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Abstract

Understanding the mechanism behind shale gas recovery is of great importance for achieving
optimum shale gas productivity. In this work, we use Grand Canonical Monte Carlo (GCMC)
simulations to investigate the adsorption and recovery mechanisms of ternary hydrocarbon mixtures
comprising methane, ethane and propane in kerogen nanopores. For the adsorption of hydrocarbon
mixtures in kerogen slit pores, density distributions of each component are analyzed and the results
indicate that densities of methane and ethane in the first adsorption layer increase as pressure increases,
while an opposite trend is observed for propane. A stronger confinement effect is observed on the
heavier hydrocarbon components, increasing the difficulty of recovery. For the recovery of the multi-
component shale gas, we propose a reference recovery route with pressure drawdown and CO:
injection combined and the recovery efficiency is compared to the condition with only pressure
drawdown applied. Significant enhancement in recovery ratio for all three components is observed
with the COz injection and a better performance is shown on heavier components and smaller pores.
An increase of 60% and 40% in propane recovery ratio is achieved in the 2-nm and 4-nm kerogen slit
pores, respectively. Recovery mechanisms of pressure drawdown and CO- injection are investigated
in detail. The pressure drawdown method recovers methane from the first adsorption layer and middle
of slit pore simultaneously, while extracting ethane and propane mainly from the middle of slit pore;
the recovery due to CO: injection mainly takes place in the adsorption layers. Pressure drawdown
tends to extract the lighter components and CO: injection is efficient in the recovery of heavier
hydrocarbons. As pore width increases, the recovery ratio of pressure drawdown increases, while that
of COz injection decreases. Besides, the CO> sequestration ratio is higher in smaller kerogen slit pores.
Keywords: GCMC simulation; Multi-component shale gas; Adsorption; Shale gas recovery; CO>

sequestration
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1. Introduction

Shale gas has attracted increasing attentions among scientists and engineers as a clean energy
source with high energy efficiency and abundancy [1,2]. The U.S. Energy Information Administration
(EIA) has reported that around 32% of the total estimated natural gas resources are in shale formations
[3]. Shale gas is mainly composed of methane with a small fraction of ethane, propane and butane with
varying compositions in various shale formations [4]. Generally, some shales produce almost
exclusively methane, known as dry gas wells, while wet gas wells contain significant amounts of
heavier alkanes. Wet gas recovery has gained much attention recently as the heavier hydrocarbons
have higher market values than methane as feedstock for a wide variety of chemical products [5].
Despite the fact that the current techniques such as pressure drawdown using horizontal wells has made
a great progress in shale gas production [6], there still remain many daunting challenges, including the
low recovery efficiency in the heavier hydrocarbons and the fast-falling well productivity [7,8].
Enhanced shale gas recovery (ESGR) is proposed to stimulate the shale gas production by injecting
CO: into shale formations after pressure drawdown. The injected CO- plays a role of displacing the
confined hydrocarbons in shales. Significant improvement in recovery has been proven by CO:
injection [9]. In the meantime, the depleted shale gas reservoirs with huge storage sites are often
recognized as the prime candiate for permanent CO> sequestration [10].

Shale rocks consist of organic and inorganic matters, while the pores are mainly at nanoscale. The
organic matter content is a key factor, which controls the adsorption uptake in shales [11]. Kerogen is
the major constituent of organic matters in most shale formations. Over the last decade, much research
has been conducted on the adsorption and recovery of methane in kerogens [12-20]. Tesson and
Firoozabadi [19] studied methane adsorption in kerogen slit nanopores with different degree of surface

roughness. They found that while in perfectly smooth and relatively smooth nanopores methane can
3
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form adsorption layers on the pore surfaces, in a rough kerogen nanopore, such adsorption layer
disappears and methane accumulate in the middle of the pore. Cao et al. [13] studied the recovery of
methane with CO> injection using GCMC simulations and found that CO, molecules can efficiently
displace methane molecules adsorbed in the shale nanopores, while CO. can be sequestrated
simultaneously. Contrary to the wealth of knowledge on single-component gas, methane, there are
limited works on the adsorption of the heavier hydrocarbons in shales. Falk et al. [21] investigated the
adsorption of n-alkanes from methane to dodecane in kerogen matrix using GCMC simulation and
found that adsorption of longer n-alkanes is energetically more favorable. Firoozabadi and his
coworkers [22-24] have systematically studied the adsorption of light hydrocarbons from methane to
butane in shale samples or isolated kerogens through experiments and proposed a model for estimation
of absolute adsorption based on the adsorbed layer volume. Far fewer works have been reported on
recovery of the heavier hydrocarbons in shales. Wu et al. [25] performed a molecular dynamics (MD)
simulation to study the recovery process of methane and ethane binary mixtures from 2 and 4 nm-wide
nanopores driven by pressure difference. They found that the ratio of the production rate of ethane and
methane from the pores is only slightly smaller than their initial mole ratio inside the pores. Bui and
Akkutlu [7] simulated the recovery of quinary hydrocarbon mixture from methane to pentane by
pressure drawdown using GCMC simulations. Their results indicated that recovery by the sole pressure
drawdown process shows quite low efficiency as the heavier hydrocarbons are trapped in the shale
reservoir, while the lighter components can be produced. The previous researches provide good
guidance for the recovery of hydrocarbons, but recovery of multi-component hydrocarbons in
kerogens is far from being understood. The existing research [7,25] on recovery of multicomponent

hydrocarbons applies the process of pressure drawdown, which has been proven to be inefficient for
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the heavier hydrocarbons. Besides, simplified pore models such as the graphite slit pore model are
used in these studies, which are not able to represent the complicated structures of kerogens.

In this work, we aim to investigate the adsorption of ternary hydrocarbon mixtures of methane,
ethane and propane in kerogens and examine the recovery efficiency of CO; injection using GCMC
simulations. A realistic kerogen slit-pore model is generated to represent the pore structure in organic
matters [26,27]. We then analyze the adsorption of the ternary hydrocarbon mixtures in kerogen slit
pores, in which the pressure and pore size effects are considered. Moreover, we discuss the adsorption
of COgz-hydrocarbon mixtures. Finally, we simulate the recovery process of multi-component
hydrocarbons with pressure drawdown and CO> injection. Different recovery mechanisms associated
with the pressure drawdown and CO: injection are discussed in detail. The CO. sequestration
efficiency is also assessed.

2. Methodology
2.1. Construction of kerogen slit pores

Slit-shaped kerogen pore models are constructed to represent the organic pore structure in shales
[26,27]. Type Il kerogen is chosen for its high potential in producing shale gas [28-30]. The molecular
model of the kerogen unit used in this work was developed by Ungerer et al. [31] based on
experimental data reported by Kelemen et al. [32]. The chemical formula is C242H219013N5S; and its
molecular structure is illustrated in Fig. 1a.

To create the kerogen matrixes and slit pores, we perform series of MD simulations [33] in the
canonical ensemble (NVT) and isobaric-isothermal ensemble (NPT) using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) package [34]. The intramolecular
interactions of kerogen are calculated using the Dreiding force field [35]. Firstly, the initial structure

of kerogen macromolecule is relaxed individually by MD in the NVT ensemble. Then, 12 relaxed
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kerogen units are randomly placed in a large simulation box of 10 x 10 x 10 nm® and NVT simulations
are conducted at 900 K for 250 ps. After that, the system undergoes series of NPT simulations at a
fixed pressure of 20 MPa and the temperature is stepwise decreased from 900 K to 700 K, 500 K and
finally 300 K (400 ps for each temperature). The final kerogen matrixes are collected for further
creation of kerogen slit pores by extending the simulation box in the Z-direction as shown in Fig. 1b
[18]. The pore width W is defined as the distance between the very last atoms from each kerogen
surface in the Z-direction. Two pore widths of 2 nm and 4 nm are constructed to investigate the pore
size effects. In the computational configuration (Fig. 1b), the slab geometry is periodic in the X- and
Y-directions while that in the Z-direction is nonperiodic. The use of the conventional three-dimensional
Ewald summation technique might incur undesirable long-range electrostatic interactions in the Z-
direction. Thus, an empty space is inserted between the periodic replicas in the Z-direction, which is
large enough to ensure that the long-range electrostatic interaction in that direction does not alter the
fluid distributions [36]. Tests are conducted to ensure the length of empty space is sufficient so that
the artificial effects are eliminated. During the GCMC simulations, the movement of gas molecules is

restricted within the kerogen slit pore, but not into the vacuum.
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Fig. 1. (a) Molecular model of type 11-C kerogen. (b) Molecular model of kerogen slit nanopore. The
pore width is 2 nm. Carbon atoms are depicted by gray balls, hydrogen by white, oxygen by red,
nitrogen by blue, and sulfur by purple.

2.2. Force field

Three hydrocarbons including methane, ethane, and propane, are considered in this work as the
much heavier hydrocarbons (C,,) only make up a very small proportion in the shale gas. The
composition of the hydrocarbon mixtures studied in this work is listed in Table 1, which is based on
the shale gas composition produced from the Mississippian Barnett Shales of the Fort Worth Basins,
Texas [37]. The Barnett Shale is known as an organic-rich, type 1l marine shale and has been proven
to have an enormous gas storage capacity and good potential for long-term production [30].

Table 1 Composition of the shale gas mixture

Mole fraction

Molecular Weight
CHgs4 C2Hs CsHs

19.55 0.80 0.15 0.05

The TraPPE force field [38] is adopted for alkanes and the United-Atom models are employed.
The Lennard Jones parameters for interactions between like pseudoatoms are summarized in Table 2.
Lorentz-Bertherlot mixing rules [39] are employed to calculate unlike interactions. A cutoff of 14 A is
applied for short-range Lennard-Jones interactions with analytical tail corrections [40]. The bond
length between pseudoatoms in C2Hs and CsHsg is fixed as 1.54 A. The bond bending potential is

calculated by a harmonic relationship,

k
Upeng (9):?(0_90)2’ (1)

where the force constantK, / K; is 62500 K rad2[41], ke is the Boltzmann constant. The equilibrium
angle 6o is 114°. CO2 molecules are described with a rigid model [42]. The nonbonded parameters are

listed in Table 2. The length of the C-O bond and the bond bending angle of O-C-O are fixed as 1.16
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Table 2 Lennard-Jones parameters and partial charges used for hydrocarbon and CO2 molecules [38,42]

(Pseudo)atom g/ks (K) ¢ (A) q (e)
CHg4 148.0 3.73 0.00
CHs- 98.0 3.75 0.00
-CH;- 46.0 3.95 0.00
C-CO2 27.0 2.80 0.70
0-CO, 79.0 3.05 -0.35

2.3. GCMC simulation

Adsorption of the hydrocarbons and CO: is investigated through GCMC simulations in the grand
canonical ensemble (uVT) using MCCCS Towhee code [43]. During the simulations, the coordinates
of the atoms in kerogen are fixed and GCMC moves are only applied to the gas molecules, including
insertion, deletion and translational moves. For ethane, propane and CO2 molecules, rotational moves
are also performed. The fluids confined within the kerogen nanopores are assumed to be in chemical
equilibrium with the external bulk fluids, which can be considered as those residing in the natural
fracture or microcracks in shales. Besides, the pressure throughout the simulations refers to that of the
external bulk reservoir. Values of chemical potential are calculated by the Widom’s insertion method
[44,45] using Monte Carlo simulations in the NVT ensemble, where the fluids are simulated in bulk
phase. Density of bulk mixtures as a function of pressure and temperature is calculated by the
Peng—Robinson equation of state (PR-EOS) [46].
3. Results and Discussion

In this section, we first investigate the adsorption of methane, ethane and propane ternary

mixtures in kerogen slit pores either in the absence or presence of CO.. Then, the recovery mechanisms
8
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of hydrocarbons are analyzed and we further discuss the practical implications for shale gas recovery
and CO; sequestration.
3.1. Adsorption of hydrocarbons in kerogens

The density profiles of methane, ethane and propane in different kerogen nanopores at various
pressures at 338.15 K are presented in Fig. 2. The results indicate that a strong first adsorption layer
forms near the kerogen surface for all pressures and the second adsorption layer is pronounced at
pressures higher than 10 MPa. Near the kerogen surface, the methane density in the first adsorption
layer increases with increasing pressure, while that of propane decreases. At low pressures, the
adsorption sites on the kerogen surface are not completely occupied and the interaction between
propane and kerogen is stronger than the other two components [21], so propane can occupy more
adsorption sites. As pressure increases, the adsorption sites are almost filled up and the entropic effects
become more significant, thus the propane density decreases. As an intermediate component, the
increase in ethane density is less obvious. Similar phenomena have been reported in the adsorption of
hydrocarbons in zeolite [47]. In the middle of pores, the density of each component increases with
pressure. Besides, the density in the 4-nm slit is lower than that of 2-nm slit pore due to weaker fluid-
surface interactions. It should be also noted that the first adsorption layers near the two surfaces are
not symmetric and the hydrocarbon densities are non-zero on the slit pore surfaces. This is because a
complex kerogen matrix is used in this work in which the surfaces are rough. Similar results have been
reported in the literatures [14,19]. To further verify the effect of surface roughness on gas adsorption,
we calculated the gas adsorption on a slit pore with smooth surfaces using Steele's 10-4-3 potential
[48]. More details are provided in the Supplementary material and the hydrocarbon density
distributions in the smooth graphite slit pore are plotted in Fig. S1. The first and second adsorption

layers show symmetric density profiles and are more easily distinguishable compared to those in rough
9
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Fig. 2. Density distributions of the hydrocarbons in kerogen slit pores of different widths: (left) W =2
nm and (right) W = 4 nm under different pressures at T = 338.15 K.

Figure 3 shows the total uptake of each component at 338.15 K in kerogen slit pores of different

pore widths. The average density of component i in kerogen slit pore can be given as,

(N;)
V-N,' @)

A

pave,i =

where <Ni> is the ensemble averaged number of component i in kerogen slit pores, V denotes the
volume of the slit pore, and Na is the Avogadro constant. Only the hydrocarbon molecules within the
slit pores are considered, while those inside kerogen matrixes excluded. The average density in 4-nm
kerogen slit pore is lower than that in the 2-nm kerogen slit pore, especially at lower pressures, which

is mainly attributed to the difference in density distributions in the middle of kerogen slit pores. For
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methane and ethane, the average densities in 2 and 4-nm slit pores both increase with pressure.
However, the average density of propane in 2-nm slit pore decreases, while increases in the 4-nm
kerogen slit pore as pressure increases. As discussed earlier, the density of propane decreases in the
first adsorption layer and increases in the middle of kerogen slit pore with increasing pressure. In the
4-nm slit pore, the middle region makes up a larger fraction and the increase in density is large enough

to compensate the decrease in the adsorption layer.
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Fig. 3. Average density of hydrocarbons confined in kerogen slit pores with different pore widths:
(solid) W =2 nm and (dashed) W =4 nm at T = 338.15 K.

To assess the confinement effect on the different types of hydrocarbons, a parameter is introduced
as Confinement Effect (CE), or Enhancement Factor, defined as the ratio of molar fraction inside the

pore to that in the bulk fluid for component 1 [7],

CE _ yi,pore , (3)

1
Yi buik

where Y, pore and Y denote the molar fraction of component i within kerogen slit pores and in
the bulk fluid, respectively. The values of confinement effect for each component are shown in Fig.
4a. The largest confinement effect is observed on propane. Both the CE values of ethane and propane
are larger than one, while that of methane is smaller than one, indicating that the adsorption of the
heavier component in kerogen nanopores is more favorable. As the pore width is increased to 4 nm,
the confinement effect for the three components becomes less significant and the values of CE

approach unity. With increasing pressure, the CE values also get close to unity. At higher pressures,
11
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the confined space is more densely packed, the difference between molecule types becomes less
significant [49]. To further explain the confinement effect on different hydrocarbons, we calculate the
distributions of CE values within the slit pore along Z-direction (Fig. 4b). Confinement effect of
heavier components, such as ethane and propane, is obviously higher in the region close to the kerogen
surfaces. Lighter component, methane, is forced to stay in the middle of the slit pore where the

interaction from the kerogen surfaces is weaker.
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Fig. 4. (a) The ratio of molar fraction inside the pore with that in the bulk phase (noted as Confinement
Effect) for each component in kerogen slit pores with different pore widths: (solid) W = 2 nm and
(dashed) W =4 nm at T = 338.15 K. (b) Distribution of CE values in the 2-nm kerogen slit pore along
Z direction at P =20 MPaand T = 338.15 K.

3.2. Adsorption of CO2-hydrocarbons mixtures in kerogens

The density distributions of CO, and hydrocarbons mixtures with a bulk mole fraction of
Yeo, =0.2 at 338.15 K and over a range of pressures from 12.5 to 45 MPa in 2-nm kerogen slit pores
are presented in Fig. 5. The mole fractions within the hydrocarbons are fixed at 0.8, 0.15, 0.05 for
methane, ethane and propane, respectively. Similar to the adsorption of hydrocarbons in the absence
of CO, the density in the middle of kerogen slit pores increases as pressure increases. In the first
adsorption layers, the density of methane, ethane and CO; increases with increasing pressure, while

the opposite is true for propane. Fig. 6 presents the density distributions in 4-nm kerogen slit pores.

12
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218  for all the components, the density in the middle of kerogen slit pores is lower than that of 2-nm

219  kerogen slit pores due to the weaker fluid-surface interactions.
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Fig. 6. Density distributions of hydrocarbons and CO: in 4-nm kerogen slit pores under different

pressures at T = 338.15 K. Mole fraction of COzis  Y¢o, = 0.2. Results of mixtures with a mole fraction
of Yo, =04 are presented in Fig. S3.
3.3. Recovery of hydrocarbons from kerogen slit nanopores

To explore the mechanisms of shale gas recovery by pressure drawdown and CO; injection and
assess the efficiency of shale gas recovery and CO: sequestration, a simplified recovery process is
proposed as shown in Fig. 7. A typical shale gas reservoir condition with the initial pressure of 40 MPa
is considered in this work. After the primary pressure drawdown stage, the reservoir pressure is
reduced to 25 MPa and then two successive CO2 huff-n-puff cycles are performed as in our recent
work [18]. One CO; huff-n-puff cycle is achieved by first injecting CO- into the shale gas reservoirs
and then applying a pressure drawdown process after the system has reached equilibrium [50,51]. Here
GCMC simulations instead of MD simulations are conducted to obtain the equilibrium properties of

hydrocarbon mixtures and CO in kerogen nanopores. Takbiri-Borujeni et al. [52] used MD
14
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simulations to simulate the CO. huff-n-puff process for dodecane recovery. Compared with MD
simulation, GCMC simulations are computationally less expensive to study the equilibrium properties.
During the COz injection process, we assume that the pore volume in the macropores and fractures,
which is connected to the nanopores, remains the same. Therefore, the individual hydrocarbon density
in the bulk phase of the CH4/C2Hs/C3Hg/CO2 mixture is the same as that in the bulk CH4/C2He/C3Hs
mixture during CO; injection. The pressure of the bulk CH4/C2He/C3Hg/CO, mixture after the CO>
injection can be determined by the molar fraction and hydrocarbon density in the mixtures by using
PR-EOS [46]. The composition of the confined fluids in kerogen slit pores is recorded in the
equilibrium state after every production stage. We assume that the dynamics-transport resistances are

not considered during the fluids flow from the kerogen nanopores [7].

‘ ) b
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2 ldrawdown drawdown 7 i |/injection *
— k] . — [V
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Shale gas reservoir
(40 MPa) ® CH, ®® C,H; C;H, ®8® CO, A CO, huff-n-puff cycle

Fig. 7. Schematic representation of shale gas recovery process. More information about the recovery
process is provided in Supplementary material.

Evolution in the average densities of each component in the 2-nm kerogen slit pores during the
whole shale gas recovery process is presented in Fig. 8. During the shale gas recovery process, the
methane and ethane molecules are released continuously both in the pressure drawdown and CO-
injection stages (Figs. 8a-b). The performance of pressure drawdown seems more effective for
methane, while CO: injection performs better on ethane. It should be noted that propane is not released
from the nanopores during the pressure drawdown process, but can only be recovered by CO; injection
(Fig. 8c). As pressure declines, the injected CO2 molecules are released together with the recovered

shale gas (Fig. 8d). For W =4 nm, the average densities of each component during the recovery process
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259  is shown in Fig. 9. In contrast to the results in 2-nm kerogen slit pores, propane molecules are found
260  to be recovered during the pressure drawdown process despite the lower efficiency compared to CO-

261 injection.
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263  Fig. 8. The average densities of each component in the 2-nm kerogen slit pores during the shale gas
264  recovery process. The arrows in the figure indicate the direction of the recovery process.
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Fig. 9. The same as Fig. 8, but for 4-nm kerogen slit pores.

In order to quantify the recovery efficiency of pressure drawdown and CO; injection stages, we
define the recovery ratio 77; as the ratio of the molar density of molecules released during a single
stage to the initial molar density in the kerogen slit pore under 40 MPa before production, which is

given as [14,53,54],

n'released
= rll_initial x100%, 4)

initial

is the molar density of component i recovered from the kerogen slit pore, N, IS

released
where N

the initial molar density of component i in the kerogen slit pore at 40 MPa before production. The
calculated recovery ratios of each component for the five stages in 2 and 4-nm kerogen slit pores are
presented in Fig. 10. In the 2-nm kerogen slit pores (Fig. 10a), it can be seen that for methane, the
recovery ratio of pressure drawdown is higher than that of CO- injection. For the propane molecules,
the recovery ratio has negative values during the pressure drawdown, indicating that there is no

propane released at during that stage, while even some extra propane molecules are adsorbed into the
17
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nanopores. However, the CO: injection can recover the propane efficiently. In the case of the
intermediate component, ethane, the pressure drawdown stages have relatively lower but positive
recovery ratios, compared to the CO> injection processes. The third pressure drawdown stage has the
largest recovery ratio among all the pressure drawdown processes, which can be attributed to the
largest depletion in pressure. In 4-nm kerogen slit pores (Fig. 10b), the propane molecules are released
during the pressure drawdown processes although the recovery ratio is relatively low. For methane and
ethane, slight increases in recovery efficiency of pressure drawdown are found with the increased pore
width, while the recovery ratio of CO. injection slightly decreases. In addition, among the three
pressure drawdown processes, the third one achieves the highest recovery ratio. According to Figs. 8-
9, the average densities of hydrocarbons increase rapidly with pressure at low pressure conditions and
then increase slowly at high pressures. During the implementation of the three pressure drawdown
processes, the pressure continues to decline. The hydrocarbons are slowly released at the beginning
(high pressure) and then rapidly as the pressure further declines. On the other hand, the three pressure
drawdown processes have different pressure declines of 15, 12.6 and 16.5 MPa for the first, second
and third process, respectively (see Table S1). The largest pressure decrease is achieved in the third
pressure drawdown process, which also contributes to the higher recovery ratio.
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Fig. 10. The shale gas recovery ratio in the (a) 2-nm and (b) 4-nm kerogen slit pores during the gas
recovery process.

Fig. 11a shows the total recovery ratios of each component in the presence of CO; injection. The
lightest component, methane has the highest recovery ratio of 69.6% in the 2-nm kerogen slit pores
and 74.9% in 4-nm pores, indicating that the lighter components are preferentially recovered. For three
hydrocarbon components, the total recovery ratio of in the 4-nm kerogen slit pore is higher than that
in the 2-nm kerogen slit pore. This indicates that the increase in recovery ratio of pressure drawdown
is larger than the decrease of CO; injection. To clarify the role of CO: injection in the recovery process,
we calculate the recovery ratio of the process with pressure drawdown only from 40 MPa to 10 MPa.
The recovery ratios between the two processes are compared (Fig. S4). Pressure drawdown mainly
releases the lighter components, such as methane and ethane, but is inefficient for the heavier
component, especially in the small pores. The enhancement in recovery ratio due to CO- injection is
also illustrated in Fig. 11a. The injected CO> significantly enhances the shale gas recovery over all
three components. The largest increases around 60% and 40% are observed for propane in the 2-nm
and 4-nm kerogen slit pores, respectively.

The CO; sequestration ratios during the recovery process are plotted in Fig. 11b. The CO:
sequestration ratio is defined as the molar density of CO2 molecules sequestrated relative to its molar
density in the kerogen slit pores under the initial pressure of the reservoir, namely the maximum molar

density of CO> sequestration in a 40 MPa reservoir, calculated by,

sequestrated
& =—2—x100%), (5)
co,
where néeoq:emted is the molar density of CO. sequestrated in the kerogen slit pore, nf is the

maximum molar density of CO> in the kerogen slit pore at 40 MPa. The CO> sequestration ratio can

be used to describe the extent of CO> sequestration. The CO> sequestration ratio is increased once the
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CO2 molecules are injected and decreased when the pressure drops. Final sequestration ratios of 21.0%
and 14.9% are realized in the 2-nm and 4-nm kerogen slit pores, respectively. Higher CO> sequestration
ratio in the 2-nm kerogen slit pore results from the stronger CO.-wall interaction in the narrower

kerogen slit pores.
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Fig. 11. (a) Total shale gas recovery ratio, 7, in the presence of CO: injection (left y-axis) and

enhanced shale gas recovery ratio, Az, caused by the participation of CO: injection (right y-axis).
(b) the CO> sequestration ratio in the 2-nm and 4-nm kerogen slit pores during the gas recovery process.

In order to better illustrate the underlying mechanism during the shale gas recovery, the evolution
of the density distributions is studied. In 2-nm kerogen slit pores, during the pressure drawdown
process, methane molecules are recovered simultaneously from both the adsorption layers and the
middle of nanopores; CO injection mainly recovers the methane from the adsorption layer (Fig. 12a).
For ethane, the pressure drawdown only recovers the molecules in the middle of nanopores, while
recovery by CO: injection takes place in both the adsorption layers and the middle of nanopores,
especially in the adsorption layer (Fig. 12b). For propane, recovery by COz injection is similar to the
case of ethane. However, as pressure drops, the propane density in the first adsorption layer increases
and only a very small portion in the middle of kerogen slit pore is recovered (Fig. 12c). Besides, CO-
can form strong adsorption layers near the kerogen surface after injection (Fig. 12d).
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336  Fig. 12. Evolution of each component density distributions inside the 2-nm kerogen slit pores during
337  the gas recovery process.

338 The evolution of density distributions inside the 4-nm kerogen slit pores is presented in Fig. 13.
339  In4-nm kerogen slit pores, similar recovery mechanisms as in the 2-nm kerogen slit pores are observed.
340  Moreover, the recovery ratio of pressure drawdown increases in the middle of kerogen slit pores. Due
341  to the weaker fluid-surface interactions in the 4-nm pores, fewer CO2 molecules occupy in the middle
342  of kerogen slit pores, therefore, the recovery ratio of CO: injection is reduced. Overall, the increase in
343  recovery ratio of pressure drawdown is larger than the decrease of CO: injection, thus, the total

344  recovery ratio increases in the 4-nm kerogen slit pores.
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Fig. 13. Evolution of each component density distributions inside the 4-nm kerogen slit pores during
the gas recovery process.

4. Conclusions

In this work, the adsorption of multicomponent shale gas is investigated through GCMC
simulations. The recovery mechanisms and efficiencies of pressure drawdown and CO injection are
investigated. Our simulation results show that for the adsorption of methane, ethane and propane
ternary mixtures in the kerogen slit pores, densities of methane and ethane in the first adsorption layer
increase with increasing pressure, while that of propane displays an opposite trend. Larger confinement
effect due to nanopores is observed on the heavier components due to stronger fluid-surface
interactions. During the shale gas recovery process, propane in 2 nm kerogen slit pores can only be
recovered by CO> injection, while pressure drawdown is able to recover propane from 4 nm kerogen
slit pores but with low efficiency. Pressure drawdown and CO injection take effect in different regions

for different hydrocarbons: pressure drawdown recovers methane in the adsorption layer and middle
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of slit pores, while extracting ethane and propane mainly from the middle of slit pore; injected CO:
mainly displaces hydrocarbons in the adsorption layer. Pressure drawdown tends to extract the lighter
component and CO; injection is efficient in the recovery of heavier hydrocarbons. As pore width
increases, the recovery ratio of pressure drawdown increases, while that of CO; injection decreases.
Besides, the CO» sequestration ratio is higher in narrower kerogen slit pores.

As highlighted by Tesson and Firoozabadi [19], kerogen pore surface roughness may play an
important role in hydrocarbon adsorption and recovery mechanism. In our future work, we would take
into account such surface roughness to study hydrocarbon mixture adsorption and recovery in kerogen
nanopores.
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