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The effects of geologic conditions and production methods on gas production from hydrate-bearing sediments (HBS) have been
widely investigated. The reservoir was usually treated as horizontal distribution, whereas the sloping reservoir was not considered. In
fact, most strata have gradients because of the effects of geological structure and diagenesis. In this study, based on currently available
geological data from field measurements in Shenhu area of the South China Sea, the effects of formation dip on gas production
were investigated through depressurization using a horizontal well. The modeling results indicate that the strategy of horizontal
well is an effective production method from the unconfined Class 2 HBS. The predicted cumulative volume of methane produced
at the 1000 m horizontal well was 4.51 × 107 ST m3 over 5-year period. The hydrate dissociation behavior of sloping formation is
sensitive to changes in the reservoir pressure. As in unconfined marine hydrate reservoir, the sloping formation is not conducive
to free methane gas recovery, which results in more dissolved methane produced at the horizontal well. The obvious issue for
this challenging target is relatively low exploitation efficiency of methane because of the recovery of very large volumes of water.
Consequently, the development of the favorable well completion method to prevent water production is significantly important for
realizing large scale hydrate exploitation in the future.

1. Introduction
Natural gas hydrate (NGH) is crystalline solid composed of
water and gas, typically including CH4 , C2 H6 , C3 H8 , CO2 ,
and H2 S [1, 2]. In nature, the dominant gas in hydrate is
CH4 , which is expected to be a potential energy resource. The
exploration results show that hydrates are widely distributed
in the permafrost and in deep ocean sediments, where the
necessary conditions of low temperature and high pressure
exist for hydrate stability [3–5].
Gas production from hydrate-bearing sediments (HBS)
could be realized by decomposing solid-state hydrate into
fluid phases (e.g., gas and water) [4, 6, 7]. There are three
main dissociation methods for gas recovery from the HBS:
(1) depressurization [2, 5, 8–10], (2) thermal stimulation [11–
13], and (3) the use of hydration inhibitors (such as salts and
alcohols), which shifts the pressure-temperature equilibrium
conditions to dissociate the hydrate [14]. Past field tests,
experimental investigations, and numerical studies indicated
that depressurization is the most promising method for gas

recovery from the HBS, while the other methods may be
suitable for enhancing recovery or reservoir stimulation [2,
4, 7, 8, 15].
Up to now, many countries including the United States,
Canada, Japan, India, South Korea, and China have launched
extensive investigations and field production tests of the
HBS [7, 16, 17]. Recently, significant gas hydrate deposits
have been confirmed to exist in Shenhu area of the South
China Sea (SCS), and this region was regarded as a potential
target area [18–21]. In order to seek the most economically
and technically feasible method for gas production from
the HBS, numerical simulation for its economic, convenient,
and flexible response to complex geological problems was
considered as the best way to achieve this objective. Based
on the available geological data in Shenhu area of the SCS,
Zhang et al. [22] investigated the gas production performance
by using two parallel horizontal wells to depressurize the
HBS; Li et al. [13, 23] and Su et al. [24–26] fully investigated
the gas production potential and efficiency through depressurization and the combination of depressurization and
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thermal stimulation, respectively, employing both vertical
and horizontal wells. Their results indicated low gas production rates and unsatisfied gas/water ratios because of low
intrinsic permeability of the HBS and permeable overburden
and underburden formations. To accelerate the gas hydrate
dissociation and to enlarge the dissociation range, Jin et al.
[10] investigated the gas production performance by using
the joint depressurization and thermal stimulation based
on three horizontal wells. They indicated lower efficiency
of hot water injection compared with depressurization. Li
et al. [5] and Sun et al. [27] investigated the effects of
the permeability of the boundaries on the gas production
potential in Shenhu area of the SCS. Their results indicated
that the HBS with impermeable boundaries were expected
to be the potential gas production target. Huang et al. [9,
28] and Yuan et al. [29] investigated the effects of different
geologic conditions on the hydrate dissociation and gas
production through depressurization. They indicated that
permeability, porosity, and initial hydrate saturation have
significant effects on gas production performance. Recently,
on the basis of the available geological data from site GMGS3W19 [20], the geomechanical behaviors for gas production
in this area have been conducted and reported by Sun et al.
[30]. They indicated that the balance between gas production
and reservoir stability is needed to be optimized. The further
investigation about the geomechanical behaviors of the HBS
induced by gas production indicated that the spatial evolution
of the temperature, pore pressure, hydrate saturation, and gas
saturation are the most relevant factors [1, 30–35].
The above investigations have properly promoted the
development of gas production from the HBS. The effects
of production pressure, permeability, porosity, hydrate saturation, thickness, and initial temperature and pressure of
HBS on gas production behavior have been widely carried
out. Nevertheless, to the best knowledge of the authors,
most of previous numerical simulations, the reservoir was
usually treated as horizontal distribution, while the sloping
reservoir was not considered. In fact, horizontal strata are
not common in natural hydrate reservoirs, especially in the
marine HBS. Most strata have gradients because of the effects
of geological structure and diagenesis [36, 37]. The geologic
formation in AT1 site of the Eastern Nankai Trough in Japan
with slope angle of approximately 20∘ is determined based
on the interpretations of formation resistivity image logs
and drillings [38, 39]. Analysis of seismic and bathymetric
data identified seventeen sublinear, near-parallel submarine
canyons in Shenhu area of the SCS [19, 40]. The occurrence of
gas hydrates was located along the flanks of these prominent
canyons; as a consequence, the hydrate reservoirs have a
varied dip angles between 6∘ and 17∘ in this area [19, 21, 41–
43]. Due to influence of the formation dip, the gas production
performance and the spatial distribution of reservoir physical
characteristics could be different from those of horizontal
reservoirs.
This study will look into the effects of the formation dip
on the gas production performance in Shenhu area of the
SCS, with a horizontal well through depressurization. We
designed four simulation schemes with different dip angles
of 0∘ (Base Case), 10∘ (Case A), 20∘ (Case B), and 30∘ (Case
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C), respectively. In order to make a systematic comparison
of the gas production performance in these cases, we used
the two criteria, an absolute criterion and a relative criterion
[5, 26, 44]. The absolute criterion includes the total methane
production rate (𝑄𝑃𝑇 ), methane release rate from hydrate
dissociation (𝑄𝑅 ), water volumetric production rate (𝑄𝑊),
and the cumulative volume of methane produced at the well
(𝑉𝐺) and released from hydrate dissociation (𝑉𝑅 ). The relative
criterion refers to the gas-to-water ratio (𝑅𝐺𝑊 = 𝑉𝐺/𝑉𝑊). The
reason for considering 𝑄𝑊 and 𝑅𝐺𝑊 is that the accompanied
water production from the borehole will waste a lot of
energy and reduce the methane production efficiency. In
addition, the practical production characteristics of HBS and
multiphase movement behaviors of water and gas induced by
depressurization under different dip angles were assessed.

2. Numerical Models and
Simulation Approach
2.1. Geological Setting. Shenhu area is located in the Baiyun
Sag, Pearl River Mouth Basin (PRMB) of the northern slope
of the SCS (Figure 1). Geological, geophysical, geothermal,
and geochemical investigations had suggested that Shenhu
area is a beneficial district for the formation of NGH [18,
24, 26]. Gas hydrate samples were collected during a recent
scientific expedition conducted by the China Geological
Survey in this area in May 2007 and September 2015 [5,
19, 20, 45]. The drilling results indicated that the top of
the hydrate layers is located 155–229 m below the seafloor
(mbsf) and the water depths vary from 1108 m to 1245 m. The
thickness of HBS is estimated to be 10–44 m. The average
water temperature at the sea floor is measured at about 3.5∘ C.
The in situ salinity measured from the pressure cores is 0.033.
The hydrate disseminates in the sediments, mainly composed
of fine-grained clay-silts, with the porosity varying from 0.33
to 0.48 and the maximum hydrate saturation of 0.48 [10, 19,
46]. The HBS is overlain and underlain by permeable strata,
which have the similar lithology to that in HBS but lack
hydrate. Consequently, the geological system of the HBS in
this area is typical unconfined Class 2 deposits [10, 47].
2.2. Model Setup
2.2.1. Model Geometry and Spatial Discretization. The geometry of the rectangular 3D system we consider in this study
is shown in Figure 2. The model size in 𝑥-axis is 200 m,
assuming well spacing of 200 m in the future commercial
field development with multiwells. The well is perforated in
the horizontal part with the length of 1000 m along the 𝑦axis, and the vertical part of the well is sealed to avoid water
and gas leaking into the overlying formation and seawater.
The thickness of HBS is 40 m, with 30 m overburden and
underburden to allow heat exchange with the HBS during a 5year production period. The 30 m thick boundary layers were
sufficient to simulate the boundary effects of heat exchange
[8, 17, 26]. The horizontal well is placed at the center of the
HBS with a radius of 0.1 m. Assuming uniformity of property
and behavior along the horizontal well [5, 32], only a single
unit of length (Δ𝑦 = 1 m) needs to be simulated.
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Figure 1: Location of study area, drilling sites, and the confirmed gas hydrate distribution in Shenhu area of the SCS [18].
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Table 1: Main model parameters of the HBS in Shenhu area of the
SCS.
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Figure 3: The corresponding grids used in the numerical models,
with the location of horizontal well.

Figure 3 shows the corresponding grids used in the
numerical models. Previous studies had indicated that the
critical processes occur within a limited radius around the
horizontal well [1, 4, 32]. Therefore, the grids are refined
surrounding the horizontal well with the minimum interval
of 0.2 m. The grid size increases with the distance to the well,
reaching a size of 2 m at the lateral boundary. Vertical grid
size in the HBS is 0.5 m, which gradually increases in both
overlying and underlying layers and reaches the maximum
size of 5 m.
2.2.2. Reservoir Properties and Parameters. Table 1 presents
the main modeling parameters and physical properties for
the Shenhu area deposits. These were derived using information gleaned from geophysical well logs and core samples
analyses [18, 19, 43, 46]. The initial hydrate saturation is
0.4, which is estimated according to the decrease of chlorinity due to the mixture of fresh water generated by gas
hydrate dissociation [46]. The boundary layers of the HBS
are saturated by water with a full aqueous saturation of
1.0. The sediment porosity and intrinsic permeability are
0.38 and 1.0 × 10−14 m2 , respectively [10, 26]. To avoid a
theoretically correct but computationally intensive solution
of the Navier–Stokes equation, the wellbore is simulated as a
pseudoporous medium with porosity, permeability, capillary
pressure, and low irreducible gas saturation of 1.0, 1.0 ×
10−8 m2 , 0 MPa, and 0.005, respectively [4, 5, 48]. Earlier
studies had shown the validity of this approximation [8, 49].
The composite thermal conductivity, relative permeability,
and capillary pressure models are employed commonly in
numerical simulations on gas production from HBS [1,
4, 30–32, 50]. The corresponding parameters for relative
permeability and capillary pressure were determined from
the field test data by Moridis and Reagan [51]. The changes
of effective permeability and capillary pressure are consistent
with the porosity and phase saturation during the simulation.
With referral to the offshore production test from marine
hydrate deposits in the Eastern Nankai Trough of Japan
[52], the constant bottom-hole pressure (BHP) 𝑃𝑏 is 4 MPa.
Consequently, the driving force of the depressurization Δ𝑃 is
12 MPa (Δ𝑃 = 𝑃𝑚 − 𝑃𝑏 ); 𝑃𝑚 is the initial pressure in the HBS
at the elevation of the horizontal well (Figure 2).

Value

HBS thickness, 𝐻
40 m
Porosity, 𝜙
0.38
Intrinsic permeability,
1.0 × 10−14 m2 (1 mD = 1.0 × 10−15 m2 )
𝑘
Gas composition
100% CH4
Hydrate saturation in
0.40
the HBS, 𝑆ℎ
3.30%
Water salinity, 𝑋𝑖
Pressure at the middle
16.0 MPa
of the HBS, 𝑃𝑚
Temperature at the
13.95∘ C
middle of the HBS, 𝑇𝑚
Critical mobile
0.05
porosity, 𝜙cri
2600 kg/m3
Rock grain density, 𝜌𝑅
Wet thermal
3.1 W/m/K
conductivity, 𝜆 𝑊
Dry thermal
1.0 W/m/K
conductivity, 𝜆 𝐷
Pore compressibility,
1.0 × 10−8 Pa−1
𝛼𝑃
Bottom-hole pressure,
4 MPa
𝑃𝑏
Composite thermal
𝜆 = 𝜆 𝐷 + (𝑆𝐴1/2 + 𝑆ℎ1/2 ) (𝜆 𝑊 − 𝜆 𝐷 ) + 𝜙𝑆𝐼 𝜆 𝐼
conductivity model
[8]
𝑃cap = −𝑃0 ([𝑆𝐴∗ ]−1/𝑚 − 1)1/𝑚
Capillary pressure
(𝑆𝐴 − 𝑆𝑖𝑟𝐴 )
model [53]
𝑆𝐴∗ =
(𝑆𝑚𝑥𝐴 − 𝑆𝑖𝑟𝐴 )
𝑆𝑚𝑥𝐴
1.0
𝑚
0.45
𝑃0
1.0 × 105 Pa
𝑛
𝑘𝑟𝐴 = (𝑆𝐴∗ ) 𝐴
𝑘𝑟𝐺 = (𝑆𝐺∗ )𝑛𝐺
Relative permeability
model [1]
𝑛𝐴
𝑛𝐺
𝑆𝑖𝑟𝐴
𝑆𝑖𝑟𝐺

𝑆𝐺∗ =

(𝑆𝐺 − 𝑆𝑖𝑟𝐺)
(1 − 𝑆𝑖𝑟𝐴 )
3.572
3.572
0.30
0.02

2.2.3. Initial and Boundary Conditions. The initial formation
pressure was specified in accordance with the hydrostatic
pressure, which was computed according to the water depth
and a pressure-adjusted saline water density [50]. Figure 4
shows the resultant initial pressure distribution of different
dip angles. To the sloping formations, there will be an angle
(e.g., equal to the formation dip) between the initial pressure
contour lines and the strata lines. The initial temperature was
specified to be 3.5∘ C at the seafloor [5, 46]. The temperature
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Figure 4: Cross section showing the initial pressure distribution: (a) Base Case with dip angle of 0∘ , (b) Case A with dip angle of 10∘ , (c) Case
B with dip angle of 20∘ , and (d) Case C with dip angle of 30∘ .

2.2.4. The Numerical Simulation Code. In this numerical
study, we use TOUGH + HYDRATE to investigate the
effects of formation dip on gas production performance from
the marine HBS. This code can model the nonisothermal
hydration reaction, multiphase behavior, and flow of fluids
and heat under conditions typical in geological media containing gas hydrates [4, 6]. It includes both an equilibrium
and a kinetic model of hydrate formation and dissociation. These models cover four phases (i.e., gas, aqueous,
ice, and hydrate) and four mass components (i.e., H2 O,
CH4 , hydrate, and water-soluble inhibitors such as salts
or alcohols) with each component existing in each phase
[6].
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profile was assigned to vary linearly as a function of depth
with a geothermal gradient of 47∘ C/km [10, 18, 26, 46].
Because of symmetry of the horizontal strata, there is no
flow of fluids and heat through the lateral boundaries. For
the inclined formation, there exists the lateral boundary fluid
and heat flow due to the acceleration of gravity. However, the
hydrate dissociation zone is limited around the production
well for the specified unconfined Class 2 HBS (e.g., the
dissociation radius is no more than 30 m); thus, the lateral
boundary flow has insignificant influence on gas production
from hydrate reservoir (e.g., verified by the sensitivity study).
Consequently, for both the horizontal strata and inclined formation, no flow of fluids and heat are specified for the lateral
boundaries [32]. Because the boundary layers have similar
lithology to that in HBS, the top and bottom boundaries are
designed as constant temperature and pressure boundaries
[50].
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Figure 5: Evaluation of methane release rate (𝑄𝑅 ), the cumulative
volume of methane released in the reservoir (𝑉𝑅 ), and the cumulative volume of methane remaining in the reservoir (𝑉Rem ) during gas
production from horizontal strata.

3. Simulation Results and Discussions
3.1. Production Behaviors of Horizontal Strata. The extraction
of fluid (e.g., gas and water) from the horizontal well leads
to depressurization-induced hydrate dissociation in the HBS.
Figure 5 shows the evolution of methane release rate (𝑄𝑅 ),
the cumulative volume of methane released from hydrate
dissociation (𝑉𝑅 ), and the cumulative volume of methane
remaining in the reservoir (𝑉Rem ) over 5-year period. In this
section, all of the following plotted results reveal the unit
section (1 m) of horizontal well.
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Figure 6: Evaluation of methane gas production rate (𝑄𝑃𝐺), the
dissolved methane production rate (𝑄𝑃𝐴 ), the total methane production rate (𝑄𝑃𝑇 ), and the cumulative methane volume produced at the
well (𝑉𝑃𝑇 ) during gas production from horizontal strata.

As shown in Figure 5, the constant depressurization at the
well results in an initial burst of gas release in the vicinity of
the horizontal well. Consequently, the maximum 𝑄𝑅 occurs at
the initial point with the value of approximately 136 ST m3 /d.
This phenomenon is usually called “gas cavity” [23, 54].
This is because the drastic decrease of fluid pressure in
hydrate reservoir causes the significant hydrate dissociation,
resulting in an immediate increase of 𝑄𝑅 . Meanwhile, the
massive gas released from hydrate dissociation results in
reservoir pressure increase abruptly, which limits the hydrate
dissociation rate significantly. After the incident of “gas
cavity,” 𝑄𝑅 rapidly drops at the early stage and gradually
decreases with a slowing decline rate. This is mainly because
(1) the low effective permeability of hydrate reservoir results
in the fact that free gas could not be yielded from the HBS
timely and, as a consequence, the dissociation front with a
high pressure level; (2) the endothermic nature of hydrate
dissociation results in a low temperature region around the
horizontal well; (3) the function of self-sealing gradually
disappears with hydrate dissociation above and below the
horizontal well, resulting in the fact that water seepage from
boundary layers catches up with the water discharge from
the HBS to the borehole. All of these reasons impede the
rapid hydrate dissociation in the HBS. At the end of 5-year
production period, a total of 𝑉𝑅 = 4.48 × 104 m3 have been
produced from the methane hydrate dissociation.
Figure 6 shows the evolution of methane gas production
rate (𝑄𝑃𝐺), the dissolved methane production rate (𝑄𝑃𝐴 ), the
total methane production rate (𝑄𝑃𝑇 = 𝑄𝑃𝐺 + 𝑄𝑃𝐴 ), and the
cumulative methane volume produced at the well (V𝑃𝑇 ) over
5-year period. Due to the produced methane mainly from
the hydrate dissociation, 𝑄𝑃𝑇 changes following the trend
of 𝑄𝑅 (Figure 5). As shown in Figure 6, the maximum 𝑄𝑃𝑇
occurs at the initial point with the value of approximately
96 ST m3 /d. As expected, 𝑄𝑃𝐺 is consistently lower than 𝑄𝑅
because of dissolving in formation water and the need for
gas accumulation in the reservoir until the gas saturation
overcomes its irreducible level of 𝑆𝑖𝑟𝐺. 𝑄𝑃𝐺 decreases in the
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Figure 7: Evaluation of water volumetric production rate (𝑄𝑊) and
the gas-to-water ratio (𝑅𝐺𝑊) during gas production from horizontal
strata.

whole production stage until no free methane gas is produced
from the hydrate reservoir (e.g., 𝑄𝑃𝐺 = 0). This is because
𝑄𝑅 decreases with time (Figure 5), which results in low gas
saturation in the reservoir at the late stage. Meanwhile, the
total methane production rate 𝑄𝑃𝑇 is low and almost constant
at the late stage, because the methane is produced mainly by
the dissolved methane (𝑄𝑃𝐴 ) exsolution from the formation
water. At the end of 5-year production period, a total of 𝑉𝑃𝑇 =
4.51 × 104 ST m3 have been produced at the unit section (1 m)
of horizontal well. Comparing 𝑉𝑃𝑇 and 𝑉𝑅 (Figure 5) indicates
that the majority of the produced methane originated from
the hydrate dissociation and the additional methane comes
from original dissolved methane in the formation water.
Figure 7 shows the evolution of water volumetric production rate (𝑄𝑊) and the gas-to-water ratio (𝑅𝐺𝑊) over 5-year
period. 𝑅𝐺𝑊 is a relative criterion for evaluating the methane
production efficiency, which is defined as
𝑅𝐺𝑊 =

∫ 𝑄𝑃𝑇 𝑑𝑡
∫ 𝑄𝑊 𝑑𝑡

.

(1)

As shown in Figure 7, 𝑄𝑊 increases at a decreasing rate
and reaches the maximum value of 7.78 m3 /d. This pattern
follows a typical water discharge curve in the unconfined
aquifer discharged by the well under a constant pressure [10].
The pseudo-steady state at the late stage indicates that the
water recharge by the seepage from boundary layers catches
up with the water discharge from the HBS to the borehole
(Figure 8(b)). Meanwhile, 𝑅𝐺𝑊 decreases at a decreasing
rate which is affected by 𝑄𝑃𝑇 and 𝑄𝑊 simultaneously (see
(1)). This indicates that the major products output from
borehole are methane in the early stage, while water only
accounts for a small part. However, as mining continues,
water becomes the major product at the late stage, and the
methane output decreases to a significant low level (Figure 6).
This is mainly because the solid hydrates above and below
the horizontal well can temporarily act as sealing layers
to prevent water production and free gas escaping from
hydrate reservoir into surrounding formations (Figure 8(a)).
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3.2. Impact of Formation Dip on Hydrate
Production Performance
3.2.1. Gas Release from Hydrate Dissociation. Figure 9 shows
the difference of 𝑉𝑅 and 𝑉Rem between horizontal strata and

12
Difference of volume (10 3 ST m3 )

However, once the hydrate above and below the horizontal
well dissociates completely, the self-sealing function will
disappear (Figure 8(b)); as a result, the methane production
efficiency (𝑅𝐺𝑊) decreases significantly.
Moridis and Kowalsky [47] had evaluated the gas production potential of such deposits (e.g., unconfined Class 2 HBS)
using both single-well and five-spot well configurations. Their
results indicated that unconfined Class 2 HBS are among the
most challenging targets for methane production because (1)
the absence of confining boundaries limits the effectiveness
of depressurization, (2) the rate of methane production at
the well is much lower (e.g., less than 200 m3 /d), and (3)
methane production is accompanied by the production of
very large volumes of water. However, the modeling results of
this work indicate that the strategy of horizontal well through
depressurization is an effective method to exploit the gas
hydrate in this unconfined Class 2 HBS. Review of Figure 6
shows that the average methane production rates and the
cumulative methane volume produced at the well over 5-year
period reach 2.47 × 104 ST m3 /d and 4.51 × 107 ST m3 over
the length of 1000 m horizontal well, respectively. However,
the obvious issue is relatively low exploitation efficiency
of methane (e.g., 𝑅𝐺𝑊 shown in Figure 7) because gas
production is accompanied by the recovery of very large
volumes of water. Consequently, the development of the
favorable well completion method to prevent water production is significantly important to realize large scale hydrate
exploitation in the future.
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Figure 9: The difference of the cumulative volume of methane
released from hydrate dissociation (𝑉𝑅 ) and methane remaining in
the reservoir (𝑉Rem ) between horizontal strata and those sloping
formations at the end of 5-year production period.

those sloping formations over the length of 1000 m horizontal
well. As shown in this figure, the sloping formation has a
higher 𝑉𝑅 than that of horizontal strata. When the dip angles
change from 0∘ , to 10∘ , 20∘ , and 30∘ , the cumulative volume
of methane released from hydrate dissociation (𝑉𝑅 ) increased
by 881 ST m3 , 4098 ST m3 , and 10490 ST m3 , respectively. This
indicates that the sloping formation causes the gas hydrate in
the HBS to be unstable, because the lower half portion of the
hydrate reservoir is closer to the bottom of hydrate stability
zone (BHSZ). This means that hydrate dissociation behavior
of sloping formation is sensitive to changes in the reservoir
pressure, which can be used to explain the phenomenon that a

8

Geofluids
6
Difference of volume (10 3 ST m3 )

Difference of volume (10 3 ST m3 )

15
10
5
0
−5
−10
−15

0

500

1000

1500

2000

4
2
0
−2
−4

−6

0

500

Time (days)
VPG

Case A, Base
Case B, Base
Case C, Base

VPA

Case A, Base
Case B, Base
Case C,Base

Figure 10: The difference of the cumulative volume of methane gas
produced at the well (𝑉𝑃𝐺) and the dissolved methane produced
at the well (𝑉𝑃𝐴 ) between horizontal strata and those sloping
formations over 5-year production period.

large number of marine gases release during geologic activity.
In the actual situation, this process is more obvious because
of the upper half portion of the hydrate reservoir with rapid
decline of pressure, but slightly temperature decreases in a
short period of time. On the other hand, the difference of
𝑉Rem between horizontal strata and those sloping formations
(Figure 9) indicates that the dip angle is not conducive to gas
recovery during gas production from the hydrate reservoir.
This is because free gas far from the production well is hard
to yield from the hydrate reservoir.
3.2.2. Gas Production at the Well. Figure 10 shows the
difference of 𝑉𝑃𝐺 and 𝑉𝑃𝐴 between horizontal strata and those
sloping formations over the length of 1000 m horizontal well.
As shown in this figure, the influence of the formation dip on
𝑉𝑃𝐺 and 𝑉𝑃𝐴 is quite different, both of which have two stages.
In the first 500 days, the dip angle has very slight effect
on 𝑉𝑃𝐺, because the available hydrate in the vicinity of the
horizontal well has not been exhausted. However, the sloping
formation has a lower 𝑉𝑃𝐺 than that of horizontal strata at the
late stage. This further proves that the inclined formation is
not conducive to free gas recovery from the unconfined Class
2 HBS. On the other hand, the difference of 𝑉𝑃𝐴 shows that
the dip angle has very slight effect on 𝑉𝑃𝐴 in the first 1000
days. However, the sloping formation has a higher 𝑉𝑃𝐴 than
that of horizontal strata at the late stage. When the dip angles
change from 0∘ , to 10∘ , 20∘ , and 30∘ , the cumulative volume
of 𝑉𝑃𝐴 increased by 1034 ST m3 , 3988 ST m3 , and 9306 ST m3 ,
respectively. This is because the methane is produced mainly
by the free gas from the hydrate reservoir in the early stage,
while, at the late stage, the methane is produced mainly by
the dissolved methane exsolution from the formation water
(Figure 6).
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Figure 11: The difference of the cumulative volume of total methane
gas produced at the well (𝑉𝑃𝑇 ) between horizontal strata and those
sloping formations over 5-year production period.

Figure 11 shows the difference of total methane produced
at the well between horizontal strata and those sloping formations over the length of 1000 m horizontal well. The initial
oscillation illustrates that the hydrate dissociation behavior
of sloping formation is sensitive to changes in the reservoir
pressure. With the stability of reservoir pressure, the sloping
formation results in a lower 𝑉𝑃𝑇 than that of horizontal
strata. The greater the dip angle, the more significant the
maximal difference of 𝑉𝑃𝑇 . This is because the methane is
produced mainly by the free gas (𝑉𝑃𝐺) during this stage
and the inclined formation is not conducive to gas recovery
from the unconfined Class 2 HBS (Figure 9). However, this
situation is reversed at the late stage because the available
hydrate in the vicinity of horizontal well is exhausted and the
methane is produced mainly by the dissolved gas.
3.2.3. Water Production at the Well. Figure 12 shows the
difference of 𝑉𝑊 and 𝑅𝐺𝑊 between horizontal strata and
those sloping formations over the length of 1000 m horizontal
well. As shown in this figure, the sloping formations yield
lower water production compared with the horizontal strata.
When the dip angles change from 0∘ , to 10∘ , 20∘ , and 30∘ , the
cumulative volume of 𝑉𝑊 decreased by 97 m3 , 777 m3 , and
1554 m3 , respectively. This means that the inclined formation
can restrict water from the boundary layers to the production
well to some extent. Meanwhile, the sloping formation has
a neglected influence on 𝑅𝐺𝑊 as shown in Figure 12. This is
because sloping formation has a slight influence on both 𝑉𝑃𝑇
and 𝑉𝑊 for the unit section (1 m) of horizontal well.

4. Conclusions
In this study, we numerically investigated the effects of the
formation dip on gas production from the unconfined marine
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(6) As in unconfined Class 2 HBS, the obvious issue
is relatively low exploitation efficiency of methane
because gas production is accompanied by the recovery of very large volumes of water. Consequently, the
development of the favorable well completion method
to prevent water production is significantly important
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Figure 12: The difference of the cumulative volume of water
produced at the well (𝑉𝑊) and gas-to-water ratio (𝑅𝐺𝑊) between
horizontal strata and those sloping formations over 5-year production period.

hydrate-bearing sediments (HBS) in Shenhu area of the South
China Sea. The present modeling and analysis results are
specific to the conditions and parameters considered. Based
on the numerical simulations, the following conclusions can
be drawn:
(1) The horizontal well configuration through depressurization is an effective production method related to
the challenging unconfined Class 2 HBS. The model
predicted that the average methane production rates
and the cumulative volume produced at the 1000 m
horizontal well reach 2.47 × 104 ST m3 /d and 4.51 ×
107 ST m3 over 5-year period, respectively.
(2) The methane is produced mainly by the free gas
from the hydrate reservoir in the early stage, while
the methane is produced mainly by the dissolved
methane exsolution from the formation water at the
late stage.
(3) The hydrate dissociation behavior of sloping formation is sensitive to changes in the reservoir pressure.
When the dip angles change from 0∘ , to 10∘ , 20∘ ,
and 30∘ , the cumulative volume of methane released
from hydrate dissociation increased by 881 ST m3 ,
4098 ST m3 , and 10490 ST m3 , respectively.
(4) The sloping formation is not conducive to free
methane gas recovery from the unconfined Class
2 HBS, which results in more dissolved methane
produced at the horizontal well. Consequently, the dip
angle is not one of the main parameters that greatly
affect the total methane production performance
form the unconfined marine hydrate reservoir.
(5) The sloping formation yields lower water production
which can restrict water from the boundary layers to
the production well to some extent.
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