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Abstract: In order to weaken the influence of external groundwater on in situ pyrolysis exploitation,
the flow characteristics of groundwater were studied according to the oil shale reservoir characteristics
of Qingshankou Formation in Songliao Basin, China. In addition, the parameters of marginal gas
flooding for water-stopping were optimized. Taking a one-to-one pattern and a five-spot pattern as
examples, the characteristics of groundwater flow under the in situ process were studied. Under the
one-to-one pattern, the external groundwater flows into the production well from the low-pressure
side, and the water yield was basically stable at 1000 kg/d. In the five-spot pattern, the groundwater
can flow into the production wells directly from the windward side, and the water yield of the
production well on the leeward side mainly comes from the desaturated zone; the water yield of each
production well remains at a high level. By setting water-stopping wells around the production well
and keeping the gas flooding pressure slightly higher than the production well, the water yield of the
production well can be reduced and stabilized within 100 kg/d under gas flooding pressures of 3
and 5 MPa. However, the gas yield of the production well slightly decreased when the gas flooding
pressure reduced from 5 to 3 MPa. Therefore, the gas flooding pressure of water-stopping wells shall
be determined in combination with the water yield and gas yield, so as to achieve the best process
effect. It is expected that the results will provide technical support for large-scale oil shale in situ
pyrolysis exploitation.

Keywords: oil shale in situ exploitation; gas flooding; water-stopping; groundwater flow; water
yield; gas yield

1. Introduction

Oil shale is a kind of solid combustible organic shale with high ash content. The
internal kerogen can be cracked to produce shale oil at a temperature above 350 ◦C [1]. If
the global oil shale resources are converted into shale oil, its resources are three times those
of the proven crude oil reserves. Therefore, oil shale can be regarded as unconventional
energy with huge reserves [2]. In situ pyrolysis is the most potential exploitation method of
oil shale resources at present; this technology is used to heat the oil shale reservoir in situ
to produce oil by kerogen cracking, and then extracting the products to the surface [3–5].
At present, one of the problems restricting the development of this technology is that it is
difficult to cut off the connection between the pyrolysis zone and external groundwater, so
that a large amount of injected heat is absorbed by the groundwater [5,6]. Moreover, the
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large amount of sewage produced will increase the burden of ground treatment. Therefore,
reasonable measures should be taken to form a water-stopping effect in order to provide in
situ pyrolysis space for oil shale.

At present, the widely used water-stopping methods both nationally and internation-
ally mainly include an artificial freezing wall and underground grouting curtain [7–10].
The common disadvantage of the two technologies is that the sealing radius of a single well
is small, less than 1 m, so it is not suitable for large-scale oil shale in situ exploitation [11–13].
In the field of underground engineering, such as landslide treatment, improving oil and gas
recovery, and carbon dioxide geological storage [14,15], gas injection is a common technical
means, where the injected gas can control the unexpected flow of the liquid phase [16–21].
Sun et al. proposed a novel technology of water-stopping by gas flooding (WSGF), which
injects gas at high pressure around the in situ pyrolysis area to form a desaturated zone
to block the infiltration of groundwater [6,22,23]. This method has the advantages of sim-
plicity and high efficiency. Zhao et al. conducted in-depth research on the water-stopping
characteristics and mechanism of WSGF by means of numerical simulation and experiment,
and the results showed that the two-phase pressure balance at the gas–water interface is the
main mechanism to prevent external groundwater infiltration. Through visual experiments,
the mechanism was verified during gas flooding in two-dimensional porous media [22].

In summary, the following two points of the WSGF have not been discussed in detail,
which obstructs its wide application:

(1) The groundwater flow characteristics have not been focused on in combination with
the in situ exploitation process of oil shale. In particular, a local high-permeability
area will be formed in the oil shale reservoir after hydraulic fracturing.

(2) The parameter optimization of SWGF was not considered. The optimum gas flooding
pressure can significantly reduce the engineering cost and weaken the impact on the
other process.

Numerical simulation is an ideal method that can coordinate the above two factors.
Therefore, by considering the impact of hydraulic fracturing and other processes, this
paper uses numerical simulation to study the gas–water two-phase flow and distribution
characteristics in the oil shale in situ exploitation area before and during gas flooding, and
the parameters of gas flooding for water-stopping were optimized in order to provide
technical and theoretical reference for the application of SWGF in oil shale in situ mining.

2. Model Setup and Parameters
2.1. Numerical Simulation Model

In this paper, a Tough 2/EOS 3 module was used to study the groundwater flow char-
acteristics in the oil shale in situ exploitation process. The mass and energy conservation
equations of this module can be expressed as follows [24]:

d
dt

∫
Vn

MkdVn =
∫
Γn

FkndΓn +
∫
Vn

qkdVn (1)

where Vn is the volume of any calculated micro-element, Γn is the corresponding closed
area of Vn, F is the mass or heat flux, and M represents the source sink term and the mass
or energy accumulation term. In the process of in situ pyrolysis of oil shale, the high-
temperature area only exists between the heat injection well and the production well and
will not have a significant impact on the external groundwater flow. Therefore, this paper
simplified the operation and performed simulations in the isothermal state. Therefore,
F only represents the mass flux generated by convection, which can be calculated by
Darcy’s law.

Tough 2 provides different types of calculation methods for relative permeability
and capillary pressure, and the Van Genuchten–Mualem model was selected in this paper
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because a change in pore characteristics is not present in this study; the relative permeability
of water and gas can be expressed as follows [25]:

krl =


√

S∗
{

1−
{

1− |S∗|
1
λ

}λ
}2

i f Sl < Sls

1 i f Sl ≥ Sls

(2)

krg =

{ (
1− Ŝ

)2(1− Ŝ2) i f Sgr > 0
1− krl i f Sgr = 0

(3)

Similarly, the capillary pressure is as follows:

Pcap = −P0

[
(S∗)

−1
λ − 1

]1−λ
(4)

Ŝ =

(
Sl − Slr

1− Slr − Sgr

)
S∗ =

Sl − Slr
Sls − Slr

(5)

In this paper, numerical simulation was carried out according to the oil shale reservoir
characteristics of Qingshankou Formation in Songliao Basin, China. The simulated layer
depth is 500 m, and the hydraulic fracturing range is 35 m × 35 m; due to the existence of
the hydraulic fracturing area, most of the injected gas flows into the fracturing area [26],
so the selected calculation area is 50 m × 50 m, which can effectively reduce the influence
of the boundary effect. Because the oil shale reservoir bedding is well developed, the
fingering caused by gas-phase buoyancy is not obvious, so the two-dimensional geometric
in the X/Y direction was selected. The hydraulic fracturing area is located in the middle
of the model, and the heat injection well and production wells are also in the hydraulic
fracturing area, with a distance of 10 m. In total, 2500 grid units (50 × 50) were divided
with a single-layer grid in the longitudinal direction.

2.2. Model Parameters

The selection of hydrogeological parameters of the whole model intends to integrate
the geological conditions of Fuyu and Fushun area in Songliao Basin, China [27]. The
selected hydrogeological parameters of the model are shown in Table 1 below.

Table 1. Hydrogeological parameters of the model.

Hydrogeological Parameters Value

Permeability of hydraulic fracturing zone, k (m2) 1 × 10−15

Permeability of original rock, k (m2) 1 × 10−16

Porosity of hydraulic fracturing zone, ϕ 0.15
Porosity of original rock, ϕ 0.08

Density, ρ (kg/m3) 1800
Residual water saturation, Slr 0.3

Initial groundwater velocity, v (kg/s·m2) 2.0 × 10−5

van Genuchten λ 0.457
van Genuchten m (Pa−1) 1.25 × 10−6

During the operation of the oil shale in situ pyrolysis process, it is necessary to use
the heat injection well to inject heat-carrying gas into the formation to heat the oil shale
reservoir, and the pyrolysis products are displaced by fluid and then produced from the
production wells. Therefore, the heat injection well (Wh) and the production well (Wp) are
necessary elements in the in situ pyrolysis exploitation process, and the distance between
the two wells is 10 m. The initial groundwater velocity is 2.0 × 10−5 kg/s·m2, and the
direction is from right to left. Taking one injection well and one production well (one-to-
one and five-spot patterns) as examples, this paper firstly studied the characteristics of
groundwater flow before gas flooding, and then water-stopping wells were adopted, which
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were used to inject gas at different pressures to control groundwater flow and minimize
the infiltration of external groundwater into the in situ pyrolysis zone. In the exploitation
process, in order to achieve a satisfactory convective heating and displacement effect, the
pressure of the heat injection well is generally higher than the pore-water pressure, so the
gas injection pressure of the heat injection well was set as 13 MPa in this model according
to a pilot test in Fuyu, China [27]; the production well pressure was set to 2 MPa to discover
the collection of pyrolysis products in the wells. The water-stopping wells (Wg) were
used to regulate the flow direction of the surrounding groundwater, so pressures of 13, 5,
and 3 MPa were selected arbitrarily from lower than the pore-water pressure to the heat
injection pressure. Therefore, the influence of the relationship between the gas injection
pressure and pore water pressure on the water-stopping effect can be discussed. The
specific layout scheme of the water-stopping wells was determined according to this effect.

3. Simulation Results
3.1. Characteristics of Groundwater Flow without Marginal Gas Flooding

Firstly, this paper focused on the flow characteristics of groundwater in the conven-
tional oil shale in situ exploitation process and evaluated the groundwater infiltration
behavior under different patterns by taking the water yield of production wells and
groundwater flow trace as indicators.

3.1.1. One-to-One Pattern

The one-to-one pattern is a general technical method for in situ oil shale pyrolysis
exploitation at the lowest input cost. Based on the common parameters of a 500 m deep oil
shale reservoir, this paper studied the infiltration trace of external groundwater and the
water yield of production wells.

As shown in Figure 1, after the gas injection at a pressure of 13 MPa, a two-phase
coexistence zone with a gas saturation of ~0.5 was formed between the two wells; taking
the production well as the center, an obvious hydraulic gradient was formed, especially
on the upper and lower sides. At the beginning of gas injection, the injected gas flowed to
the production well under the pressure gradient and displaced the groundwater between
the wells; then, a large number of gas–water mixtures were produced in the production
well. The water yield of the production well was up to about 8000 kg/d after 5 days of gas
injection. With the extension of the gas injection time, the groundwater between the wells
was gradually displaced, the gas saturation increased, and the desaturated zone expanded
gradually outward. Due to the existence of a high-permeability fracturing area, it is difficult
for the gas to flow to the external low-permeability area. Therefore, the desaturated zone
only expands in the high-permeability fracturing area and is basically stable after 180 days.
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It can be seen that the water yield showed less variation after gas injection for 80 days,
which is basically stable at 1000 kg/d. Although the water yield was greatly reduced
compared with the initial stage of gas injection, it still remains at a high level. It can be
seen from the groundwater flow trace in Figure 2 that the external groundwater flows
around both sides when it encounters the high-pressure area so as to avoid invading the
desaturated zone and flow into the production well. Although the gas injection well is
located at the right side of the pyrolysis zone, which effectively avoids the direct invasion
of groundwater, the groundwater can also carry the pyrolysis products at the edge of the
pyrolysis zone into the production well so that the sewage production in the production
well remains at a high level and increases the burden of surface treatment. Therefore, in
this pattern, the high-pressure gas injection well on the windward side can reduce the
impact of groundwater intrusion on the pyrolysis zone but cannot significantly reduce the
sewage production of the production well.

Energies 2021, 14, x FOR PEER REVIEW 5 of 12 
 

  
(a) Gas saturation (b) Pressure 

Figure 1. Gas saturation and pressure nephograms after gas injection for 6 months (the red dotted line box represents the 
hydraulic fracturing area). 

It can be seen that the water yield showed less variation after gas injection for 80 days, 
which is basically stable at 1000 kg/d. Although the water yield was greatly reduced com-
pared with the initial stage of gas injection, it still remains at a high level. It can be seen 
from the groundwater flow trace in Figure 2 that the external groundwater flows around 
both sides when it encounters the high-pressure area so as to avoid invading the desatu-
rated zone and flow into the production well. Although the gas injection well is located at 
the right side of the pyrolysis zone, which effectively avoids the direct invasion of ground-
water, the groundwater can also carry the pyrolysis products at the edge of the pyrolysis 
zone into the production well so that the sewage production in the production well re-
mains at a high level and increases the burden of surface treatment. Therefore, in this 
pattern, the high-pressure gas injection well on the windward side can reduce the impact 
of groundwater intrusion on the pyrolysis zone but cannot significantly reduce the sew-
age production of the production well. 

  
(a) Groundwater flow traces (b) Water yield 

Figure 2. Groundwater flow traces and water yield of production well. 

3.1.2. Five-Spot Pattern 

Figure 2. Groundwater flow traces and water yield of production well.

3.1.2. Five-Spot Pattern

The five-spot pattern is not only used in conventional petroleum engineering, but
also in the in situ pyrolysis exploitation of oil shale. The four production wells are evenly
distributed outside, which can reduce the loss of pyrolysis products and realize the efficient
and regular production of oil shale.

As shown in Figure 3a, the gas saturation between wells in this pattern is significantly
higher than that in the one-to-one pattern, and the effective pyrolysis range is larger. The
hydraulic gradient mainly exists in the inter-well area, while the hydraulic gradient outside
the production wells is small. Under the dynamic action of groundwater on the right, the
desaturated area develops slightly to the left. It can be seen from the groundwater trace in
Figure 4 that the groundwater can directly flow into Wp1, Wp3, and Wp4 under a hydraulic
gradient, while the water yield in Wp2 mainly comes from the continuous displacement
of groundwater by high-pressure gas. Under the long-term high-pressure displacement,
the inter-well water saturation decreases gradually, and the movable groundwater content
also decreases gradually. Therefore, compared with the other three production wells, the
water yield of Wp2 is the least, at ~300 kg/d, and the water yield of Wp4 is as high as
700 kg/d. According to the groundwater flow trace, it presents that only the water yield
of Wp2 will carry pyrolysis products, while most of the other three wells are the direct
infiltration of external groundwater, which has little mass exchange effect on the pyrolysis
zone. In summary, the sewage production remains at a high level under this pattern.
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3.2. Characteristics of Groundwater Flow with Marginal Gas Flooding

The previous experimental results showed that groundwater infiltration can be con-
trolled by high-pressure gas flooding around the in situ pyrolysis zone [22]. Therefore,
the flow characteristics of groundwater under marginal gas flooding according to the
one-to-one pattern were further studied in this paper. The reason why the five-spot pattern
was not selected as the research object was to reduce the model size and improve the
calculation speed. No matter which pattern is used, the influencing mechanism of gas
flooding on groundwater flow remains the same.

3.2.1. Marginal Gas Flooding of 13 MPa

Firstly, we adopted a gas flooding pressure of 13 MPa in water-stopping wells
(Wg1–Wg3), which was consistent with the pressure in the heat injection well, and set
three water-stopping wells outside the production well to study the characteristics of
water yield in the production well. As shown in Figure 5, under the condition of 13 MPa
high-pressure gas flooding, a desaturated zone was formed between the four high-pressure
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gas injection wells and the production well, but the range of the desaturated zone between
the heat injection well and production well was smaller than that of the other regions. This
was due to the expansion of the high-pressure area and the increase in the flow resistance
of groundwater. The groundwater flowed to the production well along the hydraulic
gradient, and it can also be seen from Figure 6 that the water yield of the production well
mainly comes from the external groundwater. In addition, the groundwater velocity on the
windward side was larger and that on the leeward side was smaller. It can also be seen that
under the condition of marginal gas flooding, the water yield of the production well was
reduced from 1000 kg/d to about 800 kg/d, indicating that the water yield of the produc-
tion well was not effectively controlled when the marginal gas flooding pressure was high,
and the groundwater flow through the edge of the in situ pyrolysis zone can carry a large
amount of pyrolysis products and injection heat. In brief, the effect improvement was not
obvious, so it is necessary to optimize the parameters of gas flooding for water-stopping.
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3.2.2. Marginal Gas Flooding of 5 and 3 MPa

When the gas flooding pressure is equal to the pressure in the in situ pyrolysis zone,
the whole area is at a high pressure level, and the groundwater will invade the pyrolysis
zone under a large pressure gradient. Therefore, the gas flooding pressure was reduced
to 5 MPa to optimize the distribution of the underground pressure field. As shown in
Figure 7, the gas saturation of the whole area was high, with an average of ~0.4, and the
area with high gas saturation was significantly expanded, which means that the pyrolysis
zone between the heat injection well and the production well is expanded. In addition, the
results showed that since the pressure of the heat injection well was significantly higher
than the gas flooding pressure (Figures 8 and 9), the width of the desaturated zone on the
right side was larger than that on the left side but was limited to the fracturing area. The
groundwater invaded into the water-stopping well Wg2 on the left side of the desaturated
zone. Therefore, the low-pressure gas flooding makes the high-speed seepage area of
groundwater transfer from the right to the left and it can effectively avoid the intrusion of
groundwater into the in situ pyrolysis zone, which is also the result of the regulation of the
groundwater flow direction by gas flooding.
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Since the gas flooding pressure of 5 MPa realized the shielding effect on the ground-
water, the gas flooding pressure was further reduced to 3 MPa in this paper. As shown in
Figure 8, the range of the whole desaturated zone and the gas saturation change slightly,
and the water flow trace was almost consistent with that of the 5 MPa condition. Therefore,
from the perspective of restraining groundwater intrusion, a gas flooding pressure of
3 MPa can also meet the engineering requirements. Figure 10 presents the water yield of
the production well when the gas flooding pressure is 5 and 3 MPa. It can be seen that
the water yield of the production well can be reduced and stabilized within 100 kg/d
under the two pressure levels. When the gas flooding pressure was 5 MPa, the water yield
of the production well was slightly higher at the initial stage of gas injection but with
the displacement of groundwater, the water yield of the production well was basically
the same.
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4. Discussion

The pressure change in the water-stopping well will affect the flow range and flow
rate of heat-carrying gas, and then affect the convective heating efficiency and heating
range. Figure 11 showed the distribution of gas velocity in the vertical direction between
the heat injection well and the production well. It showed that when the gas flooding
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pressure was 3 MPa, the gas velocity in the in situ pyrolysis zone was slightly higher than
that of the 5 MPa condition. This is due to the reduction in gas flooding pressure, which can
significantly reduce the pressure level at the side of the production well so as to improve
the pressure gradient between the heat injection well and the production well, and then
the gas velocity increases. According to the gas production rate in the production well,
the gas production rate was relatively low under a gas flooding pressure of 3 MPa, which
indicates that although the gas velocity is large, the effective width of the gas flow field
from the heat injection well to the production well is reduced, which affects the width of
the in situ pyrolysis zone. Although the two gas pressure levels can achieve an expected
and consistent water-stopping effect, they will have different effects on the other in situ
pyrolysis processes.
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Water-stopping in the in situ pyrolysis zone is a key process for the in situ pyrolysis
exploitation of oil shale. Therefore, it is necessary not only to inhibit groundwater infiltra-
tion to the greatest extent, but also to minimize the impact of gas flooding on the other in
situ pyrolysis process. According to our previous research, the balance between the gas
pressure, pore water pressure, and capillary pressure at the gas–water front interface is the
mechanism of water-stopping [6,22]. Therefore, the gas flooding pressure being slightly
higher than the local pore water pressure is a necessary condition for water-stopping. In
this paper, since the production well pressure is 2 MPa, gas flooding pressures of 3 and
5 MPa can achieve the expected water-stopping effect. When the gas flooding pressure
is continuously reduced below 2 MPa, the pressure of the water-stopping well is lower
than that of the production well, which will significantly affect the direction of the pressure
gradient and change the flow direction of the heat-carrying fluid. It can be roughly deduced
from Figure 11 that a lower gas flooding pressure will reduce the gas yield in the production
well, which is not conducive to the in situ pyrolysis process. In addition, when the gas
flooding pressure is too low, the gas flooding effect will decrease significantly, and the
water-stopping well can only play the role of precipitation. Therefore, setting the pressure
of the gas flooding as slightly higher than the production well and the surrounding layout
of water-stopping wells can play an excellent water-stopping effect with the lowest impact
on in situ pyrolysis.

It is notable that this work is based on a reservoir-scale numerical simulation, and the
characteristics of gas–water two-phase flow at the pore scale need to be further developed,
especially in porous media with a high-permeability fracturing area. Furthermore, relevant
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research can provide a more in-depth explanation for this work. Meanwhile, it can provide
theoretical guidance for the application of this method.

5. Conclusions

In order to weaken the influence of external groundwater on the in situ pyrolysis
exploitation, the flow characteristics of groundwater were studied. In addition, the param-
eters of marginal gas flooding for water-stopping were optimized by numerical simulation
in this paper. The specific conclusions are as follows:

(1) Taking the one-to-one and five-spot patterns as examples, the characteristics of
groundwater flow were studied. Under the one-to-one pattern, the external ground-
water flows into the production well from the low-pressure side, and the water yield
of the production well was basically stable at 1000 kg/d. In the five-spot pattern,
groundwater can flow into the production wells directly from the windward side,
and the water inflow of the production well on the leeward side mainly comes from
the desaturated zone; the water yield of each production well remains at a high level.

(2) By setting water-stopping wells around the production well and keeping the gas
flooding pressure slightly higher than the production well, the water yield of the
production well can be reduced and stabilized within 100 kg/d under gas flooding
pressures of 3 and 5 MPa.

(3) The lower the gas flooding pressure, the lower the gas yield in the production well,
so the gas flooding pressure of the water-stopping well shall be determined in combi-
nation with the water yield and gas yield so as to achieve the best process effect.
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