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1. Introduction
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The fracturing technology for increasing gas production based on hydrate reservoir reconstruction has been proven to have the
application prospect of hydrate production. The main content of this work is to study the influence mechanism between
multiple production wells after fracturing the reservoirs around horizontal wells. Simulation results indicated that the gas
production rates and cumulative volume of released gas by using hydraulic fracturing were both higher than that by using the
traditional depressurization method. The average gas-to-water ratio in this work has broken through the technical bottleneck
of exploiting hydrate only by the traditional depressurization method. After the rock matrix around the horizontal well was
fractured, the permeability of the reservoir in the fracturing area would be increased; thus, the propagation distance of pressure
drop would be promoted. In addition, the penetration of the hydrate decomposition area between horizontal production wells
was conducive to promoting the flow of decomposed gas and water to production wells. Besides, the hydraulic fracturing
method to increase the permeability of the reservoir around the production well is very effective for the gas production of low-
permeability natural hydrate deposits. The best distance between production wells was recommended to be 45~60 m, and it
was recommended to provide appropriate heat in the area between the two wells to accelerate the decomposition of hydrate.

hydrate deposits. The principle of recovering natural gas
from NGH deposits in two different environments is to
destroy the stable occurrence state of hydrate reservoirs [4,

Natural gas hydrates (NGHs) are considered one of the most
promising energy sources in the future due to their huge
potential reserves, strong gas concentration capacity, high
energy density, wide resource distribution, and other charac-
teristics [1-3]. As a strategic reserve resource, mastering
more advanced development technology of complex geolog-
ical oil and gas resources can better resist external risks and
improve national energy security. At present, NGH deposits
mainly include marine hydrate deposits and permafrost

5]. For example, when the stability of hydrate is damaged
due to the pressure drop or temperature rise in the sedi-
ments, the hydrate will be decomposed into methane gas
and water. There are four prevalent techniques to recover
gas from hydrate deposits, such as depressurization [6, 7],
thermal stimulation [8, 9], inhibitor injection [10], and
CO,/N, replacement [11, 12]. In general, the depressuriza-
tion method, in which the gas recovery from hydrate
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deposits by lowering the pressure below that of the hydrate
stability, is considered to be the most economic and simple
method.

NGH is a highly complex resource with dual properties
of solid and fluid. The development process of hydrate is a
multiphase, multicomponent, and nonisothermal physical
and chemical seepage process. This process involves the
transition of NGH from solid to gas and liquid in the reser-
voir, the flow of gas-liquid mixture in the reservoir medium,
the change of reservoir permeability, the change of pore
pressure, gas expansion, etc. [13, 14]. At present, there is a
huge investment in the pilot production of offshore NGH,
and the gap between the level of natural gas output and com-
mercial exploitation is obvious [15, 16]. The adoption of
high-frequency pilot production will shorten the gap
between actual exploitation and commercial exploitation,
but it will undoubtedly increase the global economic burden.
In order to realize the development of NGH resources in
permafrost regions and lay a good foundation for large-
scale marine development of NGH, many countries are
gradually carrying out research and test on long-term min-
ing methods of NGH in permafrost regions. However, in
addition to mining methods, NGH development in perma-
frost regions still faces two problems. One is that the
destruction of NGH deposits may lead to the escape of nat-
ural gas. The second is that the continuous freezing and
thawing process of the NGH reservoir results in the increase
of pore pressure and the decrease of structural strength,
causing geological disasters such as thawing settlement, rhe-
ology, and fracturing of the reservoir [17]. However, the key
problem of hydrate development in permafrost regions is
still the fact that the permeability of natural gas hydrate res-
ervoirs in permafrost is extremely low, which leads to low
gas production efficiency of natural gas hydrate develop-
ment. Therefore, the development of hydrate resources in
permafrost regions still needs to solve the problem of low
permeability of reservoirs.

The field trial mining of NGH in permafrost regions is
conducive to the implementation of commercial mining.
At present, many countries have begun to carry out research
on the development technology of NGH resources in perma-
frost regions. The Messoyakha NGH deposit is proved to
contain a large amount of NGH, and the depressurization
test production was carried out in 1969. During this period,
the free water generated by NGH decomposition was con-
verted into ice at low temperatures, resulting in the total
gas production being several orders of magnitude lower than
the expected gas production from hydrate decomposition,
which shows that the emergence of ice will hinder the
NGH production efliciency in permafrost regions [18]. In
2002, the United States, Canada, Japan, Germany, and India
jointly conducted large-scale pilot mining in the frozen soil
area of the Mackenzie Delta in the Arctic cold environment.
The production test results show that the generation of ice
causes the low-permeability area near the production well
and the formation of blockage, leading to a significant reduc-
tion in the gas production rate [19]. In 2003, the US Depart-
ment of Energy and the US Geological Survey determined
the research plan for NGH pilot production in the frozen
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soil area on the northern slope of Alaska. So far, two
short-term mining tests have been carried out in this area.
During the application of the carbon dioxide replacement
method, the replacement rate is low due to the low temper-
ature of free water in the reservoir transforming into ice.
This indicates that the reservoir occurrence geology in this
area has changed during the hydrate development process.
If the reservoir deformation and damage are serious during
the hydrate development process, corresponding control
measures in the mining area are required to avoid this situ-
ation [20]. The above pilot production test shows that the
generation of ice during NGH decomposition in frozen soil
area greatly reduces the permeability of the reservoir and
significantly enhances the anisotropy and difficulty of fluid
flow in the reservoir.

NGH in the permafrost region of the Qinghai Tibet Pla-
teau in China has a high occurrence complexity, and the soil
medium is extremely sensitive to temperature [21]. Under
the global warming environment, NGH is undergoing strong
degradation [22]. The degradation of frozen soil will inevita-
bly result in the decomposition, release, migration, and
redistribution of critical NGH [23]. Even if NGH in the per-
mafrost region of the Qinghai Tibet Plateau has no value for
industrial exploitation, the decomposition of NGH in the
critical state will pose a great threat to global warming and
the international environment [24]. The research on the
interaction between NGH and reservoir fracture medium
and the prevention and control of potential risks of gas leak-
age in the permafrost region of the Qinghai Tibet Plateau in
China is relatively backward, so it is urgent to carry out in-
depth research. For NGH research in permafrost regions of
the Qinghai Tibet Plateau, the first is to evaluate the
geological stability of the reservoir during NGH
decomposition, and the second is to clarify the interaction
between NGH and reservoir pores [24]. Therefore, even if
some hydrate resources in permafrost regions in China have
no commercial exploitation value, it is important to
effectively control the fossil energy contained in these
hydrate resources before they cause major environmental
disasters and hazards. In addition, the development of
hydrate resources in permafrost regions in China is
imperative, and if hydrate resources can be effectively
developed at a low development cost, it will bring huge envi-
ronmental benefits with minimal economic losses. There-
fore, the focus of this research work is to find the simplest
and most economical way to reconstruct the hydrate reser-
voir. It is expected that this local reconstruction method
can ensure the decomposition of hydrate as much as possible
in the mining area of the frozen soil area.

From 2008 to 2009, China’s “Natural Gas Hydrate Scien-
tific Drilling Project in Qilian Permafrost Area” was imple-
mented in Muli District, Qilian Permafrost Area, and
NGH physical samples were successfully drilled for the first
time in the DK-1, DK-2, and DK-3 [25-27]. In 2013, China
successfully drilled NGH physical samples with a single layer
thickness of more than 20 m in the DK-9 scientific drilling
test well again [28]. In 2020, Lu et al. found the coexistence
system of NGH, oil, and natural gas for the first time in this
area [29]. Considering that the permafrost area of the
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FIGURE 1: Layout and domain discretization of two-point horizontal well system.

Qinghai Tibet Plateau is about 1.5 x 10° km?, NGH reserves
in permafrost regions of the Qinghai Tibet Plateau have high
expectations and development potential prospects. However,
China’s investment in research on NGH mining technology
in permafrost regions of the Qinghai Tibet Plateau and
research on prevention and control measures for reservoir
gas leakage risk is weak [30]. For NGH resources in the
permafrost region of the Qinghai Tibet Plateau with very
low intrinsic permeability, the current research shows that
even if the thermal injection method is used to extract the
NGH resources, the gas production effect is very poor.
Therefore, the most practical method for NGH sediment
mining in low-permeability permafrost regions is to increase
the permeability of sediments [31]. In previous work, the
new combination of fracturing technology and depressuriza-
tion method was applied to increase the permeability around
the production well; the simulation results showed that the
increase of the permeability can increase the gas production
to 2.1 times with increasing the radius of the fracture zone
from 0 to 4m for 30 years [32]. At present, the research on
reservoir reconstruction in permafrost regions is also
increasing and becoming a hot spot.

In addition, reservoir characteristics play an important
role in controlling the decomposition and redistribution of
NGH in the Qilian permafrost region. Based on NGH bore-
hole data in the permafrost region of the Qinghai Tibet Pla-
teau, it was found that the ore deposits are mainly fracture
type, followed by fracture pore mixed type, and the propor-
tion of pure pore occurrence is very low [33]. NGH occurs in
the fracture surface and pores of mudstone, fine sandstone,
siltstone, oil shale, and fine to medium sandstone in the
form of thin layer, sheet, and block. The hydrate saturation

varies greatly and is unevenly distributed. Zhu et al. found
that Qilian Mountain NGH has the characteristics of thin
permafrost zone, shallow burial depth, complex gas compo-
sition, and genesis through drilling NGH cores [34]. The
NGH-bearing core gives off bubbles and water drops after
decomposition, leaving honeycomb structure characteristics.
Qu et al. collected the mudstone core of a fractured NGH
reservoir in the permafrost region of Qilian Mountains and
conducted physical rock experiments such as acoustic wave,
porosity, and permeability of the sample [35]. It is found
that there are coin-shaped fractures and infinite-length frac-
tures in the fractured NGH reservoir in the permafrost
region of Qilian Mountains, of which the infinite-length
fracture is the main form. Li et al. conducted numerical anal-
ysis and laboratory experiments on NGH samples in the per-
mafrost region of Qilian Mountains and found that the
formation and accumulation of NGH were controlled by
the subsidence and uplift of permafrost structures, while
the migration and accumulation of natural gas were con-
trolled by faults and tight strata [36]. Lin et al. described
the thickness of the permafrost layer and the logging
response of the NGH reservoir in combination with conven-
tional logging and imaging logging parameters and found
that NGH in the Qilian frozen soil area generally occurs in
the fractures and pore spaces of host rocks with layered or
microdisseminated structures, and the occurrence mainly
follows the suspension mode [37]. This shows that the
occurrence conditions of hydrate reservoirs in the perma-
frost region of the Qinghai Tibet Plateau in China are com-
plex, and even if there are many ways to transform the
reservoirs, they cannot be applied to the large-scale hydrate
development environment. Therefore, for the development



of hydrate in permafrost areas, when selecting the method to
increase the permeability of the hydrate reservoir, it is neces-
sary to comprehensively consider the occurrence character-
istics of the hydrate reservoir and try to obtain better gas
production effect under the condition of small area reservoir
reconstruction.

The clarification of fracture morphology and NGH
occurrence mode in the Qilian permafrost region can
improve the understanding of reservoir properties and
NGH accumulation control, which is crucial for evaluating
the resource potential of gas hydrate accumulation in the
Qilian permafrost region [38]. Wang et al. comprehensively
analyzed all aspects of reservoir fracturing, including brittle-
ness, fracture toughness, and fracturing index model, to pro-
vide an overall view of offshore NGH reservoir fracture
generation. In this study, the main reservoir stimulation
methods are summarized into four aspects: hydraulic frac-
turing, jet fracturing, overburden modification, and fractur-
ing grouting. Through comparison, it is found that split
grouting is the most promising method to achieve the two
objectives of reinforcement of the reservoir skeleton and
seepage enhancement. At the same time, the study also
points out that further development is needed to obtain reli-
able NGH reservoir fracturing results and bridge the gap
between conceptual design and practical application of res-
ervoir stimulation. This shows that there is still a big gap
between the current methods of improving gas hydrate pro-
duction based on reservoir reconstruction and actual pro-
duction testing [39]. Since the initial purpose of this paper
is to study the effect of hydrate exploitation after fracturing
in the reservoir around the exploitation well, this paper
believes that the fracturing technology is more consistent
with the characteristics of horizontal wells in the hydrate
reservoir in the frozen soil area. Therefore, hydraulic fractur-
ing technology is preferred for the fracturing method of this
work.

Therefore, the combination of depressurization and
hydraulic fracturing is considered to be an effective and
practical method. In addition, the fractured rock produced
by hydraulic fracturing will not flow along the production
well, so there is no need to worry about the displacement
of the production well. The research focus of this paper is
to find a relatively high gas production method under the
condition of relatively simple reservoir reconstruction. In
this work, the feasibility of the reservoir around the horizon-
tal well in the rock after hydraulic fracturing is analyzed, and
on the basis of the reservoir local reconstruction by fractur-
ing technology, the sensitivity analysis of the impact of dif-
ferent permeability in the reservoir fracturing area on the
gas production by hydrate exploitation is carried out.

Hence, in this work, in order to promote the develop-
ment of hydrate reservoir mining technology in the perma-
frost region, the thickest hydrate layer at DK-2 station in
the Qilian Mountains permafrost region is used as the
hydrate sedimentary zone for simulation. Hydraulic fractur-
ing technology is used to fracture the rock around the hori-
zontal production well to form a fracturing area with high
permeability around the production well, so as to provide a
smooth flow path for pressure transmission. Finally, the pro-
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duction behavior after adopting this method and the sensi-
tivity of gas production behavior to the fracturing area and
the permeability in the fracturing area are evaluated. The
simulation results show that the relatively high permeability
area produced by fracturing technology outside the horizon-
tal exploitation well plays an important role in the exploita-
tion of frozen soil areas.

2. Production Method and System Description

2.1. Layout and Domain Discretization of Two-Point
Horizontal Well System. From 2008 to 2009, Zhen-Quan
et al. carried out a scientific pilot drilling project for natural
gas hydrate near Muli area, a permafrost region in the Qilian
Mountains, with borehole numbers of DK-1, DK-2, DK-3,
and DK-4 [40]. The white ice-like physical sample was
directly drilled, and the burning phenomenon was observed.
It was detected as natural gas hydrate by a laser Raman spec-
trometer, which was the first natural gas hydrate discovered
in China’s land area. The natural gas hydrate is often
exposed in the fractures and pores of the rock stratum,
which is obviously controlled by the fractures. Its vertical
distribution is discontinuous, and it mainly occurs between
130 and 400 m underground. Taking the DK-2 drilling pro-
ject as an example, the borehole has proved that there are
four hydrate layers with depths of 144.4-152.0m, 156.3-
156.6m, 235.0-291.3m, and 377.3-387.5m. Among them,
the hydrate layer with a buried depth of 235.0-291.3m is
the most recoverable. Therefore, this work is based on the
geological background of the hydrate in this layer to carry
out mining simulation research.

As shown in Figure 1(a), the third hydrate-bearing layer
(HBL) of DK-2 with a thickness of 56 m is selected for sim-
ulation, and the buried depth of HBL bottom is 291.3 m. In
addition, the thickness of the overburden layer (OB) and
underburden layer (UB) on both sides of the HBL is
21.5m, which can ensure the fluid exchange and heat trans-
fer between the HBL, OB, and UB during the production
process. The longitudinal dimension of the simulation area
in this work is 99 m. In view of the difficulty and low effi-
ciency of hydrate mining in permafrost regions, according
to the existing literature on hydrate mining by numerical
simulation, the maximum range of a single horizontal well
mining period in 30 years is about 15~20m [32]. This
research work should not only consider the impact between
dual horizontal wells but also consider the increase in gas
production of horizontal wells after the use of fracturing
technology. Therefore, the spacing between two horizontal
wells is 45m; that is, the transverse distance of the entire
simulation area is 45 m.

In addition, the left well (Ly;) and right well (R,,) are
located in the middle of the simulation area, and half of
L,y and R,y are selected to form the smallest repeatable unit.
The length of Ly, and Ry, are assumed to be 1000 m. The
fracturing area with the radius of ry is around Ly and Ry,
and the radius of ry; is a variable. In this study, the horizontal
well is expected to be used as the fracturing well, and the res-
ervoir around the horizontal well is partially damaged by
hydraulic fracturing, so the fracturing area is generally near
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TaBLE 1: Model parameters and initial conditions of HBL at site DK-2.

Parameter Value
Thickness of OB, HBL, and UB 21.5, 56, and 21.5m
Distance between Ly, and Ry, 45.0m
Bottom position of HBL -291.3m

Py and Ty

Initial saturation in HBL
Gas composition

G, and G,

k, of HBL, OB, and UB
Porosity ¢ (all formations)

korw and kgrp

Composite thermal conductivity model [8]

Capillary pressure model [8]
SirA&sirG

A &Py,

Relative permeability model [8]

n & ng

4.19 MPa and 277.84 K
Sy =0.40, S, =0.60
100% CH,

0.013 K/m and 0.028 K/m
1x107° m?

0.30
3.1 and 1.0 W/m/K

kec = korp *+ (S + Si°) (kerw — kern) + ¢Siker
P =Py, [(s*)—m _ 1]
8 = (Sa = Siea)/(Smxa = Sira)
0.30 & 0.05
0.45 & 10°Pa
kea = (S3)"
kg = (S5)"
Sa=(Sa = Siea) /(1 = Siza)
86 = (S = Sica)/(1 = Sica)
3.572

the production well. Therefore, we use radius r} to describe a
range of fracturing areas around the production well. The
permeability of the reservoir in this fracturing area is consid-
ered to be improved, and it is assumed that the permeability
of the fracturing reservoir is consistent. The grid division of
the whole simulation area is shown in Figure 1(b), and the
hybrid grid consisted of 12588 elements. A cylindrical fine
grid of 7.5m is divided outside L, and Ry, which can
ensure the accuracy of calculation. Except for the cylindrical
fine mesh, the distance interval of the horizontal mesh is
uniformly 0.5m. However, in the longitudinal direction,
the longitudinal interval in HBL is 1 m, and the longitudinal
interval in OB and UB is 2 m. The grid along the production
well direction is selected with a length of 1 m for gas produc-
tion calculation.

2.2. Model Parameters and Initial Conditions. The produc-
tion behavior of the HBL at DK-2 is calculated by the paral-
lel version of TOUGH+HYDRATE (T+H) code. Table 1
shows the initial conditions of HBL at the DK-2 station.
The radius of Ly, and Ry is ry =0.1m, and Ly, and Ry,
are geometrically symmetrical in the simulation area. The
porosity of Ly, and Ry is set to 1.0, the absolute permeability
(ko) inside Ly, and R,y is set to 5000 Darcies, and the capil-
lary pressure of Ly and Ryy is set to 0. The initial hydrate
saturation (Sy) and aqueous saturation (S,) of HBL are 0.4
and 0.6, respectively. The initial S, of OB, UB, and fractur-
ing area is 1.0. The porosity of all formations is 0.3, and k,
of OB, UB, and HBL is 1 mD. It is worth mentioning that

k, in the fracturing area is a variable parameter, which is
related to the technical level of actual construction. The gas
composition in the HBL area is 100% methane. The models
of composite thermal conductivity and capillary pressure
selected are shown in Table 1, and the wet thermal conduc-
tivity Kgry and the dry thermal conductivity Kggp are
3.1W/m/K and 1.0 W/m/K, respectively. The attenuation
model index # and gas permeability reduction exponent ng
in the relative permeability model is 3.572, and the irreduc-
ible aqueous phase saturation S;,, and irreducible gas satura-
tion S, are 0.30 and 0.05, respectively. In addition, the
initial temperature T at the bottom of the HBL is
277.84K, and Ty}, is calculated according to the thermal gra-
dient within (G,) and under (G,) the frozen layer. G, and G,
are 0.013 K/m and 0.028 K/m, respectively. The initial pres-
sure Py at the bottom of the HBL is 4.19 MPa, and Py is cal-
culated according to the rock density of the permafrost
deposits, the thickness of the permafrost layer underground,
and the fluid density under the permafrost layer.

2.3. Production Method and Strategy. The main content of
this work is to study the influence mechanism between mul-
tiple production wells after fracturing the reservoirs around
horizontal wells. Therefore, the depressurization production
method is adopted to compare the gas production improve-
ment effect of production wells after local reservoir recon-
struction. The fracturing area formed by the crushing of
the circumferential rock of Ly, and R,y can be realized by
hydraulic fracturing technology. The formation of the
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FIGURE 2: V, from the production wells with different 7.

fracturing area around Ly, and Ry, is essential to improve
the flow capacity of gas and liquid in the rock around the
production well during the hydrate production process.
Hence, the sensitivity analysis of intrinsic permeability in
fracturing area (kg) to gas production needs to be consid-
ered, and the permeability values k=1, 2, 10, 100, and
1000mD are used in this study, respectively. In addition,
the scope of the fracturing area will have an important
impact on the gas production behavior of the entire hydrate
layer. rz =0, 1.0, 2.5, and 5.0 m is employed to simulate the
fracturing area in the reservoir rocks surrounding L; and
Ry, and the only difference from the HBL is that the fractur-
ing area has higher intrinsic permeability. Therefore, this
work combines the advantages of the hydraulic fracturing
method and the depressurization method and applies the
hydraulic fracturing method to a two-point horizontal well
system to continuously decompose and exploit natural gas
from permafrost hydrate deposits.

3. Simulation Results
3.1. Evaluation of the Productions with Different ry,

3.1.1. Gas and Water Production with Different rp. In this
work, all cases are calculated for 30 years. The case of rp =
0m, kp =1mD is the original case. Even though the simula-
tion result shows that the gas production effect is better
when r; =5m, kp=1000mD. Considering that it is more
practical and the case of rz =2.5m, kz =100mD is set to
be the reference case. The reference case is set to compare
with the production behavior of the original case, thus
reflecting the advantages of this research work. This work
does not use the best effect as the reference case, because

the case of rp =2.5m and kz = 100 mD is more in line with
the current construction technology. This is also the ultimate
goal of this work, that is, to obtain more cost-effective gas
production under the minimum and optimal economic con-
ditions, so as to provide more appropriate guidance for the
local reconstruction of hydrate reservoirs in the future. In
order to obtain greater gas production, the driving force
for depressurization (AP) is 0.97 Pyy,.

Figure 2 shows the cumulative volume of the produced
methane gas (Vp) from L,y and Ry, with r,=0m, 1.0m,
2.5m, and 5.0 m, respectively. As shown in Figure 2, V;, in
the original case (without fracturing technology) is almost
2.2x10*m> per meter along the production well under
standard state (ST) at the end of the 30-year production
period. In the reference case (rp =2.5m), the total cumula-
tive methane gas is more than 3.8 x 10* ST m?>, which is a
big improvement compared to the original case. The
increase in V, indicates that the fracturing area caused by
the hydraulic fracturing method promotes the propagation
velocity of pressure. Besides, it is found that more than
60% of gas production is produced in the first 10 years in
the reference case. This phenomenon indicates that the
methane gas flow rate slows down in low-permeability
deposits at the later stage of the gas decomposition process.
Comparing the four cases, it is shown that the wider the
is, the larger the V;, would be produced, and it indicates
the obvious effect of the hydraulic fracturing method on
the gas release from the hydrate deposits.

However, the increase rate of V;, slows down gradually
regardless of whether fracturing technology is used. This is
mainly due to the fact that gas and water generated by the
decomposition of hydrate far from the production well are
not easy to flow to the production well in the later stage of
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production. Another discovery is that even if . = 1.0 m, the
gas production of low-permeability reservoirs has signifi-
cantly increased. This is mainly because after the rocks
around the production well are fractured, the depressuriza-
tion pressure will be effectively transmitted to the reservoir
outside the production well, and the natural gas and water
generated from the decomposition of hydrate will flow more
easily to the production well, thus increasing the multiphase
fluid flow flux of the production well. Therefore, increasing

flow flux from the low-permeability reservoir to the produc-
tion well will have more practical significance for the actual
exploitation of the low-permeability reservoir.

Figure 3 shows the cumulative mass of water (M) from
L,y and Ry, with r;=0m, 1.0m, 2.5m, and 5.0 m, respec-
tively. As shown in Figure 3, with the increase of r, My, will
gradually increase. The final M, in the original case and ref-
erence case are 5.67 x 10° kg and 8.18 x 10° kg, respectively.
By comparing the reference case and the original case, it is
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found that the growth multiple of gas production is higher
than that of water production, which indicates that fractur-
ing technology is more conducive to the production of
hydrate decomposition gas after fracturing the reservoirs
around the production well, which is a key improvement
of gas production in low-permeability reservoirs. Another
reason why the water generated by hydrate decomposition
flows relatively less to the production well may be that some
free water forms solid ice particles due to the existence of
low temperatures during hydrate exploitation.

3.1.2. Gas-to-Water Ratio and the Remaining Hydrate
Deposits with Different ry. Figure 4 shows the gas-to-water
ratio Rgy (Rgw =1000V,/My;) and the remainder of
hydrate deposits Ry; with r;=0m, 1.0m, 2.5m, and 5.0m,
respectively. Rg,y are a critical parameter for hydrate exploi-
tation. The water phase was the dominant factor for hydrate
dissociation, while the gas phase flow had a negative effect.
The ratio curves rise sharply in the first year and then
decrease to a lower level gradually. R,y of the original case
is less than the cases using the hydraulic fracturing method.
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Besides, the maximum value of Ry, in the original case is
close to 94, but the maximum value of Ry, in the reference
case exceeds 143; especially when 7 = 5.0 m, the maximum
value of R,y exceeds 173, which has achieved a huge break-
through in the technical bottleneck for hydrate production
in low-permeability reservoirs. In the case of r;=5.0m,
Rew is lower than the reference case after about 6300 days
of gas release from the hydrate deposits, which because of
the remaining amount of hydrate deposits is less than 31%.
With the decrease of hydrate resources, similar situations
will occur under different rp. That is to say, when the
hydrate content in the simulation area decreases, Ry in
the production process will gradually decrease. This also
shows that the use of fracturing technology can rapidly
improve the decomposition rate of hydrate and greatly
shorten the time of hydrate reservoir exploitation.

As shown in Figure 4, the final remaining hydrate
deposits in the reference case are close to 28%, which indi-
cates about 72% of the gas hydrate deposits have been
decomposed compared to the only 41% in the original case.
When r = 5.0m, only about 17% of the hydrate in the sim-
ulated area will be left at the end of 30 years of exploitation,
which has an important reference value for the layout of
exploitation well spacing during the actual field exploitation

of hydrates. Taking the 30-year production period as an
example, the spacing of the double horizontal wells used in
this project is 45 m. The hydrate between Ly, and R, can
be basically recovered after the completion of mining when
rp = 5.0m. Considering that the permeability in the fractur-
ing area of the reference case is 100 mD, the permeability of
the rocks around the hydraulic fracturing wells will lead to
higher permeability, so it is recommended that the mining
spacing of the dual horizontal wells in the permafrost area
be 45~60m.

3.2. Evaluation of the Productions with Different kj

3.2.1. Gas and Water Production with Different k. Figures 5
and 6 show V}, and M,y from Ly, and Ry, at rp =2.5m with
kg =1, 2, 10, 100, and 1000 mD, respectively. As shown in
Figure 5, at the end of the production period, it is found that
the greater the kj; in the fracturing area, the maximum final
Vp will be obtained. It is also found that even when kg is
2mbD, the final V}, will also have a significant increase. This
shows that it is a practical and effective technology to
improve the permeability of the reservoir around the pro-
duction well. By comparing the two groups of k; =10 mD
and kp =100mbD, it is found that the gas production with
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kp =100 mD in the fracturing area is always higher than that
with kp = 10 mD; especially in the first 5000 days, it has obvi-
ous production effect. However, after 5000 days, the gas pro-
duction rate of the group with kz = 10mD is slightly higher
than that of the group with k; = 100 mD, resulting in a close
total gas production V,, at the end of production. When k;
=1000mD, it can be seen that the gas production increases
rapidly and remains at the highest level all the time, and the
gas production rate gradually decreases in the later period of
production, mainly due to the small residual amount of
hydrate reservoir between the two production wells. There-
fore, if it is necessary to obtain the best gas production in a
short time, the greater the k;, in the fracturing area, the bet-
ter. If long-term production is required, k; in the fracturing
area can be reduced appropriately, but ki in the fracturing
area is recommended to be above 100 mD.

It can be seen from Figure 6 that the cumulative My,
increases with the increase of k. Compared with the original
case and the case with k =1000mD, it is found that the
cumulative My, has increased from 5.67 x 10° kg to 9.89 x
10° kg, which is 1.74 times the original case. However, the
gas production is from 2.2 x 10*m’ to 4.0 x 10* m®, which
is 1.82 times the original case. The increase rate of V7, is still
higher than that of My,. This is basically consistent with the

Vp and M, characteristics in the expanded fracturing area.
It shows that the increase of reservoir permeability around
the production well is really conducive to gas production.

3.2.2. Gas-to-Water Ratio and the Remaining Hydrate
Deposits with Different k. Figure 7 shows Ry and Ry with
kg =1, 2, 10, 100, and 1000 mD, respectively. In the initial
one year, Rg,, decreases sharply; afterwards, the decrease
of Ry slows down during the production period. The max-
imum value of Rgyy in the case of k; = 1000mD is close to
the reference case, which indicates there is an ideal value
of kp between 100 and 1000 mD. The increase in R,y mainly
concentrates on the previous decade and tends to stabilize
after ten years, which is similar to the case described for
the evaluation of the productions with different widths of
the fracturing area mentioned above. The amount of
resources directly affects the value of Rg,y; in other words,
the value of Ry, will decrease when Ry; becomes little. In
addition, it can be seen from the change curves of gRgy
and Ry that when kg in the fracturing area is between 1
and 10 mD, the change trend of the curves is relatively fluc-
tuating. This may be due to the rapid depressurization prop-
agation of the production well at the initial stage of
production, which leads to the formation of solid ice in free
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water. The curves become smoother in the later stage of
exploitation. This is because the reservoir around the pro-
duction well no longer contains solid ice particles or ice par-
ticles no longer block most of the space where gas and liquid
flow to the production well.

3.3. Spatial Distributions

3.3.1. Spatial Distributions of Sy. Figure 8 shows the spatial
distribution of hydrate saturation (Sy) of the original case
and the reference case at the mining time of 1, 5, 15, and
30 years, respectively. Only half L, and R, are considered
to reveal the spatial distributions of pressure, temperature,
hydrate, and gas saturations between two production wells
during the decomposition of hydrate deposits. As shown in
Figure 8, the hydrate layer decomposed is about 10m in
the first year, which is a great improvement for hydrate res-
ervoirs with low permeability. The decomposition rate of
hydrates on the X axis is slightly higher than that on the Z
axis, due to the effect of pressure intermingling between
the two production wells. In about 15 years, the hydrate
deposits between the two production wells along the x axis
finally connect with each other. After that, the dissociation
of hydrate deposits is gradually toward the direction of OB

and UB. Only a part of the hydrate deposits remain after
constant pressure mining for 30 years. It was a meaningful
phenomenon worth noting that the hydrate-dissociated
areas were symmetrically distributed in the domain along
the middle of the two production wells. In addition, the
actual effect of the pure depressurization method for 30
years was not as good as that of fracturing combined with
depressurization for 15 years. The comparison of the
hydraulic fracturing combined with depressurization
method in the reference case and pure depressurization
method in the original case simulation results of spatial dis-
tributions of Sy; at the time points t =1, 15, and 30 years
indicated the advantages of the hydraulic fracturing method.

In addition, it is found that when there is no hydrate on
the connecting line between the two production wells, the
breakthrough will occur and accelerate the decomposition
of hydrate. When the hydrate gradually decomposes to the
OB and UB boundary of HBL, it is found that the difficulty
of hydrate decomposition increases, which may be caused
by the formation of secondary hydrate. And S close to the
UB is less than that of the OB, because the temperature at
the bottom of the UB is higher than that of the OB, which
makes the hydrate close to the UB easier to decompose.
However, it is undeniable that the hydrate decomposition
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near the OB and UB boundary of HBL is difficult, and it may
need to improve the production well layout to achieve the
production effect.

3.3.2. Spatial Distributions of S;. Figure 9 shows the spatial
distribution of gas saturation (S;) of the original case and
the reference case at the mining time of 1, 5, 15, and 30
years, respectively. The distribution of gas saturation
reflected the decomposition of the hydrate deposits. The free
gas released from the deposits is mainly concentrated in
fracturing areas where gas and water flow faster with higher
intrinsic permeability. The gas-accumulated areas are almost
symmetrically distributed in the x axis at the value of x =
22.5m. In the first 15 years, S; between the two wells grad-
ually increases; after that, S; decreases to a lower level. In the
original case, the gas released between two production wells
could not effectively flow into the production wells. At the
end of the production period, there is still a large amount
of free gas near the production wells. Compared to the gas
saturation distributions in the hydrate sediments with higher
intrinsic permeability of fracturing areas, the gas distribution
within the original sediments is very limited. It is because the
undissociated hydrate deposits as a permeability barrier to
prevent the movement of gas and fluids. The free gas satura-
tion is limited in the OB and UB due to the low effective per-
meability in both reference case and original case. The
spatial distribution of S; results showed that the effect of
the use of hydraulic fracturing combined with depressuriza-
tion method was very obvious.

3.3.3. Spatial Distributions of T. Figure 10 shows the spatial
distribution of temperature (1) of the original case and the
reference case at the mining time of 1, 5, 15, and 30 years,
respectively. The temperatures in the HBL were mainly
affected by the heat convection caused by the gas and fluid
flow. The gas hydrate dissociation under depressurization
was mainly promoted by the limited sensible heat of deposits
near the production wells, and the temperature decreased to
a lower level until the new temperature met the equilibrium
condition. The two dissociation areas around the production
wells connected with each other after 5 years, but the gas
hydrate dissociated between the production wells connecting
with each other at approximately 15 years, which indicated
that there was a buffer period of pressure reduction before
hydrate decomposition. The temperature at the bottom of
the sediment was higher than that in the upper part because
of the geothermal gradients. The temperature in the OB and
UB was approximately constant, which indicated that there
was little fluid flow into the HBL. Temperatures in most
parts of the HBL had a large drop at the end of the 30-year
production period, which indicated that most of the hydrate
has been decomposed.

3.3.4. Spatial Distributions of P. Figure 11 shows the spatial
distribution of pressure (P) of the original case and the ref-
erence case at the mining time of 1, 5, 15, and 30 years,
respectively. The largest pressure drops appeared around
both production wells and correspond to the hydrate dissoci-
ation region. Besides, a pressure gradient emerged between
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the two production wells because of the depressurization
effect. The pressure gradient spread as time advances due to
the free gas and fluid flowing into both production wells. Con-
sequently, the pressure gradient areas were almost symmetri-
cally distributed in the x axis at the value of x =22.5m. The
pressure fluctuation tended to be stable around the production
wells during the production period, which indicates a rela-
tively stable hydrate dissociation and gas production process.
In addition, the pressure distributions in the OB and UB were
almost constant until the secondary hydrate disappeared to a
very low level, which indicated that the OB and UB were suf-
ficient to prevent the free gas and fluid from flowing to the
hydrate HBL at the end of the simulation.

4. Conclusions

Based on the simulation results, the following conclusions
could be drawn:

(1) The gas production rate and cumulative volume of
gas for using hydraulic fracturing are both higher
than that for using the pure depressurization method
at the end of the simulation. The total cumulative
methane gas in the reference case was almost 1.7
times that in the original case at the end of the 30-
year production period

(2) In the reference case, more than 60% of gas produc-
tion is produced in the first 10 years, and the final
remaining hydrate deposits in the reference case
are close to 28%, which indicates about 72% of the
gas hydrate deposits have been decomposed com-
pared to only 41% in the original case

(3) The maximum value of Rgyy in the original case is
close to 94, but the maximum value of R,y in the
reference case exceeds 143; especially when r; =5.0
m, the maximum value of Ry, exceeds 173, which
has achieved a huge breakthrough in the technical
bottleneck for hydrate production in low-
permeability reservoirs

(4) The value of R,y in the case of ky = 1000 mD was
close to that of the reference case, which indicates
there is an ideal value of k; between 100 and
1000 mD. The thickness of OB and UB is sufficient
to prevent the free gas and fluid from flowing to
the hydrate HBL at the end of the simulation

(5) The sensitivity analysis between the fracturing radius
and the spacing between two horizontal wells opti-

mizes the well layout and gas production parameters
for hydrate production in permafrost regions
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