of this work is to conduct a numerical
simulation study on depressurization exploitation for the class 1
hydrate reservoirs in the Shenhu sea of the South China Sea
considering different development factors. In addition, the effects of
different well types and different exploitation layers on the recovery
rate of hydrate and free gas were analyzed. The effects of well
spacing on enhanced hydrate recovery from vertical wells were also
thoroughly investigated. Some important conclusions were drawn
from the simulation results as below:

(1) For the first type of hydrate reservoir, under the same
geological conditions, the highest hydrate and free gas recovery
rates are achieved when mining to the free gaslayer in a vertical
well, which is the most effective approach. After 20 years of
pressure-reduced extraction, the recovery rates of free gas and
hydrate are 79.22% and 63.62%, respectively. The most effective
approach is that the horizontal wells can extract hydrate and
free gas at the same time when exploiting the hydrate three-
phase layer. In the 2020 field test, the recovery efficiency of free
gas from the optimal horizontal well is inferior to that from the
optimal vertical well by 1.45%, but the recovery efficiency of
hydrate is 5.82% higher than that from the vertical well. Since
hydrate is more valuable to be extracted, the horizontal well is
more effective.

(2) The best exploration efficiency is achieved when the spacing
between two wells in a straight well is 80 m. In horizontal
wells, the best recovery performance is achieved in the
hydrate triple-phase layer. The recovery rates of free gas and
hydrate were 77.77% and 69.44%, respectively, after 20 years of
depressurization.

(3) Thelower the flow pressure at the bottom of the well, the higher

the production rate, but its influence is limited. Excessively

low pressure will result in the hydrate layer freezing, so the
bottomhole flow pressure should not be lower than the “four-
phase point” of the hydrate phase equilibrium curve.
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