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The Shenhu Area is located in the Pearl River Mouth Basin, the northern continental slope of the South
China Sea. In 2007, gas hydrate samples were recovered during the scientific expedition conducted by the
China Geological Survey in the area. Using numerical simulation and currently available data from site
measurements, including the water depth, thickness of the hydrate-bearing layer (HBL), sediment
porosity, salinity, and pressures and temperatures at key locations, we developed preliminarily estimates
of the production potential of these hydrates as gas-producing resource.Weusedmeasurements of ambient
temperature in the sediments to determine the local geothermal gradient. Evidence from this and other field
studies showed that the initial pressure distribution followed the hydrostatic gradient. Direct measure-
ments from core samples provided estimates of the initial hydrate saturation and of the intrinsic
permeabilities in the various strata of the system. The hydrate accumulations in the Shenhu Area appear
to be hydrate deposits involving a single HBL within fine-textured sediments and boundaries (overburden
and underburden layers) which have the same intrinsic permeabilities with the HBL. We investigated gas
production from the Shenhu hydrates bymeans of depressurization and thermal stimulation using a single
horizontal well placed in the middle of the HBL. The simulation results indicated that the hydrates
dissociate along cylindrical interfaces around the well and along horizontal dissociation interfaces at the
top and bottom of the HBL. Production is invariably lower than that attainable in a confined system, and
thermal stimulation is shown to affect only a limited region around the well. The sensitivity analysis
demonstrates the dependence of production on the level of depressurization, the initial hydrate saturation,
the intrinsic permeability of the HBL, the temperature of the well, and the initial temperature of the HBL.
A general observation is that gas production is low and is burdened with significant water production,
making the hydrate accumulations at the Shenhu Area unattractive production targets with current
technology.

1. Introduction

1.1. Background. Natural gas hydrates (NGH) are solid,
nonstoichiometric compounds formed by host water mole-
cules with small guest molecules, such as CH4, C2H6, C3H8,
CO2, H2S, etc.

1 Natural gas hydrate deposits involve mainly
CH4 andoccur in the permafrost and in deep ocean sediment,
where the necessary conditions of low temperature and high
pressure exist for hydrate stability. Recent seismic explora-
tions and geological researches show that natural gas hy-
drates existing in the sediment constitute a large natural
gas reservoir that invites consideration as a potential stra-
tegic energy resource.2,3 Techniques for gas production from

hydrate deposit are based on three major dissociation prin-
ciples, i.e., (1) depressurization,4-6 involving a pressure P
decrease below the dissociation pressure at a given tempera-
ture T of the hydrate; (2) thermal stimulation,7-9 involving
raising T above the dissociation temperature at a given P of
the hydrate; (3) inhibitor effects,10 based on the use of
chemicals, such as salts and alcohols to shift the hydrate
P-T equilibrium. Among these possible methods for hydrate
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dissociation for gas production, depressurization appears to
be the most efficient.11-16

The Blake Ridge hydrate accumulation offshore the
Carolinas,17 in which large volumes of gas hydrate are
relatively evenly distributed through vast volumes of fine-
grained and relatively undeformed sediment at low (2-4%
average, with a maximum estimate of 5-12%) saturations,
has been extensively studied since the ocean drilling program
(ODP) Leg 164.18 A preliminary estimate of the gas resource
at the Blake Ridge is up to 19.3� 1012 m3 (13.7� 109 t under
the standard atmospheric condition).18 Unfortunately, the
prospects for economic recovery of natural gas from this
highly disseminated resource in the fine-grained sediment of
low permeability are very poor with current technologies.14,19

However, a numerical simulation indicates that the hydrate
accumulations at Blake Ridge with the free gas reservoir
beneath the hydrate bearing layer may be of economic value
for industry production.20

Recent studies11,12,16 have also indicated that, under cer-
tain conditions, gas can be produced from natural hydrate
deposits at high rates over long periods using conventional
technology based on vertical wells. There are also simulation
results from horizontal well studies13,16 that show significant
advantages over vertical wells during production from Class 2
and Class 3 deposits.

1.2. Shenhu Area. Recent studies have documented the
occurrence of significant gas hydrate deposits in the Shenhu
Area of the South China Sea. The Shenhu Area is located in
the near southeast of Shenhu Underwater Sandy Bench in
the middle of the north slope of the South China Sea, between
Xisha Trough and Dongsha Islands. Tectonically, the re-
search area is located in the Zhu II Depression of the
Pearl River Mouth Basin (Figure 1), which has been in the
process of tectonic subsidence since themiddleMiocene. It is

characterized by a high sedimentation rate21 and thick
sediments of 1000-7000 m, with organic matter contents
of 0.46-1.9%.22 The geological and thermodynamic condi-
tions in the Shenhu Area are conducive to the formation and
stability of gas hydrates.

1.3. Hydrates in the Shenhu Area. Gas hydrate samples
were collected at three sites (SH2, SH3, and SH7) during
a recent scientific expedition conducted by the China Geo-
logical Survey in the Shenhu area of the northern South
China Sea in May 2007.21,23-26 This was the first indication
of abundant hydrates in this area, which raised its visibility as
a potentially important area for gas hydrate exploitation
in China.

From site measurements that included formation thermal
conductivity analysis at 19 sites, the heat flow in the Shenhu
Area was estimated to ranges from 74.0 to 78.0 mW/m2

(with an average of 76.2 mW/m2). Estimates of the geother-
mal gradient were based on in situ temperature measure-
ments at five drilling sites within the research area (including
site SH7, onwhich this study focuses), and ranged from 43 to
67.7 �C/km. These create thermodynamic conditions that
favor the formation of stable gas hydrates. The depth and
thickness of the gas hydrate zone are controlled by the T, P,
and salinity, with the water temperature at the ocean floor
TOF and the geothermal gradient in the sediments being the
key parameters. In the South China Sea,TOF is in the 4-5 �C
range for water depths exceeding 1 000 m.21,24

The drilling results from the hydrate layer in the Shenhu
Area, measured from both nonpressure and pressurized
cores, indicate that the top of the hydrate layers are located
155-229 m below the seafloor (mbsf), and their thickness
varies from 10 to 43 m. These hydrate layers occur at water
depths 1108-1245m. The sediment porosity φ and the in situ
salinity XS in the Shenhu Area, measured from the pressure
cores, are 33-48%and 0.0290-0.0315, respectively; theTOF

and XS at the seafloor are 3.3-3.7 �C and 0.0328-0.0334,
respectively. The P-wave velocity and gamma density of pres-
sure coresof the site SH7used in this studyare shown inTable 1.
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Natural hydrate accumulations are divided into four main
classes.5,11,12 Class 1 accumulations are composed of two
layers, including the hydrate-bearing layer (HBL) and an
underlying two-phase fluid (containingmobile gas and liquid
water) zone. Class 2 deposits include an HBL underlain by a
zone ofmobile water. Class 3 accumulations involve only an
HBL, without underlying mobile fluid zones (and usually
bounded by low-permeability overburden and under-
burden). Class 4 deposits involve disperse low-saturation
oceanic hydrate without confining boundaries, which are
not likely to have production potential. The hydrate accu-
mulations in the Shenhu Area involve a single HBL within
fine-textured sediments and boundaries (overburden and
underburden layers) which have the same intrinsic perme-
abilities with the HBL.

These deposits are considered “challenging” hydrates (CH)
for gas production, as they are characterized by the HBL
without the confinement of the boundaries, which have the
samepermeabilitieswithHBL, typeCH-B in the terminologyof
Moridis et al.,28 in addition to incidence in fine-textured
sediments of low-permeability (type CH-k) such as silts
and clays.21,23-26

1.4. Objectives. The main objective of this study is the
evaluation of the gas production potential of recently dis-
covered marine gas hydrate deposits in the Shenhu Area of
the South China Sea, as well as the factors affecting it. Because

of the generally low productivity of such challenging oceanic
deposits, only horizontalwells are considered in this analysis.
Several possible production methods and horizontal well
configurations are investigated, and the sensitivity of gas
production to various formation and operation parameters
and conditions is assessed.

2. System Description and Production Strategies

2.1. Method of Production. Earlier studies12,14,15 indicated
that depressurization is the simplest and most promising
hydrate dissociation method, and possibly the only practical
option in the majority of hydrate deposits, because of its
technical and economic effectiveness. Significant cooling
in the vicinity of vertical wellbores (caused by both the
endothermic reaction of hydrate dissociation and the Joule-
Thompson effect) may induce secondary hydrate forma-
tion. This problem, which can lead to flow blockage if left
untreated, can be alleviated through the application of thermal
stimulation (periodic or continuous, mainly by means of
warm water injection), thus enhancing production when
used in conjunction with the main dissociation method,
i.e., depressurization.6,11,12 However, pure thermal stimula-
tion appears to be very ineffective as a gas production
method when used as the main dissociation strategy.12

Constant-pressure production appears to be the most
effective method (if not the only option).12 During the initial
stage of production (which constitutes a large part of the
entire production period), when the formation effective
permeability keff is very low because of the presence of the
solid hydrate, constant-P production allows a continuous
increase in the gas production rateQPT. This is caused by the
continuously increasing keff in the deposit as SH declines in
the course of hydrate dissociation. Furthermore, by setting
the well pressure PW > PQ (i.e., the P at the quadruple point),
constant-P production provides the necessary bottomhole
pressure control to eliminate the possibility of ice formation
and significantly reduce the formation of secondary hydrates.

Despite the well-documented superiority of depressurization-
induced dissociation, the low instrinsic permeability k and

Figure 1. (a) Location of research area, ShenhuArea, north slope of South China Sea and (b) bathymetric map of gas hydrate drilling area with
sites drilled in the research area.

Table 1. P-Wave Velocity and Gamma Density of Pressure Cores in

ShenhuArea, SouthChina Sea (MSCL-PLogging of PressureCores)

sample
depth
(mbsf)

gamma density
(gm/cm3)

P-wave
velocity (m/s)

SH7B-05P 104 1.85-2.00 1534-1590
SH7B-07R 135 1.83-1.97
SH7B-11R 155 1.87-2.04 1660-1810
SH7B-15R 163 1.95-2.03 1600-2095
SH7B-23R 185 2.15-2.21 1551-1579

(28) Moridis, G. J.; Reagan, M. T.; Boyle, K. L.; Zhang, K. Evalua-
tion of the Gas Production Potential of Challenging Hydrate Deposits.
InTOUGHSymposium, LawrenceBerkeleyNational Laboratory, Berkeley,
CA, 2009.
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the limited confinement effect of the boundaries in the CH-k
and CH-B deposits may hinder its application in the Shenhu
Area. Aggressive depressurization is inadvisible because it
can lead to significant pressure drops in the vicinity of the well,
in addition to very large water production. Warm water
injection is not recommended because of the limited effec-
tiveness of thermal dissociation methods and of the adverse
pressure and relative permeability regime of any gas released
from dissociation and attempting to flow toward the well. In
this study, production is based on hydrate dissociation induced
by a combination of depressurization (the dominant mecha-
nism) and thermal stimulation (in a supporting role), and gas
is produced using horizontal wells operating under a constant-
pressure regime. The production method attempts to overcome
the shortcoming of depressurization and thermal stimulation
and is described below.

2.2. Well Design and Description. We consider only hori-
zontal wells (Figure 2) in this study because earlier studies13,29,30

showed that the performance of horizontal wells is superior to
that of vertical wells in gas production, one of the reasons
being that they virtually eliminate the problem of secondary
hydrate formation. We evaluate the performance of a single
horizontal well of rW = 0.1 m placed in the middle of the
22 m-thick HBL (Figures 2a and 3a) at the SH7 site of
the Shenhu Area.

We use the new well design proposed by Moridis et al.,28

which combines a mild constant-P depressurization regime

with a thermal stimulation process that provides heat to the
HBL by means of warm water (originating from deeper,
warmer reservoirs) circulating inside the wellbore without
injection into the deposit (Figure 2b). The higher T around
the well is expected to promote hydrate dissociation, in
addition to preventing the formation of secondary hydrates
around the wellbore. The mild depressurization regime of
this well design is designed to prevent excessive water pro-
duction, and the constant-P production regime eliminates
the possibility of excessive pressure drops. The continuous
addition of heat without resorting to warm water injection
into the HBL does not negate (even partially) the effects of
depressurization, does not further burden the relative perme-
ability regime of the gas evolving fromdissociation, and does
not inhibit flow to the well.

3. Numerical Models and Simulation Approach

3.1. Numerical Simulation Code. For this numerical simu-
lation study, we used both the serial and parallel versions of
the TOUGHþHYDRATE code.31,32 This code can model
nonisothermal hydration reactions, phase behavior, and
flowof fluids andheat under the conditions typical of natural
CH4-hydrate deposits in complex geologic media. It includes
both an equilibrium and a kinetic model of hydrate formation

Figure 2. (a) System geometry and configuration of the horizontal well producing from the hydrate deposit at the SH7 site of the Shenhu Area,
South China Sea and (b) the new well design for concurrent heat addition and gas production.24.

(29) Reagan, M. T.; Boyle, K. L.; Zhang, K. Sensitivity Analysis of
Gas Production fromClass 2 and Class 3 Hydrate Deposits. InOffshore
Technology Conference, Houston, Texas, 2008; Paper 19554.
(30) Rutqvist, J.; Moridis, G. J. Numerical Studies on the Geome-

chanical Stability of Hydrate-Bearing Sediments. SPE J. 2009, 14 (2),
267–282.

(31) Moridis, G. J.; Kowalsky, M. B.; Pruess, K. TOUGHþHY-
DRATE v1.1 User’s Manual: A Code for the Simulation of System
Behavior in Hydrate-Bearing Geologic Media; Lawrence Berkeley Na-
tional Laboratory: Berkeley, CA, 2009.

(32) Zhang, K.; Moridis, G. J.; Wu, Y. S.; Pruess, K. A Domain
Decomposition Approach for Large-Scale Simulations of Flow Pro-
cesses in Hydrate-Bearing Geologic Media. In The 6th International
Conference on Gas Hydrate, Vancouver, British Columbia, Canada, 2008;
Paper 5480.
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and dissociation. Themodel accounts for heat and up to four
mass components (i.e., water, CH4, hydrate, and water-soluble
inhibitors such as salts or alcohols) that are partitioned among
four possible phases: gas, aqueous liquid, ice, and hydrate. A
total of 15 states (phase combinations) can be described by
the code, which can handle any combination of hydrate dis-
sociation mechanisms and can describe the phase changes
and steep solution surfaces typical of hydrate problems. In
this code, the impact of the movement and the volume expan-
sion of the sediments are neglected.

3.2. Geometry, Domain Discretization, and System Proper-

ties. The geologic system in this study corresponds to the site
SH7 at the Shenhu Area. Analysis of hydrate sample from this
site indicated almost pure (99.2%) CH4-hydrate in clayey
sediments. The system properties and initial conditions that
were used in the simulations are shown in Table 2. In the
absence of direct measurements of the flow properties of the
porous media at the site, the estimates of k, φ, and the wet-
tability properties (capillary pressure and relative permeabil-
ities, with all related parameters) in Table 2were based on the
similarity of these fine media (silts and clays) to similarly
textured soils with known properties. The wellbore was simu-
lated as a pseudoporous medium with φ = 1.0, k = 5.0 �
10-9 m2 (5000 darcys), a capillary pressure Pcap = 0, and
aqueous and gas relative permeabilites (krA and krG) as linear
functions of the aqueous and gas phase saturations (SA and
SG), respectively.

The seafloor at this site is at 1108 m depth, and the HBL
extends from 155 to 177 m interval below the seafloor (22 m
thick). As in all simulations of this kind, the domain includes
an additional 30 m of underburden and overburden (having
the same flow properties as the HBL), above and below which
boundaries of constant conditions (P and T) are imposed. The
30m-thicknesswas shown to be sufficiently large for an accu-
rate description of (a) the heat flow regime through the
overburden and underburden during amaximum of 30 years
of production5,11,12 and (b) of the pressure and flow regime,
given the low k and the mild depressurization regime.

The geometry and configuration of the hydrate deposit, as
well as the corresponding simulationgrid, are shown inFigure3.
Because of the limited confinement effect of the boundaries
above the HBL and the tendency of gas from hydrate dis-
sociation to accumulate at the top of the formation where an
upper dissociation interface develops,11,12,14,30 the well is
placed at the center of the HBL (rather than at the top),
i.e., at x = 0 and z = 0 in the coordinates of the grid in
Figure 3b. Because of symmetry about the well, only half of
the domain (x g 0) is simulated. Assuming uniformity of
behavior along the length of the horizontal well (i.e., ignor-
ing possible heel to toe deviations in behavior), only a single
unit of length Δy = 1 m needed to be simulated. A no-flow
boundary (i.e., no fluid flow and heat transfer) is applied at
x = 45 m, indicating a well spacing of 90 m. A 1000 m-long
well is assumed in all cases.

Figure 3. (a) Schematic of the marine hydrate deposit at the SH7 site of the ShenhuArea, South China Sea and (b) grid used in the simulations.

http://pubs.acs.org/action/showImage?doi=10.1021/ef100930m&iName=master.img-002.jpg&w=454&h=364
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The hybrid grid in Figure 3b comprises 11 259 nonuni-
formly sized elements, of which 11 034 are active (the remain-
ing being boundary cells). The uppermost and lowermost
layers, which are inactive boundary cells, correspond to the
constant-P andT conditions discussed earlier. Because of the
importance of a high definition in the vicinity of thewellbore,
a very fine discretization is used (with gridblocks smaller
than 0.1 m across) in the region defined by the center of the
well and for r<7.5m (Figure 3b). Outside this region,Δx=
0.5m, but discretization along the z-axis is generally nonuni-
form. It is fine (Δze 0.5 m) in the HBL, at the bottom of the
overburden, and at the top of the underburden, but it
becomes coarser for z> 22 m and for z<-22 m. Such fine
discretization is necessary to correctly describe the spatial
distributions of important properties and conditions in the
domain and to yield accurate predictions of production.5,11

Assuming an equilibrium reaction of hydrate dissociation,31,33

this grid results in 44136 coupled equations that are solved
simultaneously.

3.3. Initial Conditions. The geothermal gradient was esti-
mated from in situ measurements:21 the temperatures of the
sample SH7B-FPWS1 (137 mbsf), SH7B-FPWS2 (180 mbsf),
and SH7B-FPWS3 (196 mbsf) at site SH7 were 12.49, 14.39,
and 15.04 �C, respectively. From these T-measurements and
the known TOF, the local (average) geothermal gradient at
the SH7 site was computed as dT/dz=0.0432 �C/m and was
used to obtain T-estimates at the constant-condition bound-
aries (upper and lower) of the domain.

With the use of the system geometry (Figure 2a), all the
T-related information, the known density of the ocean water
as a function of P, T, and salt concentration (1035 kg/m3 at
TOF and atmospheric pressure), the known phase saturation

distributions (SH= 0.44 and SA= 0.56 in the HBL; SH= 0
and SA = 1 in both the overburden and the underburden),
and the general rule that the pressure distribution in hydrate
systems follows the hydrostatic gradient,11,12 the P- and
T-distribution of the initial P- and T-distribution presup-
posed knowledge of the formation (a) porosity φ and (b) wet
and dry thermal conductivity, kΘRw and kΘRD, respectively;
the former was determined from in situ measurements,21,23-25

and reasonable estimates were used for the latter (Table 2).
The initial P at the HBL bottom (z = -1285 m) was
estimated as PB = 13.83 MPa (Figures 2a and 3a;
Table 2), which is close to the equilibrium hydrate pressure
at the temperature TB = 14.15 �C of the HBL base and for
XS = 0.0305.

The thermodynamic desirability of hydrate deposits as gas
production targets increases with the proximity of PB to the
equilibrium pressure at TB because such systems are easy to
destabilize with mild depressurization or thermal stimula-
tion. The gas hydrate accumulation at the SH7 site of the
Shenhu Area appears to be such a thermodynamically
appealing target, but this thermodynamic attractiveness is
only one of the factors, insufficient by itself, that determines
the overall production potential of a deposit.

4. Production from Site SH7 in Shenhu Area: The

Reference Case

4.1. Reference Case. The properties and conditions per-
taining to the reference case are listed in Table 2. The
temperature of the circulating hot water in the well TW =
14 �C, i.e., roughly equal to the initial temperature TB at the
base of the HBL and very slightly warmer than the initial
temperature at the elevation of the horizontal well (=13.7 �C).
Such a low TW effects minimal thermally induced dissocia-
tion of hydrates in the HBL that can only begin once P has
dropped below the equilibrium pressure corresponding to

Table 2. Properties and Conditions of the Hydrate Deposit at Site SH7 in Shenhu Area, South China Sea

parameter value

overburden thickness ΔZO 30 m
HBL thickness ΔZH 20 m
underburden thickness ΔZU 30 m
well position above the HBL base ΔZW 11 m
initial pressure PB (at base of HBL) 13.83 MPa
initial temperature TB (at base of HBL) 287.31 K (14.15 �C)
initial saturation in the HBL SH = 0.44, SA = 0.56
gas composition 100% CH4

geothermal gradient 0.0433 K/m
water salinity (mass fraction) 0.0305
intrinsic permeability kx = ky = kz (all formations) 7.5 � 10-14 m2 (= 75 mD)
porosity φ (all formations) 0.41
grain density FR (all formations) 2600 kg/m3

dry thermal conductivity kΘRD (all formations) 1.0 W/m/K
wet thermal conductivity kΘRW (all formations) 3.1 W/m/K
composite thermal conductivity model31,34 kΘC = kΘRD þ (SA

1/2 þ SH
1/2)(kΘRW - kΘRD) þ φSI kΘI

capillary pressure model35 Pcap = -P01 [(S*)
-1/λ - 1]1-λ

S* = (SA - SirA)/(1 - SirA)
SirA 0.29
λ 0.45
PCO 105 Pa
relative permeability model31 krA = (SA*)

n

krG = (SG*)n
G

SA* = (SA - SirA)/(1 - SirA)
SG* = (SG - SirG)/(1 - SirA)
original porous medium (OPM)

n 3.572
nG 3.572
SirG 0.05
SirA 0.30

(33) Kowalsky, M. B.; Moridis, G. J. Comparison of kinetic and
equilibrium reaction models in simulating gas hydrate behavior in
porous media. Energy Convers. Manage. 2007, 48 (6), 1850–1863.
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TW. The driving force of the depressurization process ΔPW =
P0 - PW = 0.8P0, 0.5P0, 0.2P0, and 0.1P0, where PW is the
constant bottomhole pressure at which the well operates and
P0 = 13.7 MPa is the initial P in the HBL at the elevation of
the production well. The ΔPW = 0.2P0 case is treated as the
base case in this study. Of the ΔPW levels explored here,
0.2P0 (base case) and 0.1P0 are routinely attained in field
operations, 0.5P0 represents the outer envelope of field
application, and 0.8P0 is an extreme case of depressurization.

4.2. Gas and Water Production. Figure 4 shows the evolu-
tion of the volumetric rate of CH4 production in the gas
phase (QPG), the total gas production (QPT) at the well, and
the gas released from hydrate dissociation (QR). The differ-
ence QPD = QPT - QPG describes the produced gas that is
dissolved in the produced aqueous phase. Note that QPT

exceeds QR in all the different ΔPW cases and that QPG is
much smaller than QPT, which means that the source of the

majority of the produced gas is CH4 dissolved in the water,
rather than from the free gas phase. Figure 5 shows the
percentage of hydrate dissociated in the entire simulated
domain. As shown in Figure 4a, QR decreases to a very low
level (QR < 0.01 ST m3/day/m of well) at t = 5600 and
10 000 days in ΔPW = 0.8P0 and 0.5P0 cases, respectively;
the corresponding hydrate dissociation percentage shown in
Figure 5 approaches 1.0, which indicates that almost all the
hydrate in the deposit disappears at that time. In theΔPW=
0.2P0 and 0.1P0 cases, there are still hydrates in the deposit at
the end of the production periods (t = 30 years).

A local maximum ofQPT = 17.3 ST m3/day/m of the well
is reached before a decline begins at about t=390 days in the
ΔPW = 0.2P0 case (Figure 4b). The QPTmax for the entire
deposit reaches 3.46 � 104 ST m3/day (1.22 MMSCFD).
Meanwhile, the corresponding QR shows the similar profile
as QPT as shown in Figure 4b.

This is attributed to a combination of (a) an increase in the
effective permeability in the vicinity of the well at early times of
the production process (approximately t = 0-390 days) be-
cause of the hydrate dissociation on this area under the constant
driving force of depressurization; (b) the breakthrough of the
water from the underburden (Figure 10), which provides an-
other source of water to reduce the effect of depressurization on
gas production at the well; (c) some gas may escape from the
dissociated zone in the deposit (in the initial HBL) to the ocean
through overburden because of buoyancy, especially after the
water breakthrough from the overburden to the cylindrical
dissociated zone around the well; (d) the resulting lower T,
which further slows dissociation after 390 days.

Figure 6 shows the corresponding water production rates
QW and gas-to-water ratios RGW= VP/MW, whereVP is the
cumulative volume of the produced CH4, and MW is the
cumulative mass of the produced water. RGW provides a
measure of the hydrate system response and the effectiveness
of dissociation as a gas-producing method. In ΔPW = 0.2P0

case, QW over 6000 kg/day/m of well is reached after approxi-
mately t=1100days.Thewaterproduction rate isQW=1.2�
107kg/day (1.2� 104 ton/D),which is unmanageable, andRGW

is prohibitively low (RGW < 5 ST m3 of CH4/m
3 of H2O/m

ofwell). A higherΔPW (the driving force of depressurization)
appears to have a remarkable effect on gas production,

Figure 4.Volumetric rate of CH4 production in the gas phase (QPG),
the total gas production (QPT) at the well and released from hydrate
dissociation (QR) using the depressurization method with ΔPW =
0.8P0, 0.5P0, 0.2P0, and 0.1P0, T0 = 13.7 �C during gas production
from the methane hydrate deposit in this study.

Figure 5. Percentage of hydrate dissociated % using the depressur-
ization method with ΔPW = 0.8P0, 0.5P0, 0.2P0, and 0.1P0, T0 =
13.7 �C during gas production from the methane hydrate deposit in
this study.

(34) Moridis, G. J.; Seol, Y.; Kneafsey, T. J. Studies of reaction
kinetics of methane hydrate dissociation in porous media. In The 5th
International Conference on Gas Hydrate, Trondheim, Norway, 2005;
Paper 1004.
(35) van Genuchten, M. T. A Closed-Form Equation for Predicting

the Hydraulic Conductivity of Unsaturated soils. Soil Sci. Soc. Am. J.
1980, 44, 892–898.

http://pubs.acs.org/action/showImage?doi=10.1021/ef100930m&iName=master.img-003.jpg&w=240&h=372
http://pubs.acs.org/action/showImage?doi=10.1021/ef100930m&iName=master.img-004.jpg&w=240&h=185
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long-term QPT < 20 ST m3/day/m of well in the ΔPW =
0.2P0 case (Figure 4), while for the ΔPW= 0.8P0 case, long-
term QPT < 4.00 � 104 ST m3/day (1.41 MMSCFD) and
about 7 times lower than the rule-of-thumb for commercially
viable production rates from offshore gas wells.

4.3. Spatial Distribution of SH and SG. Figures 7-11 show
the evolution of theSH,SG,T, andXS distributions over time
in the HBL (-11 < z < 11) using the depressurization
method for gas production, with ΔPW = 0.2P0 and T0 =
13.7 �C, while Figure 9 shows the evolution of the P dis-
tribution over time in the entire deposit (-41 < z < 41, see
Figure 3a). Comparison of the hydrate spatial distribution
over 30 years to the initial HBL provides a measure of the
hydrate dissociation profile.

Figures 7 and 8 show the evolution of the SH and SG

spatial distribution over time in the HBL. The figures show
(i) the initial hydrate dissociation around the well, with
limited cylindrical dissociation interface; (ii) the evolution
of the upper and the lower dissociation interface; (iii) the
mergence of the lower dissociation interface and the cylindrical

Figure 7.Evolution of spatial distribution ofSHwhenΔPW=0.2P0 during gas production from themethane hydrate deposit at the SH7 Site of
the Shenhu Area, South China Sea.

Figure 6. Evolution QW and RGW using the depressurization
method with ΔPW = 0.8P0, 0.5P0, 0.2P0, and 0.1P0, T0 = 13.7 �C
during gas production from the methane hydrate deposit in this
study.

http://pubs.acs.org/action/showImage?doi=10.1021/ef100930m&iName=master.img-005.jpg&w=475&h=440
http://pubs.acs.org/action/showImage?doi=10.1021/ef100930m&iName=master.img-006.jpg&w=240&h=171
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interface around the well, which happens earlier than that of
the upper and cylindrical interfaces; (iv) the evolution of the
high-SH region (secondary hydrate formation) immediately
above the lowerdissociation front; (v) limited secondaryhydrate
formationnear thewell; (vi) the accumulationof gas around the
well within the cylindrical dissociated zone at early times and
then below the lower dissociation interface at later times. Of
those, (i) and (ii) are results of the continuing pressure drop
and the low effective permeability keff of the HBL in the area
surrounding the dissociated zone; (ii) and (iii) are caused by
the heat and fluid flow from both the upper and lower
boundaries (overburden and underburden), especially the
effect of the relatively warmer fluid from the underburden
(Figure 10), (iv) occurs because the fluids (gas and water)
released from the hydrate dissociation on the lower dissocia-
tion front move both toward the well and deeper into the
hydrate body (away from the well), which causes secondary
hydrate formation and higher SH than initially, and (v) is the
result of the constant-pressure production under the reason-
able driving force (ΔPW = 0.2P0).

A comparison with the cases involving an impermeable
upper boundary15 where a maximum of SG> 0.5 is attained
along the bottom of the overburden, there is no such upper
permeability barrier here, and the SG in the deposit is much
lower, with a maximum of SG of about 0.10. The SG

distributions in Figure 8a,b indicate gas accumulation in
the cylindrical dissociated zone around the well, leading to
the highest SG observed in the deposit. The reason for this
gas accumulation is the continuing dissociation along the
cylindrical interface around the well, in addition to the rising
of the gas released from below the wellbore. This gas accumula-
tion continues until breakthrough occurs, caused by the hydrate
dissociation between the wellbore and the top of the HBL,
which connects the overburden to the cylindrical zone around
the well, (the undissociated HBL with low keff plays an
important role as a barrier to upward movement that leads to
gas accumulation). Some of the gas released along the upper
interface does not accumulate in the deposit due to the
permeability of the overburden. As already discussed in the
case of ΔPW = 0.2P0 in Figure 4b, the QPG is much smaller

Figure 8.Evolution of spatial distribution ofSGwhenΔPW=0.2P0 during gas production from themethane hydrate deposit at the SH7 Site of
the Shenhu Area, South China Sea.

http://pubs.acs.org/action/showImage?doi=10.1021/ef100930m&iName=master.img-007.jpg&w=475&h=440
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than QPT and decreases rapidly to a very low level (less than
0.01 ST m3/day/m of well) from about t = 270-800 days,
which means there is little methane produced in the gas
phase. TheSGdistribution over 2 years in Figure 8 (Figure 8c
and beyond) validate the hypothesis that the disappearance
of the upper barrier and the upper water breakthrough lead
to gas losses through the overburden toward the surface, with
undesirable consequences, such as low QPT (Figure 4b) and
lowRGW (Figure 6), if such releases cannot be contained.14,15

The small gas accumulation (with local SG < 0.1) immedi-
ately below the lower dissociation interface could not be
produced as gas phase from the well and rises toward the
overburden over 2 years.

The emergence of the lower dissociation interface and the
cylindrical interface around the well at about 1 year in Figure 7
is remarkable. As already discussed in the case of ΔPW =
0.2P0 in Figure 4b, the QPT declines monotonically after
about t=390 days because of the water breakthrough from
the underburden to the cylindrical dissociated zone around
the well (in other words, the lower dissociation interface and
the cylindrical interface have merged) that causes the pro-
motion of water (rather than gas) production and allevia-
tion of the effect of depressurization on gas production at
the well. This water flow from the underburden to the well

affects theSGdistribution around thewell (especially evident
in Figure 8c and beyond). Although there is cooling effect
caused by the endothermic hydrate dissociation, the tem-
perature in the HBL at t= 1 year is even higher than that in
the initial HBL (Figure 10), which validate the hypothesis of
water flow from the underburden.

4.4. Spatial Distribution ofP.Figure 9 shows the evolution
of the P distribution over time within the entire deposit
(-41< z<41), withΔPW=0.2P0 andT0= 13.7 �Cduring
gas production. White lines in Figure 9 indicate the initial
positionof the topandbase of theHBLat z=11and z=-11,
respectively (Figure 3a). Figure 9 shows (i) the evolution of
the pressure gradient around the well over time; (ii) the
pressure drop in the overburden and underburden; (iii) the
jaggedP distribution and the inflections near the interface of
the dissociated and undissociated zone in theHBL. Of those,
(i) and (ii) result from the characteristic of the permeabilities
of boundaries, and (iii) results from fluid flow caused by gas
and water dissociated from the hydrate.

Figure 9a,b shows a confined cylindrical zone, corre-
sponding to the dissociated zone shown in Figure 7a,b,
with pressure gradients oriented toward the well. The con-
stant pressure in the well with ΔPW = 0.2P0 is about PW =
11.2 MPa. The radius of the cylindrical low-pressure zone

Figure 9.Evolution of spatial distribution ofPwhenΔPW=0.2P0 during gas production from themethane hydrate deposit at the SH7 Site of
the Shenhu Area, South China Sea.

http://pubs.acs.org/action/showImage?doi=10.1021/ef100930m&iName=master.img-008.jpg&w=468&h=394


6028

Energy Fuels 2010, 24, 6018–6033 : DOI:10.1021/ef100930m Li et al.

(defined as the zone with pressure lower than 12.5 MPa)
around the well is larger than 2 m as shown in Figure 9a,b.
As the pressure in the well PW remains constant during the
entire production process, the pressure gradients and spatial
distributions are affected by the hydrate dissociation and the
corresponding fluid flowpatterns. The cylindrical zone around
the well could be more effectively depressurized, owing to the
low effective permeability keff of theHBL in the area surround-
ing the dissociated zone (cylindrical low-pressure zone). In
Figure 9c-h, as the water breaks through from the under-
burden and overburden to the dissociated zone around the
well, the radius of the cylindrical low-pressure zone around
the well decreases to approximately 1 m.

The pressures in the overburden and underburden drop
significantly because of fluid flow toward the production well.
As shown in Figure 9a-d, in the first 5 years, the pressures
in the overburden and underburden drop significantly over
time, while the P distribution in the overburden and under-
burden changes only slightly from 10 to 30 years (Figure 9e
and beyond). The reason for this is that after 10 years,

hydrate distribution in the HBL has a limited effect on the
fluid flow in the system, and the pressure distribution becomes
practically stable.

In Figure 9a-d, there are inflections in the P contours at
the top white line indicating the initial position of the top
HBL at z = 11. Also, in Figure 9b-f, obvious jagged P
distributions are shown near (especially above) the lower
white line, which indicate the initial position of the base of
the HBL at z=-11. All the inflections and jagged positions
shown inFigure 9 correspond to the interface of the dissociated
and undissociated zone in the HBL shown in Figure 7.

4.5. Spatial Distribution of T. Figure 10 shows the evolu-
tion of theT distribution over time in theHBLwhenΔPW=
0.2P0 during production. The low-T zone (defined as the
zone with T<11.5 �C) in Figure 10b,c occurs in the vicinity
of the upper dissociation interface (Figure 7b,c), which
indicates cooling as dissociation and production proceed.
The low-T zone disappears inFigure 10d andbeyondbecause
of encroachment by warmer water flowing from the over-
burden (where there is an inversion of the geothermal gradient,

Figure 10. Evolution of spatial distribution of T when ΔPW= 0.2P0 during gas production from the methane hydrate deposit at the SH7 Site
of the Shenhu Area, South China Sea.

http://pubs.acs.org/action/showImage?doi=10.1021/ef100930m&iName=master.img-009.jpg&w=475&h=441
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as a result of dissociation-induced cooling in the HBL). The
warmerwater rising from the underburden is clearly depicted
by the spatial distribution ofT in the vicinity of the lower dis-
sociation interface (Figure 7). All fluids of different origin
and temperature, including the original free water in the
HBL, the gas andwater produced fromhydrate dissociation,
the water from the overburden, and the warmer water rising
from the underburden, converge toward the well.

4.6. Spatial Distribution of XS. Figure 11 shows the
distribution of the salt concentration (expressed as the mass
fraction of saltXS in the aqueous phase) over time in theHBL
(-11 < z < 11) using the depressurization method, with
ΔPW=0.2P0 and T0= 13.7 �C during gas production from
methane hydrate deposit in this work. The dilution effect of
dissociation on salinity is clearly shown inFigure 11. Because
the salts cannot be included in the hydrate crystals, fresh
water is released from hydrate dissociation and reduces the
water salinity in situ. Thus, the locations of intense dissocia-
tion activity can be identified as the loci of low salinity.15

Unlike the cases with impermeable boundaries, whichmeans

the limited replenishment of salinity from water flowing from
nearly impermeable boundaries,15 the salinity distributions
in Figure 11 are significantly affected by the water flow from
the overburden and underburden.

In Figure 11a,b, the maximum XS reduction is observed
near the well, corresponding to the cylindrical dissociated
zone in Figure 7 and the low T zone in Figure 10, which is
affected by the water flow from the overburden. In Figure 11c
and beyond, the spatial distribution and shapes of the XS

reduction areas are similar to the undissociated zone shown in
Figure 7 and reflect the continuous flow of saline water from
the boundaries, along the dissociation hydrate boundary, and
to the well.

5. Sensitivity analysis of production from site SH7 of the

Shenhu Area

In thiswork,we investigated the sensitivity of gasproduction
to the following conditions and parameters: the initial hydrate
saturation SH0, the intrinsic permeability k, the temperature

Figure 11. Evolution of spatial distribution of XS when ΔPW = 0.2P0 during gas production from the methane hydrate deposit at the SH7
Site of the Shenhu Area, South China Sea.

http://pubs.acs.org/action/showImage?doi=10.1021/ef100930m&iName=master.img-010.jpg&w=474&h=441
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of the circulating hot water in the well TW, and the initial
temperature T0.

5.1. Sensitivity to SH0. Figures 12 and 13 show, respec-
tively, the dependences of (a)QPG,QPT,QR, and the percent-
age of hydrate dissociated in the HBL and (b) QW and RGW

on the initial hydrate saturation SH0. For the reference case,
SH0 = 0.44, which is already discussed above.

As already shown in Figure 4, a local maximum ofQPT=
17.3 STm3/day/mofwell is reached before a decline begins at
about t=390 days, for theΔPW=0.2P0 case with the initial
hydrate saturation SH0= 0.44 (reference case). As shown in
Figure 12, the maximum ofQPT= 21.5 STm3/day/m of well
is reached at about t=265 days when SH0= 0.30, while the
maximum of QPT = 13.0 ST m3/day/m of well is reached at
about t=680 days when SH0= 0.60. A lower SH0 leads to a
higher maximum of QPT reached much earlier than the
higher SH0 cases. The reason for this is that the higher initial
keff in the lower SH0 cases leads to a faster depressurization
and hydrate dissociation earlier in the production process.

After reaching the maximum, a decline of QPT begins,
which lasts to the end of the simulation, and a lowerSH0 leads
to a lower QPT over long time, because of the lower total
quantity of hydrate in-place at lower initial saturations. QR

decreases to a very low level (QR<0.6 STm3/day/m of well)
at t=7600days for the lowestSH0=0.30, and the correspond-
ing hydrate dissociation percentage shown in Figure 12 rises
above 0.98, which indicate that almost all the hydrate in the
deposit disappears at that time. In the SH0 = 0.44 and 0.60
cases, there is still hydrate in the deposit at the end of the
production periods (t = 30 years).

In Figure 13, in the initial period of the production
process, the water production rate QW increases with a
decreasing SH0 (corresponding to a larger SA). While the
effect of QPT is weaker than that of the QW dependence on
SH0 (QPT and QW both increase with decreasing SH0), RGW

decreases with the decrease of SH0 at early times of the
production process. After a long production time, both
QPT and RGW decrease with decreasing SH0. In general, more
gas is produced for higher SH0. Additionally, the gas-to-water
ratio RGW is favored by a high SH0.

5.2. Sensitivity to the Intrinsic Permeability k. Figures 14
and 15 show, respectively, the dependences of (a) QPG, QPT,

QR, and the percentage of hydrate dissociated in the HBL
and (b) QW and RGW on the intrinsic permeability k of the
domain (including the HBL, overburden, and underburden)
for the ΔPW = 0.2P0 case.

Reducing k from 75 to 0.1 mD results in significant
deterioration of gas production performance. In the long
term,QPT is reduced from about 4.0 STm3/day/m of well for
k = 75 mD to less than 0.1 ST m3/day/m of well when k =
0.1 mD (Figure 14). In the k e 75 mD cases, there are still
hydrates in the deposit after 30 years of production.

The water production rate QW shown in Figure 15 also
decreases with a decrease of k, and this positive effect is
dominant comparing with the gas production reduction. In
other words, a declining k is favorable for the relative
criterion of production performanceRGW (Figure 15). There
is continuous gas escape via the overburden, caused by the
limited confinement effect of the boundaries, and a contin-
uous influx of water through the boundaries (including both
the overburden and underburden) during the production
procedure in this study. The gas production rate QPT is
affected by the permeability of the overburden rather than

Figure 12. Sensitivity analysis: effect of SH0 on QPG, QPT, QR and
the percentage of hydrate dissociatedwhenΔPW=0.2P0 during gas
production from the methane hydrate deposit at the SH7 Site of the
Shenhu Area, South China Sea (SH0 = 0.44 in the reference case).

Figure 13. Sensitivity analysis: effect of SH0 on the evolution QW

andRGWwhenΔPW=0.2P0 during gas production from themethane
hydrate deposit at the SH7 Site of the ShenhuArea, South China Sea
(SH0 = 0.44 in the reference case).

Figure 14. Sensitivity analysis: effect of k on QPG, QPT, QR and the
percentage of hydrate dissociated when ΔPW = 0.2P0 during gas
production from the methane hydrate deposit at the SH7 Site of the
Shenhu Area, South China Sea (k = 75 mD in the reference case).

http://pubs.acs.org/action/showImage?doi=10.1021/ef100930m&iName=master.img-011.jpg&w=240&h=178
http://pubs.acs.org/action/showImage?doi=10.1021/ef100930m&iName=master.img-012.jpg&w=240&h=175
http://pubs.acs.org/action/showImage?doi=10.1021/ef100930m&iName=master.img-013.jpg&w=240&h=175
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underburden, while the water production rate QW decreases
with the decrease in k of both of them.

5.3. Sensitivity to TW. Figure 16 shows the dependences of
QPG,QPT,QR, andRGWon the temperature of the circulating
hotwater in thewell (TW=50, 90, 130 �C) for theΔPW=0.2P0

case. In the reference case, TW = 14 �C, i.e., very close to the
initial HBL temperature at the location (elevation) of the well.

With an increase in TW from 14 to 130 �C, both the total
gas production rateQPT and the rate of the gas released from
hydrate dissociation QR increased very slightly (Figure 16).
Thus, the higherTWappears to have a limited (topractically no)
effect on gas production, confirming the results of an earlier
study.28 One of the reasons for this is the limited efficiency of
conduction as the main heat transfer mechanism, with the
rate of its propagation declining significantly over time as the
volume around the well increases as a function of r2.20 Further-
more, the opposite direction of the conductive and advective
heat flows, from the well to the deposit and from the HBL
toward the well as part of the fluid flow, during the produc-
tion process confines the heat stimulation effect to a very
limitied zone around the well.

In Figure 16, the volumetric rate of CH4 production in the
gas phase QPG increases with increasing TW. As already
discussed in the TW = 14 �C cases of Figures 4 and 8, the
gas produced in the gas phase QPG decreases to less than
0.01 STm3/day/mofwell at about t=800 days, withmost of
the free gas in the deposit accumulating early in the cylind-
rical zone around the well. In Figure 16, (a) the maximum of
QPG and (b) the time to reach QPG < 0.01 ST m3/day/m of
well increases with increasing TW, because most free gas is
accumulated in the cylindrical zone around the well, where
the local SH and SG are significantly affected by TW. The
higher the TW, the more hydrate dissociated and gas accu-
mulates in this zone, leading to higherQPG and a slowerQPG

decline. The gas-to-water ratios RGW appear practically
insensitive to TW because of the limited overall effect of TW

on dissociation.
5.4. Sensitivity toT0.Figure 17 shows theP-T equilibrium

relationship in the phase diagram of the water-CH4-hydrate
system. In this study, theT0 sensitivity analysis is investigated
through the following two cases: (i) T0 is reduced by approxi-
mately 2.5 �C (from T0 = 13.7 �C at the well location in the

reference case toT0- 2.5=11.2 �C), while keeping the same
geothermal gradient and P equal to P0 = 13.7 MPa in the
reference case; (ii) T0 is increased by approximately 2.5 �C
(fromT0= 13.7 �C at thewell location toT0þ 2.5=16.2 �C),
the geothermal gradient remains unchanged, and P is in-
creased to the corresponding equilibrium Peq = 18.7 MPa
(reflecting a deeper, warmer deposit). Cases (i) and (ii) are,
respectively, represented by points B and C in Figure 17, while
the reference case is point A.

Figure 18 shows the dependences of QPG, QPT, QR, and
RGW on the hydrate stability, as quantified by the initial
temperature T0 in the HBL at z=0 (the position of the pro-
duction well). As discussed above, in the reference case, the
initial pressure PB at the base of the HBL is slightly higher
than the equilibrium pressure corresponding to TB, and it is
relatively easy to destabilize the hydrate with mild depres-
surization. In Figure 18, the colder and more stable system
(T0 - 2.5 = 11.2 �C) results in consistently lower QPT. As
expected, over the first 10 years, QR in the colder system
(T0- 2.5) is lower than that in the reference case (T0), which
indicates that the hydrate dissociation is reduced in the

Figure 15. Sensitivity analysis: effect of k on the evolution QW and
RGW when ΔPW = 0.2P0 during gas production from the methane
hydrate deposit at the SH7 Site of the Shenhu Area, South China
Sea (k = 75 mD in the reference case).

Figure 16. Sensitivity analysis: effect of TW on QPG, QPT, QR, and
RGW when ΔPW = 0.2P0 during gas production from the methane
hydrate deposit at the SH7 Site of the Shenhu Area, South China
Sea (TW = 14 �C in the reference case).

Figure 17. Phase diagram of the water-CH4-hydrate system: the
cases investigated in the analysis of sensitivity of production to the
initial reservoir temperature T0.
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colder system.After 10years,QR in the colder system(T0- 2.5)
is slightly higher, becausemorehydrate remains undissociated in
the deposit (i.e., there is more hydrate available to dissociate)
in the colder system at long times. The difference between
QPT and QR in the colder system (T0 - 2.5) is smaller than
that in the reference case, especially when QR is almost the
same after 10 years because the effective permeability keff is
lower in the presence of more hydrate within the deposit in
the colder system. TheRGW shows a different dependence on
T0 over time in Figure 18, indicating lower initial gas
production in the more stable (colder) system and slightly
higherRGW after about 3 years. For a givenΔPW, the higher
the T0 (and the closer to the equilibrium temperature) in the
hydrate deposit, the better the reservoir performance is in terms
of both gas production (increasing) and water production
(decreasing).

The characteristics of the curve profiles of (a) QPG, QPT,
QR, and (b) RGW in the deeper and warmer system (P0 =
18.7 MPa, T0 = 16.2 �C) in Figure 18 show a similar
dependence on T0. Thus, a higher T0 leads to initially larger
QPT and QW and larger QR and RGW. In this case, the QR

(T0 þ 2.5) decreases rapidly at about t = 9600 days,
indicating the disappearance of hydrate in the deposit. In
the reference case (Figure 7), the hydrates in the deposit are
not exhausted even at t = 30 years. In general, the deposit
with higher initial temperature is a more desirable produc-
tion target.

6. Summary and Conclusions

In this work, we investigated the gas production potential
from marine gas hydrate deposits at site SH7, in the Shenhu
Area of the South China Sea, during the China Geological
Survey of 2007. From the numerical simulation results, the
following conclusions are drawn: (1) On the basis of the field
measurement of the hydrate sample from site SH7 (including
the temperatures at the different depth of the deposit), the
local geothermal gradient, the equilibriumpressure at the base
of the hydrate layer, and the general tendency of hydrate
deposits to follow the hydrostatic gradient, the initial condi-
tions in the hydrate deposit in this study were calculated and
the systemwas brought to equilibrium. (2) During themodeled

30 years of continuous production,QPT exceededQR in all the
cases with a different driving force ΔPW, and QPG was much
smaller than QPT, which indicated that the majority of the
produced gas came from CH4 dissolved in water rather than
fromthe freegasphase.A localmaximumofQPT=17.3STm3/
day/m of well is reached, before a decline begins at about
t = 390 days in the reference case (ΔPW = 0.2P0), and the
correspondingQR shows the similar profile asQPT. (3) In the
reference case, for a well spacing of 90m and a horizontal well
with the length of 1000 m, the QPTmax for the entire deposit
reaches 3.46� 104 STm3/day (1.22MMSCFD), which is over
7 times lower than the rule-of-thumb for commercially viable
production rates from offshore gas wells. The corresponding
water production rate is aboutQW=1.2� 107 kg/day (1.2�
104 ton/D), which is unmanageable, andRGW is prohibitively
low (RGW<5STm3 of CH4/m

3 ofH2O/mofwell). (4) In this
study, the dissociation is characterized by the following
features: evolution of the initial cylindrical hydrate dissocia-
tion interface around the well, evolution of the upper and
lower dissociation interfaces at the top and the bottom of the
hydrate layer, the mergence of the lower and the cylindrical
interfaces, which is earlier than that of the upper and cylind-
rical interfaces, and gas accumulation initially around the well
within the cylindrical dissociated zone and immediately below
the lower dissociation interface at later times of the produc-
tion periods. (5) The temperature distribution in the deposit
confirmed the earlier conclusion that there is fluid flow from
both the upper and lower boundaries. The disappearance of
the low-T zoneabove thewell (causedbyhydrate dissociation)
indicates the relatively warmer water flows and heat flows
from the overburden (where there is an inversion of geother-
mal gradient because of dissociation-induced cooling in the
HBL). Also, the temperature increase immediately below the
well is caused by the warmer water rising from the under-
burden. (6) The analysis of sensitivity toSH0 indicated that the
maximum of the total gas production rate QPT increased
initially with a decrease in SH0 but declined in the long run
with a decrease inSH0 because of a leaner resource. In general,
a higher SH0 is associated with a higher gas production and a
more favorable RGW. (7) Sensitivity analysis indicated that
significant deterioration of gas production performance is
observedwith a declining intrinsic permeability k of the deposit
(including the overburden, the HBL, and the underburden)
despite an improvement in the RGW performance. (8) The
analysis of sensitivity to the temperature of the circulating hot
water in the well TW indicates that the higher TW has a
practically negligible effect on gas production performance,
with practically no impact onbothQPT andRGW.This indicates
that of the combination of depressurization and thermal stim-
ulation that is possible in the well design used in this study,
depressurization is the only active dissociation method, thus
confirming earlier observations about its superior effective-
ness (be orders ofmagnitude5). The reason for this is the narrow
effective range of TW around the well, caused by the limited
efficiency of conduction as the main heat transfer mechanism
and the opposite direction of the conductive and advective
heat flows. (9) The analysis of sensitivity to the initial tem-
perature in the middle of the HBL T0 indicates that deeper,
warmer deposits have consistently a higher production po-
tential, but this does not mean that they can attain commer-
cially viable performance. (10) After conducting a thorough
sensitivity analysis involving reasonable system parameters
and conditions, it appears that the hydrate accumulations at
the SH7 site of the ShenhuArea in the SouthChina Sea do not

Figure 18. Sensitivity analysis: effect of lower T0 on QPG, QPT, QR,
and RGW when ΔPW = 0.2P0 during gas production from the
methane hydrate deposit at the SH7 Site of the Shenhu Area, South
China Sea (P0 = 13.7 MPa, T0 = 13.7 �C in the reference case).
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appear to be promising candidates for gas production when
using current horizontal well technology.
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Nomenclature

C = specific heat (J/kg/K)
k= intrinsic permeability (m2)
keff = effective permeability (m2)
krA = aqueous relative permeability (m2)
krG = gas relative permeability (m2)
kΘ = thermal conductivity (W/m/K)
kΘRD = thermal conductivity of dry porous medium

(W/m/K)
kΘRw = thermal conductivity of fully saturated porous

medium (W/m/K)
kΘI = thermal conductivity of ice (W/m/K)
MW = the cumulative mass of the produced water (m3 of

H2O)
P = pressure (Pa)
PB = initial pressure at base of HBL (Pa)
P0 = initial pressure in the middle of HBL (Pa)
PW = pressure at the well (Pa)
PQ = pressure at the quadruple point (Pa)
QPD = QPT - QPG (ST m3/day/m of well)
QW = mass rate of aqueous phase production at the well

(kg/day/m of well)
QPG=volumetric rate of CH4 production at the well in the

gas phase (ST m3/day/m of well)
QPT= volumetric rate of total CH4 production at the well

(ST m3/day/m of well)
QR = volumetric rate of CH4 release from hydrate dis-

sociation (ST m3/day/m of well)

r= radius (m)
RGW = the gas to water production ratio (ST m3 of CH4/

m3 of H2O/m of well)
S = phase saturation
t = times (days)
T = temperature (�C)
TB = initial temperature at base of HBL (�C)
T0F = temperature at the ocean floor (�C)
T0 = initial temperature in the middle of HBL (�C)
VP = the cumulative volume of the produced CH4 (ST m3

of CH4)
x,y,z = Cartesian coordinates (m)
XS = salinity
ΔPW = driving force of depressurization, P0 - PW (Pa)
Δx = discretization along the x-axis (m)
Δz = discretization along the z-axis (m)
ΔZH = HBL thickness (m)
ΔZO = overburden thickness (m)
ΔZU = underburden thickness (m)
ΔZW = well position above the HBL base (m)
φ = porosity
FR = grain density (kg/m3)
λ= van Genuchten exponent, Table 2

Subscripts and Superscripts

0 = denotes initial state
A = aqueous phase
B = base of HBL
cap = capillary
e = equilibrium conditions
G = gas phase
H = solid hydrate phase
I = ice phase
irA = irreducible aqueous phase
irG = irreducible gas
n= permeability reduction exponent, Table 2
nG = gas permeability reduction exponent, Table 2
O = overburden
P = production stream
R = rock
S = salinity
U = underburden
W = well


