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a b s t r a c t

With the increasing demand for petroleum, shale oil with considerable reserves has become an
important part of global oil resources. The shale oil reservoir has a large number of nanopores and a
complicated mineral composition, and the effect of nanopore confinement and pore type usually makes
the effective development of shale oil challenging. For a shale oil reservoir, CO2 flooding can effectively
reduce the oil viscosity and improve the reservoir properties, which can thus improve the recovery
performance. In this study, the method of non-equilibrium molecular dynamics (NEMD) simulation is
used to simulate the CO2 flooding process in the nanoscale pores of shale oil reservoir. The performance
difference between the organic kerogen slit nanopore and four types of inorganic nanopores is discussed.
Thus, the effects of nanopore type and displacement velocity on the nanoscale displacement behavior of
CO2 are analyzed. Results indicate that the CO2 flooding process of different inorganic pores is different.
In comparison, the displacement efficiency of light oil components is higher, and the transport distance is
longer. The intermolecular interaction can significantly affect the CO2 displacement behavior in nano-
pores. The CO2 displacement efficiency is shown as montmorillonite, feldspar > quartz > calcite >
kerogen. On the other hand, it is found that a lower displacement velocity can benefit the miscibility
process between alkane and CO2, which is conducive to the overall displacement process of CO2. The
displacement efficiency can significantly decrease with the increase in displacement velocity. But once
the displacement velocity is very high, the strong driving force can promote the alkane to move forward,
and the displacement efficiency will recover slightly. This study further reveals the microscopic oil
displacement mechanism of CO2 in shale nanopores, which is of great significance for the effective
development of shale oil reservoirs by using the method of CO2 injection.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

As a type of unconventional energy with abundant reserves, the
effective development of shale oil is essential to ensure world en-
ergy supply. The success of the shale oil revolution in the United
States has greatly improved the self-sufficiency of crude oil in
United States, and has focused the world's attention on shale oil
resources (Yang and Jin, 2019). However, the reservoir properties of
shale oil vary greatly compared with the conventional reservoirs.
On the one hand, the pore scale space of shale reservoir is very
troleum Resources and Engi-
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small, mainly composed of nanopores, and microscale and milli-
meter pores only develop locally (Loucks et al., 2009; Feng et al.,
2020). Due to the narrow flow channel and the comparability be-
tween pore size and fluid size, the fluid transportation behavior in
nanopores is easily affected by the porewall surfaces. Specifically,
with the pore size decreases, the confinement effect of porewall on
fluid in the pore is significantly enhanced (Wang et al., 2014; Liu
and Zhang, 2019). On the other hand, the mineral composition of
shale rocks is also complicated, which contains rich organic matter
and a variety of inorganic minerals. The inorganic minerals mainly
include clay minerals (e.g., kaolinite, illite and montmorillonite),
carbonateminerals (calcite, dolomite) and quartz (silica) (Shaw and
Weaver, 1965; Han et al., 2022). Simultaneously, fluid trans-
portation behavior is also greatly affected by the mineral
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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composition because of the apparent interaction between different
types of minerals and fluids. Compared with the conventional pe-
troleum reservoirs, an effective development of shale oil reservoir
is more difficult. But, in decades, with the development of hori-
zontal well and volume fracturing technologies, the petroleum
production from shale oil has increased rapidly in the world
(Chaudhary et al., 2011). However, the commonly-used develop-
ment mode of natural depletion for shale oil reservoirs gradually
faces the problems of low single well productivity, rapid oil pro-
duction declining, and low recovery factor (5%e10%) (Liu et al.,
2022a). Therefore, it is urgent to propose a new development
mode which can effectively improve the recovery performance of
shale oil reservoir.

Researchers have proposed a number of enhanced oil recovery
(EOR) technologies, e.g., miscible gas injection, chemical flooding,
carbonized water flooding and thermal recovery technologies etc.
(Agi et al., 2020; Zhou et al., 2022). Although most of them have
been widely applied in the conventional oil fields, considering the
unique properties of shale oil reservoir, an effective EOR technology
is still challenging. In recent decades, some experimental and
simulation runs have been performed on the EOR processes of shale
oil reservoir, e.g., CO2 flooding, chemical flooding (Liu and Zhang,
2019; Feng et al., 2020; Zhang et al., 2020). Compared with the
other additives, CO2 is one of the most potential mediums, which
can efficiently enter the small-scale pores of shale rocks. Then,
under the mechanisms of reducing oil viscosity, enhancing reser-
voir energy and improving oil flowability, the recovery perfor-
mance can be significantly improved (Jia et al., 2019; Wei et al.,
2020). At present, a series of laboratory experiments and numeri-
cal simulation runs have been conducted on the CO2 injection
process in shale reservoirs (Liu et al., 2022b; Hoffman and Shoaib,
2014; Li et al., 2021). Typically, Kovscek et al. (2008) analyzed the
CO2 displacement process in siliceous shale rocks and discussed the
influence of CO2 miscibility on the displacement efficiency of shale
oil. They found that under a near miscible condition, the recovery
factor of shale oil can be increased by using a countercurrent mode
than a cocurrent flow mode. Fan et al. (2022) conducted a contin-
uous multi-pressure point displacement experiment (progressive
displacement) with nuclear magnetic resonance technology to
simulate the actual continuous CO2 displacement process of shale
reservoirs. Their results indicated that the displacement state was
changed from an immiscible displacement to a near miscible
displacement and then to a miscible displacement with the in-
creases in pressure. The cumulative oil recovery factor can exhibit a
step-like growth trend under the continuous multi-pressure point
displacement process, and the increases in recovery efficiency can
decrease in turn under a different displacement condition. Huang
et al. (2023) conducted the comparative tests between pure CO2
flooding and dimethyl ether (DME) assisted CO2 flooding for shale
oil reservoirs. Simultaneously, they also analyzed the microscopic
recovery characteristics of different injection methods. From their
observation, the shale rocks can be classified into three types (type
I, type II and type III) and their corresponding physical properties,
pore throat structures and percolation capacities were decreased
successively. Comparedwith a CO2 flooding process, a DME assisted
CO2 flooding can present a higher recovery factor. Meanwhile, this
new hybrid recovery process is more pressure-sensitive, and with
the pressure increases, the recovery factor can be increased more
significantly. On the other hand, based on a group of numerical
simulation runs, Wang et al. (2010) evaluated the enhanced oil
recovery (EOR) potential of CO2 flooding in Bakken shale oil res-
ervoirs. Their results indicated that a continuous CO2 flooding after
the primary recovery process is the most effective method to
improve the oil recovery velocity and injection capacity. Zhou et al.
(2019) compared three CO2 flooding technologies through
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experimental and numerical simulation methods, and analyzed the
influence of various parameters on the performance of CO2 flooding
process. Simultaneously, the injection velocity and well pattern of
the target reservoir is also optimized. Aiming at a shale oil block in
Elm Coulee oilfield, Xu and Hoffman (2013) compared the differ-
ence of the recovery performance of transverse hydraulic fractures
wells and longitudinal hydraulic fractures wells. Then, they deter-
mined the breakthrough time, total oil production and final re-
covery factor of CO2 flooding from different hydraulic fractures in
the reservoir. They also provided a comparison to find the optimal
direction of hydraulic fracturing. Although the above studies pro-
vided a large number of important data to understand the CO2
displacement process in shale oil reservoirs, it is still unclear on the
interaction mechanisms between CO2 and oil in the shale nano-
pores by using the existing experimental and numerical simulation
techniques. The particularity of shale rocks indicates the impor-
tance of studying the displacement regulation of CO2 in nanoscale
pores. In addition, the performance of a CO2 injection process is
highly sensitive to the reservoir properties and the complexity of
shale pores, which brings a great uncertainty for the performance
of a CO2 displacement process (Safi et al., 2016; Fang et al., 2017).
Therefore, in order to achieve the effective development of shale oil
reservoir, it is urgent to figure out the CO2 displacement mecha-
nism on the nanoscale level.

Molecular dynamics (MD) simulation, as an effective technique
to study the microcosmic world from the molecular and atomic
levels, can be applied to address the hydrodynamics and thermo-
dynamic properties in the nanopores of oil reservoirs (Dong et al.,
2022; Li et al., 2022; Wang et al., 2016a). Sun et al. (2023) applied
the method of MD simulation to study the displacement behavior
of CO2 to methane and discussed the effects of depressurization
exploitation and injection pressure on the displacement behavior.
They classified the CO2-CH4 displacement behavior into three
stages, including CH4 reverse flow stage, injection pressure action
stage, and positive displacement stage. Zhang et al. (2020) simu-
lated the dynamic transportation process of oil with different
methane fractions through a quartz nanopore throat. They found
that the dissolution of methane can provide a positive effect on the
movement of crude oil in the nanopore throat. Fang et al. (2020)
characterized the miscibility and displacement behavior of CO2/
oil system in three kinds of inorganic slit nanopores by using the
MD simulation method. It was showed that the stability of
displacement front is very important to ensure a smooth trans-
portation process of oil phase. In addition, the mineralogy and oil
composition were also significant for the miscibility state and
displacement process of CO2 flooding. Liu et al. (2017) applied the
non-equilibrium molecular dynamics (NEMD) simulation method
to study the displacement behavior of CO2 on dodecane. They found
that the injected CO2 can preferentially adsorb in the proximity of
the porewall surface and form a layering structure because of the
hydrogen bonds interaction between CO2 and the hydroxyl (�OH)
groups of inorganic porewall. Yan et al. (2017) simulated the
displacement behavior of the injection method of alternating H2O/
CO2 in the quartz slit nanopore of shale oil. They found that the two
different injection fluids can induce a synergistic effect, CO2 can
effectively dissolve the polar oil components from the porewall
surface, and H2O can benefit the stable displacement velocity.
Xiong et al. (2021) used n-decane to represent shale crude oil and
simulated the displacement behavior of four types of injected gases
(CO2, CH4, N2 and C3H8). The results indicated that the injected
gases exhibit great advantage in deep reservoir than that in shallow
reservoir, and CO2 has the strongest displacement ability. Based on
the discussion above, it can be found that the current investigations
about the CO2 displacement behavior and mechanisms in shale
nanopores are still insufficient. In most studies, the shale oil is just



Fig. 1. Type II-C kerogen unit (Ungerer et al., 2015).

X.-H. Dong, W.-J. Xu, H.-Q. Liu et al. Petroleum Science 20 (2023) 3516e3529
simplified as a single oil component model, which is significantly
different from the actual composition of shale oil. Simultaneously,
as another important factor to dominate the oil displacement
behavior in shale rocks, a good understanding on the effect of
nanopore type is also required.

In order to address the above requirements, this study performs
a series of MD simulation runs for the CO2 displacement process of
shale nanoscale pores through a NEMD simulation method. Then,
based on the simulation results, the effect of displacement velocity
and nanopore type on the CO2 displacement behavior in shale oil
reservoirs are analyzed. In Section 2, a kerogen organic pore
displacement model and four different inorganic pore displace-
ment models are firstly developed. And the specific simulation
details are also provided. In Section 3, we conducted a series of MD
simulations to analyze the displacement process of CO2 in the five
types of nanopore models, and investigated the displacement
performance of CO2-shale oil under different conditions. Specif-
ically, the parameters of fluid density distribution, fluid transport
distance, interaction energy and displacement efficiency are
calculated and used as the evaluation indicators. In addition, the
effect of displacement velocity on the CO2 displacement process in
nanopores is also studied. In the last section, the main conclusion
remarks are presented.

2. Molecular models and simulation methods

2.1. Organic slit pore model

Organic matter is the storage and transport space of shale oil
and gas. It indicates that it is very important to explore the
displacement behavior of CO2 and shale oil in organic pores. In
decades, considering the carbon-based properties and pore struc-
ture characteristics of shale organic matter, a large number of MD
simulations applied some simply organic nanopores to represent
the shale organic nanopores, e.g., carbon nanochannels, multilayer
graphene plate slits (Meyer et al., 2007), carbon nanotubes (CNTs)
(Chen et al., 2021) and crystal-arranged carbon atom plates (Chen
et al., 2017) etc. These nanopore models can be used for equilib-
rium molecular dynamics (EMD) simulation to characterize the
adsorption and diffusion characteristics of fluid in shale nanopores
(Wang et al., 2015; Zhang et al., 2019; Li et al., 2019). But for NEMD
simulation runs, the simplified nanopore model is not enough to
satisfy the research requirements of characterizing the fluid
transportation behavior with driving force. Yu et al. (2020a) and
Wu and Zhang (2016) investigated the flow characteristics of hy-
drocarbon gases in graphene nanopores by NEMD simulation. From
their simulation results, an obvious slippage behavior can be found
at the porewall surface, while no slip flow was found in the inor-
ganic nanopores under the same conditions. The phenomenon is
inconsistent with the real reservoir performance and contradicts
with the conclusions of some studies (Zhang et al., 2017, 2019). In
the study of potential energy surface of the porewall, it is found that
the slippage phenomenon does not depend on the interaction force
between gas and porewall, but is related with the roughness of
porewall surface. Because of the simplified structure and smooth
surface of graphene wall, it is difficult to represent the real trans-
port characteristics of the organic nanopores. Therefore, it is
necessary to develop a porewall model which can realistically
represent the characteristics of irregular organic nanopores in shale
rocks. In recent years, the kerogen nanopore model with a
complicated composition and structure are commonly used to
simulate the fluid flow behavior in organic pores.

With the continuous investigation on the organic matter of
shale rocks, its organic composition has been described detailedly
by the experimental means, e.g., X-ray photoelectron spectroscopy
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(XPS) (Canneva et al., 2017), nuclear magnetic resonance (Wang
et al., 2016b) and some other experimental methods (Feng et al.,
2020). The organic matter of shale is mainly composed of
kerogen, and its main elements include hydrogen and oxygen, with
a small amount of the elements of nitrogen and sulfur. From the
microscopic point of view, the structural distribution of kerogen
molecules is complex and the bonding modes of each atom in
kerogen molecules are varied. Depending on the number of CeH
bonds and the number of CeO bonds, kerogen molecules usually
show a ring or chain structure. Yu et al. (2020b) simulated the flow
behavior of methane in three classical kerogen nanopores
(2e8 nm). Their results showed that under different pressure and
temperature conditions, the fluid in nanopores always showed the
non-slip flow characteristics, and the flow behavior was consistent
with the continuous flow theory (NeS equation). Therefore, it is
reasonable to use a kerogenmodel to characterize the organic pores
in NEMD simulation for fluid flow problem. At present, scholars
have proposed the kerogen models with different element ratios
and molecular structures based on the organic matter samples
extracted from different types of shale reservoirs (Bousige et al.,
2016; Wang et al., 2019). Ungerer et al. (2015) established a series
of representative kerogen unit models by combining the thermo-
dynamic parameters obtained from the atomic mechanics and the
volume characteristics obtained from the molecular dynamics,
which shows a good agreement with the experimental results. The
proposed II-C kerogen unit (C242H219O13N5S2) has a high maturity,
which is used to represent the kerogenmodel formed in themiddle
stage of a shale reservoir and meets the requirement of this study,
as shown in Fig. 1.

Spatial data of the kerogen molecular model are obtained and
the consistent valence force field (CVFF) is applied to the kerogen
units (Dauber-Osguthorpe et al., 1988). It is necessary to optimize
the configuration of kerogen molecules to construct the long plate
kerogen slit pore model required for simulation. The simulation
process is shown in Fig. 2. First, a simulated box with a large initial
size of 22 � 5.2 � 10 nm3 is set up, and 24 kerogen molecules are
evenly arranged in the simulated box. The NVT ensemble (a con-
stant particle number N, constant volume V and a temperature
fluctuating around an equilibrium value) is set in the system, and
the initial temperature is set as 330 K and the maximum temper-
ature is set as 900 K. After a series of annealing simulations, the



Fig. 2. Construction process of the kerogen porewall model.
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structure of the kerogen molecules tends to be stable and the
system reaches the equilibrium status. Then, the LJ (Lennard-Jones)
potential energy walls are set at the top and bottom of the z di-
rection of this system, which only retain the repulsive effect on
kerogen molecules to reduce the influence on the structure of
kerogen. The lower wall is fixed to be stationary, and the upper wall
moves vertically and slowly downwards. Then, the kerogen cluster
is compressed longitudinally, and the movement is terminated
once the upper wall moves to the location of z ¼ 1.5 nm. Then, the
same operation is carried out in the x direction. LJ potential energy
walls are set on the left and right sides of the x direction of this
system. The left wall is fixed, and the right wall moves slowly to left,
and the kerogen cluster is compressed laterally. When the right
wall is moved to x¼ 15 nm, thewall is fixed. Finally, the structure of
kerogen is basically stable after 500 ps simulation at 330 K, and the
final configuration is shown in Fig. 2(d). The size of the whole block
kerogen is about 15.0 � 5.2 � 1.5 nm3. The density of the simulated
II-C kerogen is calculated to be 1.19 g/cm3, which is consistent with
the experimental density range of type II kerogen (1.18e1.35 g/cm3)
(Ungerer et al., 2015).

Based on the obtained kerogen porewall model, a slit-like
kerogen nanopore model with a width of 5 nm can be estab-
lished, as shown in Fig. 3. Then, a CO2 system box is added on the
left side of kerogen nanopore. The size of this CO2 box is
Fig. 3. Snapshot of the organic nanopore model (color code:
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9.15 � 5.2 � 8 nm3. And thus, the CO2 molecules are filled in this
box according to the temperature and pressure conditions of 330 K
and 30 MPa. Meanwhile, the kerogen nanopore is filled with a
certain amount of shale oil molecules. For the shale oil components
of this simulation model, an alkane mixture is applied to represent
the oil fluid, which include methane (8 wt%), n-octane (42 wt%),
and n-eicosane (50 wt%). Thereafter, a vacuum layer is set on the
right side to avoid the effect of lateral periodic boundaries. A
pressure plate is placed on the left side of CO2 fluid, and the
movement velocity of plate is set to provide the driving force for the
fluids in nanopores.
2.2. Inorganic slit pore model

For the inorganic nanopore, four different inorganic porewall
models of the shale rocks are established in this paper, including
quartz, feldspar, calcite and montmorillonite porewall molecular
models. A validation process for the different porewall models
developed in this paper can be found in one of our previous pub-
lications (Dong et al., 2023). Therefore, four kinds of inorganic slit
nanopore models of quartz, feldspar, calcite and montmorillonite
can be developed.

First, a-SiO2 is a common type of quartz crystals in nature. The
crystal parameters a, b and c are 0.49965, 0.49965 and 0.5457 nm,
yellow, methane; red, octane; blue, eicosane; pink, CO2).
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respectively. The angle parameters a, b and g are 90�, 90� and 99�

(Goumans et al., 2007). The crystal surface (1 0 0) is cut to obtain a
stable crystal structure. The porewall surface is completely hy-
droxylated. The quartz mineral model is shown in Fig. 4(b), and the
porewall size is 14.7 � 5.2 � 1.4 nm3. Then, the molecular formula
of K-feldspar is KAlSi3O8, which belongs to the monoclinic crystal
system. This crystal system consists of AleO and SieO tetrahedra,
each one centered on an Al or Si metal ion and sharing four oxygen
atoms with the surrounding tetrahedra, and the metal ion Kþ is
located in the structure of the tetrahedra to balance the negative
charge (Soni and Patey, 2019). For this crystal system, the common
crystal surface (0 0 1) is selected to cut (Kerisit and Liu, 2012), and
the porewall surface of feldspar is also hydroxylated. The porewall
size of feldspar mineral model (Fig. 4(b)) is 14.5 � 5.1 � 1.6 nm3.
Third, the molecular formula of calcite crystal is CaCO3, which be-
longs to the triangular crystal type. The crystal parameters a, b and c
are 0.499, 0.499 and 1.706 nm. The angle parameters a, b and g are
90�, 90� and 120� (Yang et al., 2008), and the space group is R-3c.
The calcite crystal is cut along the (1 0 4) surface, and the porewall
size (Fig. 4(b)) is 14.6 � 5.0 � 1.2 nm3. Finally, montmorillonite is a
2:1 clay mineral. When there are two SieO tetrahedral, it will be an
AleO octahedral at the same time (Hu et al., 2014). Na-
montmorillonite is a common type in shale. It belongs to the
monoclinic system. And the molecular formula is Na0.75(Al0.25-
Si7.75)(Al3.5Mg0.5)O20(OH)4. The crystal parameters a, b and c are
0.523, 0.906 and 0.960 nm. The angle parameters a, b and g are 90�,
90� and 99�. The space group is C2/m. The model is cut along the (0
0 1) surface, and the size of porwall model is 14.7 � 5.3 � 1.5 nm3.
The model structure is shown in Fig. 4(b).

The size settings and simulation parameters of the inorganic
nanopore model are consistent with the kerogen organic nanopore
model developed in Section 2.1. Similarly, a slit-like nanopore
model with thewidth of 5 nm is established and it is also filled with
the fluid molecules. The developed inorganic nanopore model is
shown in Fig. 4(a).
Fig. 4. (a) Snapshot of the inorganic nanopore model, taking the montmorillonite por
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2.3. Simulation details

Molecular force field, also known as potential function, is usu-
ally applied to calculate the interparticle force in MD simulation
runs, which needs to ensure a good computational efficiency and a
high computational accuracy. Generally, the total potential energy
can be expressed as the sum of four potential energies:

Etotal ¼ Ebonds þ Eangles þ Edihedrals þ Enonbonded (1)

where Etotal is the total potential energy, kcal/mol, which includes
bond energy Ebonds, angle energy Eangels and dihedral angle energy
Edihedralsl, as well as non-bonded potential energy Enonbonded of van
der Waals interaction and charge interaction. The differences be-
tween force field models are reflected in the specific forms of
functions and parameters of force fields. For OPLS force field, each
potential energy term can be expressed as:

Ebonds ¼
X
bonds

Krðr � r0Þ2 (2)

Eangles ¼
X
angles

Kqðq� q0Þ2 (3)

Edihedrals ¼
c1
2
½1þ cosð4Þ�þ c2

2
½1þ cosð24Þ�þ c3

2
½1þ cosð34Þ�

þ c4
2
½1þ cosð44Þ�

(4)

Enonbonded ¼
X
i> j

8<
:4εijfij

2
4 sij

rij

!12

�
 
sij
rij

!6
3
5þ qiqje2

rij

9=
;，r< rcut

(5)
ewall as an example; (b) Porewall structures of four types of inorganic minerals.
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In this study, a TraPPE (transferable potential for phase equi-
librium) force field is used for CO2 fluid, in which CO2 molecules
have rigid constraints and no intramolecular interactions (Liu and
Wilcox, 2012). A OPLS (optimized force field for liquid simula-
tions) force field is used to simulate the potential energy of shale oil
fluids, which is highly reliable for simulating the thermodynamic
properties of small organic molecules (Jorgensen et al., 1984). The
united atom force field (OPLS-UA) is adopted to represent methane
(CH4), methyl (eCH3) and methylene (eCH2) by a single atom (Etha
et al., 2021), which not only ensures a high computational accuracy
but also improves the simulation efficiency. For the four types of
inorganic pore models, calcite porewall is calculated by using the
potential function equation established by Xiao et al. (2011), which
simplified the calculation process by using the LJ potential function
instead of the Buckingham potential function for the force field. In
this study, the quartz, montmorillonite, and feldspar porewalls are
described by using the ClayFF model. For inorganic minerals, the
ClayFF is one of the most commonly-used models. Compared with
the results of first principles, it has a high consistency and can well
predict the adsorption isotherms of small molecules alkanes on the
inorganic porewalls (Cygan et al., 2004). For the interaction pa-
rameters between different atoms, the Lorentz-Berthelot mixing
rule is used, and the cutoff radius is set as 1.2 nm. The PPPM (par-
ticle-particle-particle-mesh) algorithm is used to calculate the
long-range electrostatic force.

For all the MD simulation runs in this paper, the open source
software LAMMPS is applied (Prieve and Russel, 1988). Before
simulating the displacement process, a 1 ns equilibrium simulation
run is firstly carried out for alkanes in nanopores under a NVT
ensemble to simulate the effect of alkanes adsorption behavior in
the real reservoir pores. Then the displacement speed can be set
through the pressure plate on the left side of CO2 fluid. It can drive
the shale oil in the slit-like nanopore along the direction of x axis
(right front). The system temperature is always set as 330 K and the
time step is set to 1 fs. And the data analysis is recorded every 1000
steps.

3. Results & discussion

In this section, the results of MD simulation runs for the CO2
displacement process in five different types of shale nanopore
models are discussed. Simultaneously, the effect of CO2 displace-
ment velocity is also discussed. In this process, from the results of
fluid density distribution and interaction energy, the displacement
mechanism of CO2 at nanoscale pores for the shale oil reservoirs
can be obtained.

3.1. Oil displacement behavior in inorganic nanopores

Firstly, the MD simulation results of CO2 in the four inorganic
nanopores are discussed. In these cases, the displacement velocity
is set as 4 m/s, and the fluid movement behavior within 2 ns is
discussed. The motion states of fluid molecules during the
displacement process are shown in Fig. 5. Based on the snapshots,
the displacement characteristics can be intuitively analyzed. At the
initial stage of displacement process, the CO2 molecules advances
forward and gradually dissociates the alkane molecules adsorbed
on the porewall surfaces. From Fig. 5, it can be observed that for the
porewall surfaces of feldspar and montmorillonite, only a small
amount of alkanes remain after the displacement process. It in-
dicates that CO2 has a large capacity to separate and displace the
alkanes on these porewall models. Simultaneously, the CO2
displacement phase in the both nanopore models also shows a
stable displacement front and a large displacement distance. In
contrast, for calcite and quartz porewall surfaces, it can be found
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that the molecules of octane and eicosane are attached on the
porewall surfaces, and an oil adsorption film can be observed
forming on the left side of the porewall models. It impedes the
forward advance of CO2 around the porewall surfaces and has a
negative effect on the displacement of alkanes in the pores. With
the displacement process continues, the difference of displacing
phenomena in pores increase further. The total number of alkane
molecules attached on the calcite porewall surface is increased, and
meanwhile, the CO2 molecules tends to accumulated in the pore
center. This phenomenon can result in the continuous break-
through of displacement front. Thus, a channeling behavior of CO2
molecules can be observed. It indicates that an ineffective
displacement process has been reached for the subsequent CO2
molecules. On the other hand, it can be also found that among the
four different nanopore models, the CO2 molecules in the mont-
morillonite nanopore shows a higher displacement speed, and the
CO2 molecules in this case reaches the outlet of nanopore firstly.
The CO2 fluid displacement state in the feldspar pore is stable, and
the residual amount of alkane on the porewall is the least, so the
shape change of the displacement front in the feldspar pore is the
least. Compared with the first two types of pores, the residual oil on
the porewall of quartz pores is the most, and the displacement
effect is slightly poor.

Fig. 6 provides the density distributions of octane and eicosane
along the x direction at different displacement times. It can be
found that with the displacement time increases, both the density
peaks of octane and eicosane can move forward, this indicates that
an effective displacement process has been developed. But the
changing behavior for the densities of octane and eicosane is
significantly different. In comparison, the density peak of octane is
higher, and the changing process of its peak value is less affected by
the displacement time. Simultaneously, the final density peak of
octane is narrower in the x direction and closer to the nanopore
outlet. This means that octane has a long transportation distance
during the displacement process, and an effective displacement is
obtained. But with the increase in displacement time, the density
peak of eicosane becomes wider and its peak value decreases
rapidly. Compared with octane, the shape of the density peak for
eicosane is low and flat. Therefore, the residual eicosane on the
surface of inorganic porewall is more widely distributed and
abundant during the displacement process, and the displacement
efficiency of CO2 on eicosane is lower than that of octane.

On the other hand, from Fig. 6, it can be also observed that the
displacement characteristics in the four different inorganic nano-
pores differ significantly. The displacement effect is relatively better
for the nanopores of montmorillonite and feldspar, the peak den-
sities of octane and eicosane at the end of the displacement process
(2 ns) in these two types of pores are higher than those exhibited in
calcite and quartz pores, and almost no residual alkanemolecules is
observed around the nanopore entrance (3 nm). The density peaks
of the two alkanes for the montmorillonite nanopores can move
closer to the outlet, which indicates that the transportation dis-
tance is higher. In contrast, the peak density of octane in the
nanopores of calcite and quartz is lower, and some residual octane
molecules can be observed from the pore inlet. Meanwhile, a more
obvious distribution behavior can be also observed for eicosane. For
the calcite nanopore, eicosane is difficult to find an obvious peak,
and the density curve is approximately shaped as a trapezoidal
state. Simultaneously, compared with octane, the transportation
distance of eicosane molecules is obviously lower, and no eicosane
molecules can be observed from the nanopore outlet.

Fig. 7 gives the interaction energies between differentmolecules
at different times during the displacement process. It can benefit to
understand the results of CO2 displacement behavior in nanopores.
Here, the interaction energy between shale oil and porewall surface



Fig. 5. Simulated snapshots in the four inorganic nanopores during the displacement process. The color markings are CO2 (green), methane (yellow), octane (red), and eicosane
(dark blue).
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and the interaction energy between shale oil and CO2 are mainly
concerned. The former reflects the adsorption strength of porewall
for fluid molecules. The larger EALKANES-WALL is, the more easily
alkane is adsorbed on the porewall surface and the more stable the
adsorption state is. For a higher EALKANES-WALL case, it is difficult for
CO2 to displace and separate alkanes adsorbed on the porewall
surface, thus destroying the stability of the displacement interface.
In contrast, the latter mainly represents the mixing ability of CO2
and shale oil components. The larger EALKANES-CO2

is, the more
easily CO2 and alkanes are miscible. It can result in a miscible
displacement process, which is conducive to stabilize the
displacement front. From Fig. 7, it can be found for the calcite
nanopores, the value of EALKANES-WALL is the highest, and
EALKANES-WALL > EALKANES-CO2

, which leads to the formation of an
alkane adsorption layer easily on the porewall surface. Therefore, a
CO2 fingering phenomenon can be observed, and thus the
displacement efficiency is low. It also explains the formation
mechanism of CO2 gas channeling in the calcite nanopore in the late
stage of the displacement process in Fig. 5. For the other three types
of nanopores, the value of EALKANES-CO2

is higher, which leads to a
better displacement effect, and CO2 fluid can always maintain slug
displacement in the pores. In addition, from Fig. 7, it can be
observed that EALKANES-WALL in a feldspar nanopore is the smallest.
Therefore, the adsorption strength of alkane molecules on the
porewall surface is small. During the displacement process, the
interaction between CO2 and alkanes can plays a dominant role.
Simultaneously, from Fig. 5, it can be found that the displacement
front of CO2 in the feldspar nanopore is stable and the porewall
surface has the least residual oil components.

3.2. Oil displacement behavior in organic nanopores

In this section, the MD simulation results of CO2 in the organic
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nanopores are discussed. The simulation conditions are consistent
with that in the inorganic nanopores, and the displacement ve-
locity is also set as 4 m/s. The motion states of fluid molecules
during the displacement process are shown in Fig. 8. During the
displacement process, CO2 molecules can enter the nanopores with
the push of pressure plate and drives shale oil molecules to move
forward. During the displacement process, it can be observed that a
large number of alkanemolecules are still adsorbed on the porewall
surface, and the displacement effect is not good. This oil film layer
attached on the porewall surface are widely distributed from the
inlet to the outlet. And compared with the results of the four
inorganic nanopores in Fig. 5, the residual oil components on the
kerogen organic porewall surface have the largest distribution. This
also causes a serious ununiform of the flow velocity of CO2 across
the nanopore. Thus, the degree of gas fingering is aggravated, and
finally the phenomenon of gas breakthrough can be observed (see
Fig. 8(c)).

Fig. 9(a) shows the density distributions of octane and eicosane
in the organic nanopore along the x direction. With the increase in
displacement time, the peak density of octane decreases obviously.
At the end of the displacement process (2 ns), the peak density of
octane is only 0.16 g/cm3, and the peak density in the other four
inorganic pores at the same moment is 0.18e0.30 g/cm3. The
transport distance of octane in the pore is less than that in the four
inorganic pores, and no octane molecules move to the exit end of
the pore. The density variation of eicosane in the pore is similar to
that in the calcite pore, with short displacement distance and more
residual alkanes on the surface. The transport distance of this
alkane fluid is expressed by calculating the change value of the
center of mass (COM) of the alkane in the x direction, as shown in
Fig. 9(b). A longer transport distance of fluid within the same time
also represents a larger displacement velocity of the fluid caused by
CO2 in the pore. The transport distance of octane and eicosane in



Fig. 6. Density distribution of alkanes. (a) Calcite; (b) Montmorillonite; (c) Quartz; (d) Feldspar.

Fig. 7. Comparison of the interaction energy between shale oil and CO2 and between
shale oil and porewall surface.
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kerogen pores is the shortest, while the transport distance of al-
kanes in the four inorganic pores is montmorillonite >
feldspar > quartz > calcite, which is consistent with the analysis in
Section 3.1. According to the above analysis, the displacement effect
of CO2 on alkanes in organic pores is obviously weaker than that in
inorganic pores.

The interaction energies between shale oil and porewall and
between shale oil and CO2 in kerogen pores are calculated, and the
results are shown in Fig. 10(a). It is found that the EALKANES-WALL
changes more with the increase in displacement time. It is because
of the strong adsorption ability of the kerogen porewall to alkane,
which leads to the continuous adsorption of alkane on the porewall.
In the initial phase of displacement, the adsorption sites are usually
occupied by eicosane with longer carbon chains. With the increase
in the contact area between the alkane and the porewall, more
octane can be adsorbed on the porewall. Therefore, it can be seen
that the scatter is moving more and more to the EALKANES-WALL side.
Stronger EALKANES-WALL and weaker EALKANES-CO2

in the interaction
energy resulted in poor displacement performance in the kerogen
pore. The total CO2-wall interaction energy in each pore is also
calculated (Fig. 10(b)), which can represent the adsorption capacity
of the porewall for CO2. Compared with the four types of inorganic
pores, the interaction energy between kerogen porewall and CO2 is
the smallest. This means that CO2 is difficult to separate and desorb



Fig. 8. Simulated snapshots in the organic nanopores during the displacement process. The color markings are CO2 (green), methane (yellow), octane (red), and eicosane (dark
blue).

Fig. 9. (a) Density distributions of alkanes in the organic pore; (b) Transport distances of alkanes in the x direction.

Fig. 10. (a) Comparison of interaction energies between shale oil and CO2 and between shale oil and porewall surface in the system; (b) Total interaction energies between CO2 and
porewall surface.
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alkanes from the kerogen porewall surfaces. However, the inter-
action energy of CO2-wall cannot completely represent the
displacement capacity of CO2-wall. The calcite porewall has the
highest interaction energywith CO2. For static system, that is, when
no driving force is applied, CO2 has excellent displacement ability
for alkanes after full contact with calcite porewall (Dong et al.,
2023). However, under the action of external driving force, the
contact time between CO2 and the porewall is limited, so the
3524
displacement performance of CO2 on the adsorption of alkanes on
the porewall is not satisfactory.

A quantitative index is set for CO2 displacement capacity in
different pores: the displacement efficiency, ED, and the displace-
ment behavior of CO2 to shale oil can be described quantitatively by
the displacement efficiency. The CO2 displacement capacity can be
expressed by the displacement transport length of the alkanes in
the x direction. In the simulations, the pushing length of the
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pressure plate used to provide driving force in the simulation is
8 nm, so the effective displacement of the alkanes is defined as the
displacement distance equal to or greater than 8 nm. This means
that the trajectories of the particles are counted in the COM, and if
the particle moves no less than 8 nm in the x direction, the particle
is identified as an effective displacement. The ND1 represents the
number of atoms of displaced alkanes and the ND2 represents the
number of atoms of undisplaced alkanes remaining. The displace-
ment efficiency can be calculated using the following formula:

ED¼ND1 = ðND1 þND2Þ (6)

The calculation results of displacement efficiency in the five
pore systems are shown in Fig. 11. Overall, the displacement effi-
ciency of the inorganic pores is higher than that of the organic pore,
and the displacement efficiency of CO2 for octane is significantly
higher than that of eicosane. The displacement efficiency of the four
inorganic pores is very different. Comparing the feldspar system
with high displacement efficiency and calcite with low displace-
ment efficiency, the displacement efficiency of octane of the former
is 1.77 times higher than that of the latter, and the displacement
efficiency of eicosane is 4.70 times higher than that of the latter. The
overall order of displacement efficiency is montmorillonite,
feldspar > quartz > calcite > kerogen.
3.3. The effect of displacement velocity

Considering the significant influence of displacement velocity
on CO2 displacement behavior, a series of MD simulations are
conducted to change the CO2 displacement velocity. The above
study shows that the CO2 displacement effects of the four inorganic
pore systems can be divided into two categories: the displacement
effect of CO2 in the pores of montmorillonite and feldspar is good,
but the displacement effect of CO2 in the pores of calcite and quartz
is weak. In order to make the analysis clear and more targeted,
kerogen pore, feldspar pore and calcite pore are selected as the
research targets. The displacement velocity is set as 2, 4, 6 and 8 m/
s, respectively, and the motion trajectory of alkanes at 8 nm is
observed. From the simulation results, the displacement mecha-
nism of CO2 and shale oil at the molecular level could be obtained.
Fig. 11. The displacement efficiency of octane and eicosane in the pores.
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As shown in Fig. 12, fluid motion states in the pores can be
observed under different displacement velocities. When the
displacement velocity is 2 m/s, the transport distance of alkanes in
each pore is the longest, and the feldspar pore shows the most
prominent performance. The white dashed line in the Fig. 12 rep-
resents the boundary at the exit end of the pore, and it can be seen
that many octane molecules have been displaced out of the pore. It
can also be observed that more alkanes are dissolved in the CO2
slug in each pore at this time. This indicates that alkanes and CO2
have good miscibility, which is conducive to the overall displace-
ment of CO2 for shale oil. With the increase in displacement ve-
locity, the transport distance of alkanes in the pores decreases, and
the residual number of alkanes on the porewall increases. It can be
concluded that with the increase in CO2 displacement velocity, the
adsorption capacity of the porewall for CO2 is decreases. It is
difficult for CO2 fluid to effectively displace and separate the al-
kanes on the porewall, and the residual oil layer formed by the
porewall occupies the movement space of CO2. Therefore, CO2
tends to move away from the porewall, and the overall displace-
ment capacity of alkanes is weakened. In addition, it is noteworthy
that when the displacement velocity is 8 m/s, although the overall
displacement length of the fluid is relatively short for the kerogen
and calcite pore systems with relatively weak CO2 displacement
effect, the amount of residual oil near the pore entrance decreases
significantly. It may be because at this time, the displacement rate is
very high, and the driving force of CO2 on the alkanes is increased,
so the strong thrust generated on the alkanes forces them to move
forward.

Fig. 13 shows the density distributions of octane and eicosane in
the x direction in the three types of pores. When the displacement
velocity is 2m/s, for the kerogen and feldspar pores, comparedwith
the displacement performance of 4 m/s previously analyzed, the
density peaks of octane and eicosane are significantly shifted to the
right, and the transport range of alkanes is increased. In addition,
some alkanes are present at the pore outlet, which is not observed
at 4 m/s. For the calcite pore, it is found that the density of octane
near the entrance end of the pore decreases, while the density near
the exit end of the pore increases. It indicates that the amount of
residual octane on the porewall decreases and the number of oc-
tanes with high displacement distance increases. When the
displacement velocity is 8 m/s, it can be directly observed that the
density peaks of the two alkanes in all pores shift to the left, and the
change degree of octane is greater. It is due to the better
displacement effect and easier transport of octane than eicosane in
the systems. The transport range of alkanes is reduced, which has
the most obvious effect on the kerogen pore. The maximum
transport distance of octane in x direction decreases from 15 nm at
2 m/s to 12.6 nm at 8 m/s, and eicosane decreases from 14.4 nm to
11.4 nm. In general, a lower displacement velocity is beneficial to
CO2 displacement behavior. When the displacement velocity in-
creases, the displacement effect of CO2 on alkanes is weakened, and
the transport length of alkanes decreases.

The interaction energy in the system is calculated to study the
energy difference between EALKANES-CO2

and EALKANES-WALL, which is
used to indicate the strength of CO2 displacement ability for alkanes
in the systems. When the value is less than 0, it indicates that the
interaction between CO2 and alkanes is stronger and the
displacement ability is better. On the contrary, alkanes are more
likely to be affected by the porewall surface, which is adsorbed on
the porewall and not easy to be displaced. The calculation results
are shown in Fig. 14(a), and the gray dotted line is the dividing line
between the two interaction energies. With the increase in
displacement velocity, the curves basically show a decreasing
trend. For the feldspar and calcite pores, the value is always nega-
tive. It indicates that although the CO2 displacement capacity



Fig. 12. Simulated snapshots in the three types of pores in the displacement process.

X.-H. Dong, W.-J. Xu, H.-Q. Liu et al. Petroleum Science 20 (2023) 3516e3529
decreases with an increase in the velocity, the system can still
maintain a good displacement effect. In contrast, the condition is
satisfied only for a displacement velocity of 2 m/s in the case of
kerogen pore. Therefore, for the kerogen pore, the displacement
velocity has an important effect on CO2 displacement behavior.
Fig. 14(b) shows the transport distances of octane and eicosane in
the x direction at different displacement velocities. It can also be
found that with the increase in displacement velocity, the transport
distance value in the x direction decreases. However, when the
displacement velocity is 8 m/s, the curves in Fig. 14(a) and (b) both
increase slightly, which is consistent with the analysis in Fig. 12.

The calculation results for the displacement efficiency of the two
alkanes are shown in Fig.15. As shown, as the displacement velocity
is small, the displacement efficiency is relatively higher. As the
displacement velocity increases, the values of displacement effi-
ciency for the two alkanes decrease significantly. The declining
degree is feldspar > calcite > kerogen, and the declining rate of
octane is higher than that of eicosane. But once the displacement
velocity is very high, as shown in the Fig. 15 at 8 m/s, the strong
driving force can promote the alkane to move forward, and the
displacement efficiency will recover slightly.
4. Conclusions

In this study, five different types of CO2 displacementmodels are
developed, including kerogen pore model and four types of inor-
ganic poremodels (quartz, feldspar, calcite andmontmorillonite). A
NEMD simulation method is used to address the CO2 displacement
behavior and displacement rule in shale nanopores. Based on the
simulation results, the effect of displacement velocity and nano-
pore type on CO2 displacement behavior is discussed. The main
concluding remarks are as follows:

(1) For the inorganic pores, the displacement effect of CO2 on
alkanes is significantly different, and the displacement effi-
ciency of CO2 for octane is significantly higher than that for
eicosane. Compared with the heavy components in shale oil,
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CO2 has a better displacement effect on light components,
and the light components have a longer transportation dis-
tance. The interaction energy between molecules has a great
influence on the CO2 displacement behavior in the pores. The
interaction energy between alkanes and porewall surface in
the calcite pores is stronger than that between shale oil and
CO2. It leads to an obvious CO2 fingering phenomenon in the
pore and finally a gas channeling process can be developed.
Simultaneously, in comparison, the interaction energy be-
tween alkanes and porewall surface in the feldspar pores is
reduced by about 5 times than that in the calcite pores. It
indicates that a higher displacement efficiency can be ob-
tained in the feldspar nanopores.

(2) The displacement effect of CO2 for alkanes in the organic
pores is weaker than that in the inorganic pores. The peak
density of octane in the organic pore is only 0.16 g/cm3, and
the peak density in the other four inorganic pores is
0.18e0.30 g/cm3. The interaction energy between kerogen
porewall and CO2 is the smallest, which makes it the most
difficult for CO2 to separate and desorb the alkanes from
kerogen porewall. The CO2 displacement efficiency is shown
as montmorillonite, feldspar > quartz > calcite > kerogen.

(3) The lower displacement velocity makes alkanes and CO2
have better miscibility, which is conducive to the overall
displacement of CO2 to shale oil. With the increase in
displacement velocity, the transport distance of alkanes in
the pores decreases, and the residual number of alkanes on
the porewall increases. With the increase in displacement
velocity, the displacement efficiency of alkanes will decrease
significantly. But once the displacement velocity is very high,
the strong driving force can promote the alkane to move
forward, and the displacement efficiency will recover
slightly. In comparison, the displacement efficiency of al-
kanes in feldspar nanopore can be increased by about 20%
than that in the kerogen and calcite nanopores.



Fig. 13. Density distributions of alkanes at different displacement velocities of (a)e(c) 2 m/s, (d)e(f) 4 m/s, and (gei) 8 m/s in three types of pores (kerogen (left), calcite (middle)
and feldspar (right)).

Fig. 14. (a) Distribution of interaction energy EALKANES-CO2
� EALKANES-WALL in the systems; (b) Transport distances of alkanes in the x direction.
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Fig. 15. Displacement efficiency of octane and eicosane in pores at different displacement velocities.
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