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Abstract: Gas injection is one of the most effective enhanced oil recovery methods for the
unconventional reservoirs. Recently, CH4 has been widely used; however, few studies exist to
accurately evaluate the cyclic CH4 injection considering molecular diffusion and nanopore effects.
Additionally, the effects of operation parameters are still not systematically understood. Therefore,
the objective of this work is to build an efficient numerical model to investigate the impacts of
molecular diffusion, capillary pressure, and operation parameters. The confined phase behavior was
incorporated in the model considering the critical property shifts and capillary pressure. Subsequently,
we built a field-scale simulation model of the Eagle Ford shale reservoir. The fluid properties
under different pore sizes were evaluated. Finally, a series of studies were conducted to examine
the contributions of each key parameter on the well production. Results of sensitivity analysis
indicate that the effect of confinement and molecular diffusion significantly influence CH4 injection
effectiveness, followed by matrix permeability, injection rate, injection time, and number of cycles.
Primary depletion period and soaking time are less noticeable for the well performance in the selected
case. Considering the effect of confinement and molecular diffusion leads to the increase in the well
performance during the CH4 injection process. This work, for the first time, evaluates the nanopore
effects and molecular diffusion on the CH4 injection. It provides an efficient numerical method to
predict the well production in the EOR process. Additionally, it presents useful insights into the
prediction of cyclic CH4 injection effectiveness and helps operators to optimize the EOR process in
the shale reservoirs.

Keywords: Cyclic CH4 injection; enhanced oil recovery; nanopore confinement; molecular diffusion;
sensitivity analysis

1. Introduction

As reported, around 40% of the natural gas reserves are contained in the unconventional reservoirs
all over the world [1]. The Eagle Ford shale is one of the productive oil shale reservoirs in the North
America, which is located in the northwest of Texas. The main thickness of production varies from
50 to 300 feet [2,3]. The technologies of horizontal drilling and multistage hydraulic fracturing have
attracted much attention, especially for the micro- and nano-pores in the unconventional reservoirs [4,5].
The combination of these technologies is extensively used to exploit the reserves in the tight and shale
reservoirs [6,7]. However, Dejam et al. [8,9] pointed out that low permeability may increase the
threshold pressure gradient, and large amount of oil still reserves in the formations, which requires
gas injection for the production enhancement [10–12].
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Due to the low permeability of shale rocks, waterflooding cannot perform as effective as that in the
conventional resources. Hence, the attention has been attracted to gas injection in the unconventional
reservoirs. Recent theoretical and experimental studies have shown that CH4 injection is more
impressive than CO2 because it has high compressibility and the sources are rich [13,14]. Therefore,
CH4 can take the place of CO2 in some situations. Alfarge et al. [15] pointed out that extending
soaking period and increasing injection volume are benefit to improve the well production. Meng and
Sheng [16] conducted the experiment of CH4 Huff-n-Puff injection in the core samples, confirming
that condensate recovery increase by 6% in the Huff-n-Puff injection operation. However, most studies
focus on the primary depletion production; the physical mechanisms on the effectiveness of cyclic CH4

injection are still limited.
Literatures have reported the evaluation of gas injection in shale oil reservoirs [15,17–19].

Sigmund et al. [20] and Brusilovsky [21] have conducted experiments in the porous media.
They concluded that the phase behavior in the porous media deviates from the bulk phase. Recent
studies have shown that nanopore confinement is an important factor since the nanopores cause high
capillary pressure, affecting the properties of components as well as phase behavior further theoretically
and experimentally [22–25]. Wang et al. [26] and Nojabaei et al. [23] modified the vapor-liquid phase
equilibrium model based on Young-Laplace equation and Leverett J-function. They then incorporated
the phase equilibrium model into the reservoir simulator to predict the well production in the tight oil
reservoirs. Yang et al. [27] modified the Peng-Robison equation of state and introduced a new term
representing the molecule-wall interaction. They reproduced the collected data with an overall error of
7.64% compared to the molecular simulation results. Nanofluidic devices were applied to investigate
the nanopore effects. Luo et al. [28] and Alfi et al. [29] conducted the nanofluidic experiment and they
all concluded that the bubble point shifts with the effect of confinement. Salahshoor et al. [1] reviewed
the mathematical models and experimental studies to compare the phase behavior in conventional
reservoirs and tiny pores.

Molecular diffusion is another key mechanism affecting the gas injection effectiveness.
Yu et al. [30] has investigated that molecular diffusivity should be correctly included in the simulation
model. In the process of CO2-CH4 displacement, diffusion is also an important mechanism [31].
Zhang et al. [32] compared the oil recovery of CO2-EOR process and concluded that considering
molecular diffusion is beneficial to improve the oil recovery. However, these investigations only
focus on the CO2 injection process; the impact on the CH4 injection was not well understood. Recent
studies have concluded that the diffusion coefficient of CH4 is on the same order of CO2 [33,34]; hence,
the effect of molecular diffusion needs to be well examined.

Figure 1 shows the sketch of CH4 injection process in the fractured horizontal well. As CH4

is injected, the molecules will move into the fractures and diffuse into the matrix. The fluid phase
behavior in nanopores should be determined. Due to the nanopore effects, the injected components
will not distribute homogenous among different sizes of pores. Additionally, it will result in different
swelling effect in the gas injection from conventional reservoirs because of the confined phase behavior
in nanopores.

From the literature survey, there are still some limitations behind the previous studies. Although
the EOR process is efficient in the tight oil reservoirs, few studies focus on the effect of confinement
on the EOR effectiveness, especially for the CH4 injection. Additionally, most of previous studies
analyzed the operation parameters and the investigation of physical mechanisms affecting the CH4

injection is limited. In order to fill this gap, we proposed a useful method incorporating the phase
behavior model into the compositional simulator, which can accurately and efficiently evaluate the
effect of key parameters on the CH4 injection effectiveness. This work systematically analyzes the
physical mechanisms and operation parameters; it can be easily used in the operations of EOR process.
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Figure 1. The sketch of CH4 injection process in the fractured horizontal well (CH4 molecules diffuse
into different nanopores).

In this work, we evaluated the effect of confinement and CH4 molecular diffusion on the cyclic
CH4 injection in the Eagle Ford shale reservoir. First, the methodology and detailed procedure were
explained. Then, we built a reservoir model based on the fluid properties from the published Eagle Ford
data [35]. The pore size distribution was obtained from the Eagle Ford rock samples [24]. Afterwards,
a series of sensitivity analysis were performed to identify the impacts of the physical mechanisms
on the effectiveness of cyclic CH4 injection. Finally, we conducted the sensitivity analysis including
operation parameters and physical mechanisms. This work provides a better analysis and optimization
of CH4 injection in the Eagle Ford shale reservoir.

2. Methodology

2.1. Shifts of Critical Properties

The nanopore effect on the critical temperatures and pressures has been reported in the
literatures [24,36,37]. The interaction between the molecules and the pore walls is significant when the
pore size is less than 10 nm [38,39]. In our study, the correlations published by Singh et al. [36] were
applied to describe the critical property shifts [40]:
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where rp represents the pore-throat radius, ∆T∗
c and ∆P∗

c express the relative critical temperature and
pressure shift, respectively. Tcb and Pcb are the bulk critical temperature and pressure, respectively.
Tcp and Pcp are the critical temperature and critical pressure in the confined space, respectively. σLJ is
the Lennard-Jones size parameter (collision diameter).

2.2. Phase Equilibrium Calculation Considering Nanopore Confinement

In order to include the effect of confinement in the phase equilibrium model, the criterion of phase
equilibrium can be rewritten as:

f i
L(T, PL, xi) = f i

V(T, PV , yi), i = 1, . . . , Nc, (4)

PV − PL = Pcap, (5)
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where f i
L and f i

V express the fugacity of component i in the liquid and vapor phases, respectively. T is
the reservoir temperature. PV and PL represent the pressures of the vapor and liquid phase, respectively.
Pcap is the capillary pressure in the confined space, which is calculated using the Young-Laplace
equation [41], defining as:

Pcap =
2σ cos θ

rp
, (6)

where θ represents the contact angle. In this model, the contact angle is assumed as zero and the angle
between organic and inorganic pores was neglected. The interfacial tension, σ is calculated using the
following equation:

σ =

[
NC

∑
i
(ρL[P]ixi − ρV [P]iyi)

]4

, (7)

where ρL and ρV denote density of the liquid and vapor phases, respectively. [P]i is the parachor of
component i. Parachor of pure component and mixture can be obtained from the work by Pedersen
and Christensen [42].

The Peng-Robinson equation of state [43] is modified as Equation (8) considering the effect
of confinement:

P =
RT

Vm − b
− aα

V2
m + 2bVm − b2 , (8)

where Vm and R represent the mole volume of component i and the universal gas constant, respectively.
a and b are the parameters obtained by van der Waals mixing rules.

When the confinement is included, Equation (8) should be solved separately for liquid and
vapor phases:

(ZL)
3 − (1 − BL)(ZL)

2 + (AL − 2BL − 3(BL)
2)ZL − (ALBL − (BL)

2 − (BL)
3) = 0, (9)

(ZV)
3 − (1 − BV)(ZV)

2 + (AV − 2BV − 3(BV)
2)ZV − (AV BV − (BV)

2 − (BV)
3) = 0, (10)

where AL = aLαPL
R2T2 , BL = bLPL

RT , AV = aV αPV
R2T2 , BV = bV PV

RT . ZL and ZV are the compressibility of liquid
and vapor phases, respectively. The non-linear equations are solved by Newton-Raphson method.
The roots of Equations (9) and (10) are determined with the criterion of Gibbs free energy minimization
in the liquid and vapor phases.

In the following section, we first built a reservoir model based on the typical fluid and fracture
properties, and then performed sensitivity analysis of different parameters in the cyclic CH4 injection.
The fluid properties considering the nanopore effects were calculated through the phase equilibrium
model. Afterwards, the properties were implemented into the reservoir simulator of CMG to evaluate
the cyclic CH4 injection effectiveness [44]. The detailed workflow of this work is presented in Figure 2.
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3. Base Case

In the simulation study, we set up the reservoir model using the CMG-GEM simulator [44].
The domain of the model is: 7785 ft in x direction, 1300 ft in y direction, and 40 ft in z direction.
A horizontal well was set in the middle of the reservoir model, along with 76 hydraulic fractures.
The fracture spacing is 80 ft and the fracture half-length is 210 ft. As reported, the reservoir temperature
is 270 ◦F, the matrix porosity is 12%, and the initial reservoir pressure is 8125 psi. Table 1 summarizes
the reasonable rock and fluid properties in the Eagle Ford shale reservoir [45]. The reservoir model
is shown in Figure 3. Mohebbinia and Wong [46] have pointed out that molecular diffusion would
be dominated in the low-permeability fractured reservoirs when gravitational drainage is inefficient.
Hence, only diffusion mechanism was included in this work. The relative permeability curves are
shown in Figure 4.

Table 1. Rock and fluid properties used in the reservoir model.

Properties Value Unit

Initial reservoir pressure 8125 psi
Reservoir temperature 270 ◦F

Reservoir thickness 100 ft
Water saturation 17% -

Porosity 12% -
Average matrix permeability 0.001 mD

Fracture half-length 210 ft
Fracture spacing 80 ft
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permeability curve [38].

In this study, the fluid in the Eagle Ford reservoir is assumed containing six pseudo-components.
Properties and binary interaction coefficients are listed in Tables 2 and 3, respectively. Oil gravity of
41 ◦API, gas-oil ratio of 1000 scf/stb, and formation volume factor of 1.65 rb/stb are obtained after
tuning process. These properties have shown good agreements with the work by Orangi et al. [47].
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Table 2. Properties of Eagle Ford oil modified from Orangi et al. [47].

Components Mole Fraction (%) Critical
Temperature (K)

Critical
Pressure (atm) Acentric Factor Molecular

Weight (g/mol)

CO2 1.18 304.20 72.8 0.225 44.01
N2 0.16 126.20 33.5 0.040 28.01

CH4 11.54 190.60 45.4 0.008 16.04
C2-nC5 26.44 274.74 36.5 0.172 52.02
C6-C10 38.09 438.68 25.1 0.284 103.01

C11+ 22.59 740.29 17.5 0.672 267.15

Table 3. Binary interaction coefficients for each component.

Component CO2 N2 CH4 C2-nC5 C6-C10 C11+

CO2 0 −0.020 0.1030 0.1299 0.1500 0.1500
N2 −0.020 0 0.0310 0.0820 0.1200 0.1200

CH4 0.1030 0.0310 0 0.0174 0.0462 0.1110
C2-nC5 0.1299 0.0820 0.0174 0 0.0073 0.0444
C6-C10 0.1500 0.1200 0.0462 0.0073 0 0.0162

C11+ 0.1500 0.1200 0.1110 0.0444 0.0162 0

In the base case, BHP of 1800 psi is the constraint for the production well at the beginning
of the simulations. In the first three years, the well experiences a depletion production period.
After that, it will be transferred to an injection well. The injection rate of CH4 is set as 5000 Mscf/day.
After 60 days of injection, the well will shut-in and begin a soaking period of 60 days. During the
soaking period, the fluid is allowed to dissipate into the formation and mix with the fluid. Then the
well is switched back on for another two-year production again. Thus, one cycle of CH4 injection is
finished. In this model, the production well experiences three cycles and the total production time is
15 years, as shown in Figure 5. A series of cases were conducted to simulate the cyclic CH4 injection
process. We compared the oil recovery factor in a 15-year period to investigate the effectiveness of
CH4 injection in the following sections.
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(b) Cyclic CH4 injection (the yellow, red and dark blue bars represent CH4 injection, soaking and EOR
production period, respectively).

4. Results and Discussions

4.1. Effect of Confinement in Nanopores

The confinement is significant in the low permeability formations due to the nanopores. According
to the experiment data from the Eagle Ford core samples [24], around 80% of the pores are 20 nm
or less. The fluid properties under 5 nm, 10 nm, and 15 nm were calculated using the Equations (1)
through (3), respectively, as listed in Table 4. The results show that critical temperatures and pressures
suppress as the pore sizes reduce. With the procedure in Figure 2, we calculated the phase equilibrium
and obtained the bubble point pressure under different pore sizes. As shown in Figure 6, the bubble
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point pressure significantly decreases, especially for the small pores, which further impacts the oil
recovery in the tight oil reservoirs.

Table 4. Critical temperatures and pressures under different pore sizes.

Components
Critical Temperatures (K) Critical Pressures (Bar)

Bulk 15 nm 10 nm 5 nm Bulk 15 nm 10 nm 5 nm

CO2 304.2 296.7 293.1 282.2 73.8 72.0 71.1 68.4
N2 126.2 123.2 121.7 117.4 33.9 33.1 32.7 31.6

CH4 190.6 185.9 183.6 176.8 46.0 44.9 44.3 42.7
C2-nC5 274.7 266.6 262.5 250.6 37.0 35.9 35.3 33.7
C6-C10 438.7 421.4 413.0 388.1 25.4 24.4 24.0 22.5

C11+ 740.3 701.4 682.4 627.0 17.7 16.8 16.3 15.0
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Based on the pore size distribution of the formation, division of different pore regions are
determined to represent the practical situation. Numbers of region ranging from 3 to 5 has been
investigated and we finally decided 4 regions, which reduces computational cost and evaluates the
confinement more reasonably. The contributions of each region are: less than 5 nm (42%), 5~10 nm
(27%), 10~20 nm (13%), and larger than 20 nm (18%), respectively. The PVT properties of different pore
sizes can be obtained in Section 2.1.

The effect of nanopore confinement on the well production was shown in Figure 7. It can be
observed that the incremental oil recovery factor at the end of 15 years is 0.8% and 2.3% at the pore size
of 10 nm and bulk, respectively, illustrating that the effect of confinement has a positive influence on
the cyclic CH4 injection effectiveness. Due to the confinement, the miscibility minimum pressure of the
mixture and the oil viscosity decrease, leading to the improvement of well performance. Additionally,
the bubble point pressure in the confined space is lower than the bulk phase, meaning that a longer
time of single-phase production exist during the production. Hence, the confinement should be
correctly included in the analysis of gas injection in the shale reservoirs. All the following cases include
the confinement.
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4.2. Molecular Diffusion

Molecular diffusion is another key parameter since CH4 can move into the formation and
mix with the oil during the soaking time. Neglecting diffusion coefficient will underestimate the
ultimate oil recovery. In order to better analyze the mechanism of diffusion, we compared the oil
recovery after 15 years with the coefficient ranging from 0.0001 cm2/s to 0.01 cm2/s. As shown in
Figure 8, the incremental oil recovery is 1.92%, 2.36%, and 2.98%, with the coefficients of 0.0001, 0.001,
and 0.01 cm2/s, respectively. The results indicate that more CH4 molecules will diffuse into the matrix
instead of concentrating around the fractures with larger diffusion coefficient. Hence, more oil will be
swept, resulting in larger oil production.
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4.3. Effect of Primary Depletion Period

The length of primary depletion period of 2, 3, and 5 years was studied, while other parameters
were kept the same as the base case. As presented in Figure 9, the impact of primary depletion period
is not noticeable since the increment is 2.28%, 2.34%, and 2.41%, respectively in this case. Delaying
the start of gas injection is beneficial to improve the well production. However, if it starts too late,
the production will decrease. Hence, decision of suitable primary depletion period is essential for the
operations of CH4 injection in the shale reservoirs.
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4.4. Effect of Injection Rate

Gas injection rate is directly related to the volume of CH4 injected. A series of cases were
conducted to investigate the effect of injection rate on the well performance of cyclic CH4 injection.
The rates were set as 2000, 5000, and 8000 Mscf/day, respectively. The results in Figure 10 show that the
incremental oil recovery was 2.07%, 2.55%, and 2.82%, for the case of 2000, 5000, and 8000 Mscf/day,
respectively, illustrating that higher injection rate leads to larger incremental oil recovery factor.
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4.5. Effect of Injection Time

The length of injection time also impacts the CH4 injection volume. We analyzed three cases
with the injection time varying from 1 month to 3 months and kept other parameters as the same
in the base case. As shown in Figure 11, oil recovery factor increases by 2.20%, 2.55%, and 2.76%,
respectively. The results illustrate that longer injection time is beneficial to improve the efficiency of
cyclic gas injection.
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4.6. Effect of Soaking Time

The soaking period affects the performance of Huff-n-Puff process as well. In this section,
we conducted three cases with soaking time of 1 month, 2 months, and 3 months. As shown in
Figure 12, the cases with the soaking time of 1 month, 2 months, and 3 months lead to the increment
of 2.27%, 2.33%, and 2.37% after 15 years, respectively. As soaking period becomes longer, the CH4

molecules will have more time to mix with oil phase adequately before its being produced back. Hence,
the oil recovery factor improves with longer soaking time.
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4.7. Effect of Number of Cycles

The number of cycles has significant impacts on the CH4 injection effectiveness. We evaluated
the well performance of the cases experiencing 1, 3, and 5 cycles, respectively. In Figure 13, compared
the oil recovery factor of the scenarios with and without CH4 injection for one-cycle treatment,
the incremental oil recovery was boosted by 1.89%. Three-cycle processes yield the increment of 2.52%.
For the five-cycle process, the incremental oil recovery is 2.72%. The increase of cycle numbers leads
to the large incremental oil recovery; however, when it experiences 3 cycles or more, the impact on
the well performance is diminished. Therefore, 3 cycles are suitable to reduce the operation cost and
improve the oil production.
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4.8. Effect of Matrix Permeability

In this section, we analyzed the effect of matrix permeability on the well performance. The matrix
permeability was set ranging from 0.0001 mD to 0.01 mD. As shown in Figure 14, the oil recovery factor
at the end of 15 years increases by 1.75%, 2.47% and 2.55%, corresponding to 0.0001, 0.001, and 0.01 mD,
respectively. The matrix permeability influences the efficiency of CH4 injection and higher permeability
leads to larger incremental oil recovery. At the end of primary production, residual oil saturation is
larger in the lower permeability formation and the diffusion mechanism is becoming more dominant.
If the effect of confinement is included, more noticeable difference on the well performance will be
observed in the higher permeability.
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We summarize the sensitivity parameters in Table 5 and represent by tornado plots shown in
Figure 15. As shown, the most sensitive parameter for the cyclic CH4 injection is the molecular diffusion,
followed by matrix permeability, injection rate, injection time, and number of cycles. Primary depletion
period and soaking time play the least important roles during the production time.
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Table 5. Uncertain parameters and ranges for sensitivity analysis.

Parameters Minimum Medium Maximum

Molecular diffusion/cm2/s 0.0001 0.001 0.01
Primary depletion period/year 2 3 5

Injection time/day 30 60 90
Injection rate, Mscf/day 2000 5000 8000

Soaking time/day 30 60 90
Number of cycles 1 3 5

Matrix permeability, mD 0.001 0.01 0.1

Energies 2018, 11, x FOR PEER REVIEW  12 of 15 

 

Table 5. Uncertain parameters and ranges for sensitivity analysis. 

Parameters  Minimum  Medium Maximum 
Molecular diffusion/cm2/s 0.0001 0.001 0.01 

Primary depletion period/year 2 3 5 
Injection time/day 30 60 90 

Injection rate, Mscf/day 2000 5000 8000 
Soaking time/day 30 60 90 
Number of cycles 1 3 5 

Matrix permeability, mD 0.001 0.01 0.1 

 
Figure 15. Tornado plot for the sensitivity analysis. 

5. Conclusions 

In this study, a numerical model is proposed to investigate the cyclic CH4 injection in the Eagle 
Ford shale incorporating physical mechanisms such as molecular diffusion and confinement in 
nanopores. The following conclusions can be drawn: 

(1) The effect of confinement in the nanopores is a significant factor in the simulation model to 
capture the real mechanism during the cyclic CH4 injection; 

(2) A series of simulations were performed to evaluate the impacts of key parameters on the 
process of enhanced oil recovery, concluding that molecular diffusion is the most sensitive, 
followed by matrix permeability, injection rate, injection time, and number of cycles; 

(3) The impacts of primary depletion period and soaking time are less favorable for the cyclic CH4 
injection process; 

(4) This work provides a better understanding of factors affecting the efficiency of cyclic CH4 

injection, which can hopefully guide the operations in the shale reservoir. 

Author Contributions: Conceptualization, Y.Z. and Y.D.; methodology and investigation Y.Z.; 
writing—original draft preparation, Y.Z.; writing—review and editing, J.H. and Y.S.; project administration, 
Y.D.; funding acquisition, Y.Z., Y.D. and J.H. 

Funding: This research was funded by “National Natural Science Foundation of China, grant number 51804282 
and 51674010”, “National Science and Technology Major Project of China, grant number 2017ZX05009-005”, 
“Fundamental Research Funds for the Central Universities, grant number 59/53200759016”, and “PetroChina 
Innovation Foundation (2017D-5007-0312)”. 

Acknowledgments: We would like to appreciate Computer Modeling Group Ltd. for providing the CMG 
software for this investigation. 

Conflicts of Interest: The authors declare no conflict of interest. 

Figure 15. Tornado plot for the sensitivity analysis.

5. Conclusions

In this study, a numerical model is proposed to investigate the cyclic CH4 injection in the
Eagle Ford shale incorporating physical mechanisms such as molecular diffusion and confinement in
nanopores. The following conclusions can be drawn:

(1) The effect of confinement in the nanopores is a significant factor in the simulation model to
capture the real mechanism during the cyclic CH4 injection;

(2) A series of simulations were performed to evaluate the impacts of key parameters on the process
of enhanced oil recovery, concluding that molecular diffusion is the most sensitive, followed by
matrix permeability, injection rate, injection time, and number of cycles;

(3) The impacts of primary depletion period and soaking time are less favorable for the cyclic CH4

injection process;
(4) This work provides a better understanding of factors affecting the efficiency of cyclic CH4

injection, which can hopefully guide the operations in the shale reservoir.
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