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Abstract:

As CO; injection can enhance the efficiency of shale oil extraction and reduce CO;
emissions, it has been utilized widely in the development of shale oil resources. Minimum
miscible pressure is an important parameter describing the miscibility of CO, and shale
oil, which is of great importance for determination of CO; injection strategy. However,
due to the unclear phase boundary caused by the confinement effect in shale nanopores,
it is difficult to determine the minimum miscible pressure of CO; and shale oil. In
this study, a new minimum miscible pressure estimation method is constructed, that is
suitable for nanopores based on the significant co-evolution of pore wall adsorption and
confined-bulk phase interactions. This method can mitigate the limitations of traditional
minimum miscible pressure calculation methods relying on fluid interfaces. Furthermore,
the confinement effects on the miscibility process are analyzed using a theoretical method
and molecular dynamics simulation on the microscopic scale. The results demonstrate
that the minimum miscible pressure of CO; and shale oil initially decreases as the pore
size decreases. When the pore size decreases to a certain extent, the minimum miscible
pressure increases with the thickness of the adsorbent layer rising and the CO; diffusion
coefficient decreasing. Temperature elevation raises the minimum miscible pressure as it
intensifies molecular thermal motion, weakens fluid adsorption, and reduces interaction
energy, which are not conducive to miscibility. This study can provide an essential basis
for the optimization of CO; injection pressure in shale oil reservoir development.

1. Introduction

Due to the increasing global energy demand, public in-
terest has grown in the development of unconventional en-
ergy resources, such as shale oil and shale gas, which can
complement fossil fuels to some extent. Horizontal drilling

and hydraulic fracturing have enabled hydrocarbon production
from unconventional reservoirs (Hou et al., 2019; Hui et
al., 2023; Li et al., 2023). However, the recovery factor is still
low because of the micro- and ultra-microscale pore structures
in shale reservoirs (Dong and Hoffman, 2013; Pi et al., 2023).
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Recently, CO;, has often been injected into shale formations
to extract more hydrocarbon, attributed to its special physical-
chemical properties (Rogala et al., 2014; Edwards et al., 2015;
Alafnan, 2022). CO; is usually in a supercritical state under
typical reservoir conditions; its density is similar to that of
liquids and its viscosity is close to that of gases (Yu et
al., 2020). Therefore, CO, in this state has strong diffusivity
and can enter pores larger than its molecular diameter. When
it contacts with shale oil in nanopores, it can dissolve in the
oil. As a result, the viscosity of shale oil will decrease and a
certain amount of unmovable oil can become movable (Liu et
al., 2015; Zhang et al., 2020b; Wan et al., 2024). Furthermore,
the injected CO; can also be stored in shale formations. As
such, CO,-enhanced shale oil recovery (CO,-ESOR) can not
only improve the recovery efficiency but also reduce emissions
of anthropogenic CO».

Currently, there are two common methods for CO,-ESOR,
including CO, miscible flooding and CO; immiscible flood-
ing. These two are distinguished by the minimum miscibility
pressure (MMP), which helps to determine whether injected
gas and shale oil can achieve a miscible state at the reservoir
temperature. When the displacement pressure reaches the
MMP, the interface between CO, and shale oil disappears
and the two phases become a homogeneous single phase in
the system. Thus, both the interfacial tension (IFT) between
the oil and CO, phases and the capillary force decrease to
zero. As a result, the theoretical displacement efficiency is
improved, which indicates a higher recovery of shale oil. When
the displacement pressure is below the MMP, the interface
between CO, and shale oil still exists. On the one hand, a
portion of the injected CO, dissolves in shale oil; on the other
hand, a fraction of light components in shale oil evaporates
into CO,. Thus, the oil volume expansion can be observed,
and the oil viscosity and the IFT between CO, and shale oil
decrease correspondingly (Yuan et al., 2023). Although the
oil displacement efficiency shows an overall improvement,
it is still much lower than that of CO; miscible flooding
(Lashgari et al., 2019). Therefore, to determine the CO,
injection strategy, it is of great significance to estimate the
MMP in the CO;-shale oil system.

Unlike in conventional reservoirs, large numbers of micro-
and ultra-micropores exist in shale reservoirs (Li et al., 2016,
2018; Wu et al., 2016). The confinement of pore walls on
fluid in shale reservoirs can lead to dramatic changes in the
fluid properties, such as IFT and critical point, which makes
the mixing process of CO; and shale oil within the nanopores
different from that of their bulk phases (Dong et al., 2023).
Huang carried out experiments on the mixture of CO; and
shale oil within nanopores (Huang et al., 2020) and found
that the MMP at the nanopore scale was larger than that at
the micrometer scale. This is because the perturbation of phase
interface within the nanopore is mainly dominated by the flow
induced by the pressure gradient. The flow velocity decreases
at the phase interface in nanopores, and the perturbation of
phase interface becomes weaker. Therefore, the mass transfer
between CO, and shale oil is limited. Additionally, the inhibi-
tion of miscibility can be observed as the pore size decreases
from 5 to 2 nm, which is attributed to the adsorption layer of
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shale oil (Fang et al., 2019; Sun et al., 2023). In smaller pores,
the amount of adsorbed shale oil increases, and the amount
of free shale oil decreases correspondingly. Therefore, the
miscibility of CO, and shale oil is weakened in pores smaller
than 5 nm. However, the miscible state can still be easily
achieved compared to the bulk phase. Different conclusions
were obtained by other scholars, who reported that, based on
the semi-analytical Equation of State (EOS), the miscibility
of the CO, and shale oil system is enhanced as the pore
size decreases (Zhang et al., 2018b). Moreover, the effect of
nanopore size on MMP was analyzed using the modified Peng-
Robinson EOS: The MMP increased rapidly with increasing
pore size when the pore size was smaller than 10 nm, while
this increasing trended tends to slow down when the pore size
increased to a certain value (Bu et al., 2023). Therefore, the
effects of confinement on the mass transfer between CO, and
oil phases and the miscibility of CO; and oil in the confined
pore are still unclear and need to be further investigated.

As reported in the literature, the MMP can be determined
by various experimental techniques, such as slim-tube tests
(Hawthorne et al., 2016; Dong et al., 2019; Abdurrahman et
al., 2023), the rising bubble apparatus (Safaei et al., 2021),
and the vanishing IFT (VIT) (Hawthorne et al., 2020; Lv
et al., 2023). However, these experimental systems for MMP
prediction are complex and time-consuming (Liu et al., 2025),
and they cannot accurately determine the MMP in confined
pores. Since the pore size in shale reservoirs ranges from 5
to 1,000 nm (Firouzi et al., 2014), some empirical models
ranging from temperature-dependent to multifactor-dependent
ones were developed for a convenient estimation of the
MMP under the reservoir conditions (Hassan et al., 2019;
Mohammadian et al., 2024). Zhang et al. (2018a) proposed
a correlation that considers the effect of confined space.
Moreover, theoretical models based on the EOS, such as
Peng-Robinson EOS and cubic EOS coupling the effects of
pore size distribution, capillary pressure, critical point shift,
and confinement, were developed for the MMP calculation
(Sun and Li, 2019). Among them, the modified method of
characteristics developed by Teklu et al. (2014) was found to
be promising for the MMP determination in confined pores.
However, the volume translation model was not considered in
the algorithm and this can lead to inaccurate phase density
in the confined pore, further resulting in the incorrect deter-
mination of MMP for the CO, and shale oil in nanopores.
Besides, the development of these empirical models is usually
dependent on experimental data, and they cannot be applied
under some complex scenarios.

Recently, molecular dynamics (MD) simulation has shown
great benefits in describing gas-liquid-solid intermolecular
interactions. This method can be used to investigate physical
phenomena in shale reservoirs, such as adsorption, wetting and
flow, from the microscopic perspective (Zhang et al., 2020a;
Yu et al., 2021). Some researchers conducted MD simulations
for the MMP calculation, providing supplementary results to
experiments (Peng et al., 2018; Wang et al., 2018; Wu et
al., 2024). Similar to experimental techniques, the VIT method
is employed in these studies: The IFT is determined by MD
simulations and plotted with different pressures, and the MMP
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Fig. 1. (a) Snapshot of the kerogen type II-D unit mode and (b) kerogen slit pore with a pore size of 3 nm.

corresponds to the pressure when the IFT is zero. The MD
simulations mentioned above investigate the miscibility in
the bulk phase. As for nanopores, the interfacial thickness
is determined on the basis of the Gibbs dividing surface to
characterize the miscible process of CO, and n-decane (Fang
et al., 2019). When the interfacial thickness is stable, the
MMP can be achieved (Zhang et al., 2017). Furthermore,
Sun et al. (2023) estimated the MMP by conducting CO;
huff-n-puff MD simulation. They achieved the calculation of
MMP on the basis of the plot displaying the relationship
between recovery rate and fluid pressure. They found that
the recovery rate increases with the pressure and tends to be
stable when the pressure increases to a threshold value. The
MMP corresponds to the intersection of the two fitting lines
for the recovery factor below and after the sharp turning point.
However, the Gibbs dividing surface (GDS)-based method for
calculating interfacial thickness is limited by the difficulty of
accurately determining the gas-liquid interface. Meanwhile,
the method based on the recovery rate is constrained by the
simplified assumptions of physical models. Thus, neither of
these methods can be effectively applied to determine the
MMP in nanopores with clear physical meanings.

In this study, to investigate the miscibility of CO, and shale
oil in nanopores under the in-situ shale reservoir conditions,
MD simulations are conducted using a Large-scale Atom-
ic/Molecular Massively Parallel Simulator (Plimpton, 1995).
Different from traditional methods that rely on bulk phases or
simplified models, this study aims to reveal the influencing
mechanism of the pore confinement effect on the thermo-
dynamics and kinetics of miscibility at the molecular scale.
By constructing an energy characterization system, a miscible
pressure estimation method is established that is suitable for
nanopores, with the energy difference (6E) of bulk phase
and pore phase, so as to break through the bottleneck of
the existing MMP determination method that relies on phase
interfaces.

2. Methodology

2.1 Model construction

The scanning electron microscope can be used to charac-
terize the pore structure, including pore size, pore geometry,

and pore network. Slit-like and cylindrical pores can be found
in shales (Bu et al., 2015). In our work, slit-like pores are
investigated because of their high abundance in the shale
reservoirs, and also because fluid distribution in this kind of
pores is similar to the cylindrical pores with an equal size.
The kerogen unit used in our simulation is type II-D kerogen,
which is a typical organic matter in shale reservoirs, such as
the Barnett Shale (Ungerer et al., 2015). The chemical formula
of the unit model is Cj75H192O9N4S, developed by Ungerer
et al. (2015), as displayed in Fig. 1(a). The elemental analysis
and the functional group analysis results of this kerogen unit
match well with the experimental results (Raza et al., 2022).

The pore model of shales built in our work is of a slit-
like pore consisting of 32 kerogen unit models in each wall.
The dimensions of each pore wall are 11.53, 2.88 and 2.88
nm along the x-, y- and z-axis, respectively. The pore size
is defined as the distance between the inner surfaces of pore
walls, and the three-dimensional periodical boundary condition
is applied in all simulations. To build the kerogen pore wall,
32 kerogen unit models are placed in a simulation cell of
11.54 nm x 10 nm x 10 nm. The length of the simulation
cell is kept constrained, and the width and height are flexible.
A consistent valence force field is applied for the kerogen
model (Collell et al., 2014; Liu et al., 2022), and the steps
for pore wall construction can be found in this study (Yu et
al., 2021). Finally, the kerogen porous model in Fig. 1(b) can
be obtained with a density of 1.3 g/mL at 300 K and 0.1
MPa, which is consistent with literature data (Stankiewicz et
al., 2015; Ungerer et al., 2015). This model consists of both
the slit pore and porous media of kerogen, which can be used
to investigate the mixing and adsorption process.

Different model configurations are built to investigate the
MMP in the bulk phase and in the confined pore. Fig. 2
displays the CO, and shale oil system in the simulation cell
with 11.54 nm x 2.88 nm x 8.77 nm. In all simulation cases,
n-decane (CoH») is used to characterize the crude oil in shale
reservoirs. The number of n-decane is kept at 100 for kerogen
slit pore with a pore size of 3 nm, while the number of CO,
molecules is changed to maintain the system pressure. The
numbers of CO, molecules in different cases are displayed in
Table 1. The amounts of n-decane and CO; in the system we-
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Fig. 2. Initial system of CO; and shale oil: (a) Bulk and (b) 3 nm organic slit pore.

Table 1. Number of CO, and n-decane molecules in
simulation cases at 343 K.

Pore size (nm) Lnjgv[ctli)(:)l pressuire Number
CO, n-decane
5 86 100
7 132 100
Bulk 9 190 100
11 270 100
13 368 100
5 86 100
7 132 100
3 9 190 100
11 270 100
13 368 100
5 142 165
7 218 165
5 9 318 165
11 448 165
13 612 165
5 284 330
7 436 330
10 9 634 330
11 894 330
13 1,224 330

re calculated based on the densities at corresponding temper-
atures and pressures in the National Institute of Standards and
Technology Experimental Database.

The Lennard-Jones (L-J) potential function was used to
describe the interaction force between atoms, which is given
by (Plimpton, 1995):

12 6
o ae | (O _ (%
0;j = 4¢;; [< rij) <”ij> 1 (D

where r;; represents the distance between atoms of type i
and type j; €&; represents the potential well depth of the L-J
potential, which characterizes the interaction strength between
atoms; o;; represents the distance at which the interaction
energy between two particles is the minimum.

The cross-interaction terms between different molecules
are calculated using the Lorentz-Berthelot mixing rule, which
is expressed by (Plimpton, 1995):

1
E(O'ii-i-o'jj) 2
1
gij:Ew/giiejj (3)

The long-range Coulomb force between atoms is expressed
by (Plimpton, 1995):

Gij:

qiqj
47'58())’ ij (4)
where ¢; and g; represent the charges of atoms of type i and
type j, respectively; & is the dielectric constant of vacuum.
The Transferable Potentials for Phase Equilibria (TraPPE)
force field and TraPPE United Atom (TraPPE-UA) force
field are applied to simulate CO, molecules and n-decane
molecules, respectively. The thermodynamic and equilibrated
vapor-liquid properties of CO, and n-decane can be repro-
duced by the TraPPE force field (Dinpajooh et al., 2015; Zhan
et al., 2020). The Lennard-Jones parameters for these two
kinds of molecules are shown in Table 2, and the bond and
angle of CO, are kept rigid in the simulation (Tables 3 and
4).

coul =

2.2 Molecular simulation details

In order to investigate the confinement effect, the binary
system of CO; and shale oil is placed in the kerogen slit pore
with the pore size of 3, 5, and 10 nm. The mass transfer
processes of CO, and shale oil in unconfined and confined
spaces under different pressures (5, 7, 9, 11 and 13 MPa) are
simulated to obtain the controlling effect of pressure on the
process and to calculate the MMP of CO, and shale oil. The
recovery mechanism of shale oil is investigated from a micro-
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Table 2. L-J parameters employed for n-decane and CO; in
the simulations.

Atom Mass

ype @moy  €/Ks 0 o (m) g (@)
CH3 (n-decane) 15.035 98.00 0.375 0
CH; (n-decane) 14.027 46.00 0.395 0
C (COy) 12.011  27.00 0.280 0.70
0 (CO») 15.999  79.00 0.305 -0.35

Notes: Kp is Boltzmann constant.

Table 3. Bond parameters employed for n-decane and CO,
in the simulations.

Bond type k, (K/nm?) o (nm)
CH3;—CH; 4,820,000 0.154
CH,;—CH, 4,820,000 0.154
Cc-0 Rigid 0.116

Notes: K, is the harmonic constants.

Table 4. Angle parameters employed for n-decane and CO,
in the simulations.

Angle type ke /Kg (Kirad?) 6 (deg)
CH3;—CH—CH, 62,500 114
CH,—-CH,—CH, 62,500 114
0-C-0 Rigid 180

Notes: kg is the harmonic constants; 6 is the equilibrium angle.

scopic perspective.

All simulation calculations in this study are conducted
in the NVT ensemble, with temperature controlled using a
Nosé-Hoover thermostat, in order to simulate the mass transfer
processes at 343 K and 363 K. Periodical boundary conditions
are applied along all directions and the Verlet algorithm is used
to solve Newton’s equations of motion. As the L-J interaction
ends at 1 nm, cases at all pressures are simulated for 5 ns
with a timestep of 1 fs to obtain the system equilibrium and
another 2 ns is run for data collection.

2.3 Relative concentration

The distribution of CO, and shale oil in the slit can be
quantitatively compared and analyzed based on the relative
concentrations perpendicular to the slit direction. The relative
concentration is defined as the ratio of the concentration of a
selected molecule in a certain area to the average concentration
of the molecule in the system, which can be calculated by (Wu
et al., 2024):

111
G
= — 5
=3 (5)
ny
= — 6
T2 (6)
n;
C=— 7
=y, (7

where C, represents the relative concentration of a component
perpendicular to the wall; C, represents the concentration of a
molecule in a small piece perpendicular to the wall, mol/L;
C; represents the average concentration of a component in
the system, mol/L; n represents the amount of a component
substance, mol; V is the volume of a component, L.

2.4 Diffusion coefficient

The rate of mixing between CO; and shale oil molecules
can be described based on the diffusion coefficient. The self-
diffusion coefficients D for shale oil and CO, are calculated
based on the mean square displacement (MSD) using the
Einstein relation (Allen and Tildesley, 2017):

1 2
D= lim — (|r(t) = () ") ®)
The MSD reflects the average displacement of a molecule

over a certain period of time, where <|r,-(t) —ri(0)
sents the MSD of the molecule at time ¢ relative to its initial
position. In MD simulations, the coordinate information of
shale oil and CO, molecules at each time step can be recorded
in detail, and then their MSD in different time periods can be
calculated. By substituting the calculated MSD data into Eq.
(8), the self-diffusion coefficient D of shale oil and CO; can
be determined, which can quantitatively describe the diffusion
capacity and rate of shale oil and CO; molecules in the
system, providing an important quantitative basis for further
investigating the mixing process between CO, and shale oil
molecules.

2.5 IFT

The MMP of the CO, and shale oil system in the bulk
phase can be obtained by the VIT method, which is based on
the characteristic that the IFT changes with pressure: When
the system pressure reaches the MMP, the IFT between the
two phases gradually decreases and approaches zero, and
the two fluids reach a miscible state at this point (Peng et
al., 2018). To accurately measure the IFT between CO;, and
shale oil in the bulk phase, an interface perpendicular to the
x-axis is constructed using simulation methods. On the basis
of the GDS theory (Fang et al., 2019; Lv et al., 2023), the
concentration distribution curve of shale oil along the x-axis
is fitted by the following formula to determine the two-phase
interface of CO; and shale oil, as shown in Fig. 3:

1 X —Xx] X—Xx > }
X)=— erff| — = | —erf (| ——= 9)
pL) ZPO[ (cﬁ) (oﬂ
where pg represents the bulk concentrations of shale oil under
the temperature and pressure conditions of the system; x; and

X, represent the position of the Gibbs dividing surface, and ©
is the standard deviation of the distance.

> repre-
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Fig. 4. Variation in IFT between CO; and shale oil in bulk
phase with pressure at 343 K.

The IFT between CO, and shale oil is calculated on the
basis of the pressure tensor (Fang et al., 2019):

2
where P, and P, represent normal pressure and tangential
pressure, respectively; P; (I = x, y, z) represents pressure
tensor; [, represents the length of the shale oil in the x-axis
direction, calculated by x, —x;. The pore pressure is calculated
using the symmetric stress tensor output by LAMMPS.

On the basis of the simulation results, the data are pro-
cessed by linear regression, and the regression curve is shown
in Fig. 4. By further extending the regression curve to intersect
with the pressure axis, the miscibility pressure when the CO,
and shale oil IFT is O can be obtained, which is the MMP.

1 1y 1 P, Pzz
r=3 [ - Rwlar= 3 (P 2750 ao)

2.6 Characterization of the confinement effect

The confinement effect in nanopores can lead to a strong
adsorption of shale oil and CO; on the kerogen wall, as
well as different mixing behavior between shale oil and CO,
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compared to the bulk phase (Sun et al., 2023). To quantify this
difference, the effect of restriction on fluid distribution can be
described by defining 8E:

0E =E;—E, (11)
where E}, is the interaction energy in the bulk phase; E is the
interaction energy in the nanoslits.

The interaction energy of the bulk fluid (E,) refers to the
interaction energy between CO, and shale oil in the bulk,
where the interaction energy between individual molecules can
be calculated by Eq. (1). Therefore, E, can be expressed by
(Prasetyo et al., 2018):

Ey= [ 9pspolc)dz (12)
where p, represents the molecular number density of CO, and
shale oil in the bulk phase.

The interaction energy in the nanoslits (E;) includes the
fluid-fluid interaction energy @y and the wall-fluid interaction
energy @y, due to the particularity of the wall, which can be
described by (Prasetyo et al., 2018):

=2nec? |Z [ 2 -2
oy = 2EQ [5 (”ij) (rij

E;= / (957 + @1r) Ps(2)dz (14)
where p; represents the molecular number density of CO, and
shale oil in the nanoslits.

Due to the limitation of pore geometry and potential
energy, the spatial range that the fluid molecules can reach
is limited. The maximum accessible volume of molecules in
the pores Vg can be determined by:

(13)

Vo =Lly(z1 —22) (15)
where I, denotes the length of the system along the x-axis;
Iy denotes its length along the y-axis; z; and z represent the
demarcation boundary of the accessible volume of molecules
in pores, which can be solved via (Prasetyo et al., 2018):

/ [—¢(z)]dz=0
z
where @(z) is the potential energy between fluid molecules
and the wall.

Thus, by substituting Egs. (13) and (15) into Eq. (11), 6E
can be calculated by:

(16)

SE = /V (90 0r7) Pile)dz— /V Pripo(2)dz(7)

Since the number of molecules in the bulk phase and pores
is the same, and the molecular number density satisfies the
normalization constraint, Eq. (17) can be further simplified
as:

6E:/VQ{(Psfps(Z)+(Pff[ps(Z)_ph(z)]}dz (18)

The first term in Eq. (18) represents the adsorption energy
of pore wall, which results from the interaction between wall
and fluid. The second term characterizes the difference in the
interaction energy between the confined and bulk fluid, which
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Fig. 5. (a) Simulation snapshots of CO; and shale oil and (b) cloud diagram of concentration distribution of shale oil in bulk

phase at 343 K.

——5MPa ——7MPa —— 9 MPa
11 MPa 13 MPa

Interaction energy (kcal/mol)

-300 | “wrm}\,% by A,u\,ﬂk m,\rﬁu‘ww Ll i A
A g Al ”‘*x"u.n"rw‘xﬁ’““w“
-400 -
_500 1 1 1 1
1 2 3 4 5
Timestep (ns)

Fig. 6. Interaction energy between CO, and shale oil in bulk
phase at 343 K.

is attributed to the energy perturbation caused by the change in
molecular arrangement. When the system conditions change,
the energy balance is broken by the energy difference be-
tween pore wall adsorption and pore-bulk phase interaction:
The negative feedback of the adsorption energy difference
decreases when the pressure increases; at the same time, the
fluid density distribution tends to be uniform, and the positive
feedback of the pore-bulk phase energy difference decreases,
which synergistically weakens the phase transformation energy
barrier. The thermal movement of fluid molecules makes it
easier to break through the barrier, which promotes the transfer
of CO, and shale oil from a non-miscible state to a miscible
state.

3. Results and discussion

3.1 Miscible behavior in bulk phase

At 343 K, the IFT between CO; and shale oil in bulk phase
decreased almost monotonically and linearly with increasing
pressure, as shown in Fig. 4. By extrapolating the linear
regression line of the IFT-pressure curve to zero, the CO;-shale
oil MMP of 11.94 MPa was obtained for the bulk phase, which
is highly consistent with the value of 11.76 MPa measured by

Shaver et al. (2001) at 344 K.

The snapshots of the simulation process presented in Fig.
5(a) clearly demonstrate the characteristics of phase evolution
under pressure regulation: As the system pressure gradually
increases, CO; molecules in the bulk phase continuously
break through the phase interface, gradually permeating, dis-
solving, and diffusing into the oil phase. Meanwhile, this
process continuously drives the gradual expansion of shale oil
molecules, whose spatial arrangement gradually stretches out
from the initial state of local aggregation, eventually forming
a homogeneously distributed mixed system in the bulk phase.
The characteristics of shale oil concentration distribution (Fig.
5(b)) further confirms this trend: At the low-pressure stage,
shale oil concentrates in the bulk space in the form of a
highly aggregated liquid phase, with strong intermolecular
interactions and restricted diffusion. As the pressure continues
to increase, its spatial distribution gradually transitions from
an aggregated state to a diffused state, with increased inter-
molecular distances and significant volume expansion. When
the pressure reaches 13 MPa, the CO;-shale oil miscibility can
be achieved with no obvious phase boundary at the molecular
level. The above visualization results intuitively capture the
dynamic process of phase transition, providing clear evidence
for the calculation results of the MMP mentioned earlier and
further verifying the reliability of the theoretical calculations.

The intermolecular interaction energy can account for this
pressure-dependent decreasing trend in IFT. The interaction
between CO; and shale oil is mainly non-bonding interaction
energy, with van der Waals force dominating. Fig. 6 shows
the interaction energy between CO; and shale oil in bulk
phase over time. Under different pressure conditions of 5,
7,9, 11 and 13 MPa, the stable interaction energies are -
185.699, -274.758, -393.254, -522.185 and -680.971 kcal/mol,
respectively. As pressure increases, the van der Waals forces
strengthen significantly, facilitating a greater penetration of
CO, molecules into shale oil. This in turn increases the
absolute value of intermolecular interaction energies, thereby
enhancing the miscibility of the two phases. In general, a
larger absolute value of the interaction energy indicates that
a miscible state for CO; and shale oil can be more easily
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achieved.

3.2 Miscible behavior in nanoslits

In this section, molecular simulation is used to investigate
the mixing behavior of CO, and shale oil under various
pressure and temperature conditions, with three pore sizes of
3, 5 and 10 nm.

3.2.1 Determination of MMP by 6E

The dynamic evolution of 8E can accurately reflect the
confinement effect of nanoslits, thereby mapping the thermo-
dynamic phase transition process of fluids from immiscible
to miscible state. The calculated interaction energy difference
OE between the bulk and confined phases exhibits a rapid rise
and subsequent plateau, as shown in Fig. 7.

In the initial stage, the absolute value of 8FE decreases
significantly with increasing pressure, which is caused by the
non-equilibrium evolution of the energy difference between
wall adsorption and confined-bulk phase interaction. During
this stage, the adsorption between shale oil and pore wall is ex-
tremely strong. With increasing pressure, the adsorption capac-
ity of the wall decreases rapidly and the negative contribution
gradually weakens. Meanwhile, due to the significant density
difference between the confined and bulk phase, the absolute
value of the confined-bulk phase energy difference declines
rapidly, and the positive contribution is also weakened. The
contributions of these two effects lead to a sharp change in
the absolute value of 8F, which fully reflects the dynamic
change process of energy dominated by the restriction effect.

As the pressure gradually approaches the MMP, the growth
rate of OE slows down significantly. The molecule adsorption
on the pore wall gradually tends to saturate with increasing
pressure, and the adsorption effect on OF is gradually weak-
ened. At the same time, the density difference between the
confined and bulk phase is shrinking. Therefore, the confined-
bulk phase energy difference of the fluid gets close to zero,
and its contribution to SF is also greatly reduced. When the
pressure reaches MMP, the contributions of wall adsorption
and confined-bulk phase energy differences to 8E cancel each

other out, causing the second derivative curve of OE relative
to pressure to become zero, as shown in Fig. 7. This critical
moment marks the energy equilibrium of confined perturbation
and molecular diffusion. At this time, the thermal motion of
molecules is sufficient to overcome the adsorption barrier of
the pore wall, prompting the qualitative change of fluid from a
confined immiscible state to a bulk miscible state. The MMP of
CO; and shale oil calculated in this study was compared with
experimental data (Wang et al., 2024), Monte Carlo simulation
results (Xing et al., 2021), and MD simulation results (Sun
et al., 2023), as shown in Table 5. Despite differences in
temperature and fluid composition, the values in calculated this
study were highly consistent with the literature data within
the corresponding pressure ranges. Such a high degree of
agreement strongly validates the calculation accuracy of the
proposed method and fully demonstrates its feasibility and
scientific rigor. Taking a 5 nm slit at 343 K shown in Fig.
7(b) as an example, the calculated MMP was 7.96, 3.98 MPa
lower than the 11.94 MPa under the bulk condition (Liu et
al., 2025). This phenomenon confirms that the confinement
effect of nanopores can significantly reduce the CO,-shale oil
MMP. The adsorption between fluid and pore wall weakens
the energy barrier of fluid miscibility, such that the molecules
can break through the distribution barrier and achieve uniform
mixing at lower pressures.

3.2.2 Contribution of pressure to miscibility

In order to deeply explore the pressure effect on mixing
behavior, in this section, the relative concentration distribu-
tions perpendicular to the wall of fluids were analyzed under
different pressures. Obvious adsorption peaks were observed
in the concentration distributions of CO, and shale oil. As
shown in Fig. 8, the amount of shale oil adsorbed near the wall
gradually reduces with decreasing pressure, and the amount
of free shale oil in the middle of the pore increases signifi-
cantly. On the contrary, the amount of CO, adsorbed near the
wall increases. Pressure changes directly affect the interaction
strength between molecules and the pore wall as well as
between molecules. Under high pressure, the adsorption force
between shale oil and the wall is weakened, making shale oil
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Table 5. Comparison of the CO,-shale oil MMP in nanopores determined in this work and literature data.
Reference Method Fluid T (K) Pore size (nm) MMP (MPa)
Xing et al. (2021) Monte Carlo simulation CO; and Cy 353 10 10.40
333 5 7.93
353 5 8.20
Sun et al. (2023) Huff-n-puff process CO; and Cg 373 3 10.28
373 5 9.93
373 11 11.00
. o 323 10 7.95
Wang et al. (2024) Experimental CO; and mix oil
353 10 10.44
343 3 8.84
This work MD CO; and Cjo 343 5 7.96
343 10 9.77
(a) (b)
5 MPa 5 MPa
7 MPa 3.0 7 MPa 2.0
9 MPa 155 9 MPa
11 MPa ’ ,§ 11 MPa 11s g
13 MPa 1508 13 MPa 22
= =
) 3
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Fig. 8. Relative concentration distribution along the direction perpendicular to the wall in the 3 nm slit at 343 K: (a) Shale oil

and (b) COs,.

more likely to migrate into the pore, while CO; is more likely
to accumulate on the wall and concentrate in areas conducive
to miscibility. This phenomenon is confirmed in the simulation
snapshot presented in Fig. 9(a). The adsorption of molecules
on the pore wall causes CO, and shale oil to be arranged
in order, reducing the free energy of the system and creating
favorable conditions for the mixing of the two phases. Driven
by stronger interactions, CO, and shale oil gradually breaks
the regional boundaries and reaches a miscible state, as shown
in Fig. 9(b).

The influence of pressure on miscibility is also reflected
in the molecular diffusion behavior. As shown in Fig. 10,
with increasing pressure, the diffusion rate of CO, decreases
significantly, dropping from 0.42 x 10~7 m?/s at 5 MPa to
0.2 x 1077 m?/s at 13 MPa. The elevated pressure causes
CO; to aggregate more densely in the pores. Then, the free
migration space is compressed and the local molecular col-
lision frequency enhances, which provides direct impetus for

breaking the phase interface barrier. In contrast, the diffusion
rate of shale oil shows an increasing trend with pressure:
Under high pressure, the degree of miscibility between CO»
and shale oil is strengthened, and the enhanced intermolecular
interactions instead weaken the diffusion resistance of shale
oil. Such differential diffusion behavior promotes the misci-
bility of CO;-shale oil.

3.2.3 Contribution of pore size to miscibility

In order to further investigate the effect of pore size on the
MMP, the interaction energies in the 5 and 10 nm slit pore
were compared. The MMPs in 3 and 10 nm slits at 343 K
were calculated using the method mentioned in Section 2.4,
and the results were 8.84 MPa Fig. 7(a), and 9.77 MPa Fig.
7(b), respectively. The effect of pore size on the mixing of
CO; and shale oil was nonlinear: An upward trend of MMP
was witnessed when the pore size was smaller than 5 nm (Fig.
S2 in Supplementary file).
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The concentration distributions in different pores are dis-
played in Fig. 11. As the pore size decreases, the adsorption
of shale oil on the pore wall increases, and the height of
the adsorption peak near the wall increases from 1.1 to 1.7,
indicating that the adsorption capacity of the pore wall for
shale oil is significantly improved. The adsorption of CO;
on the wall changes from a single layer to multilayer, which
greatly increases the contact possibility between CO, and
shale oil near the wall. This high contact possibility enhances
the interaction energy and allows the mixing of CO; and
shale oil at a lower pressure. However, when the pore size
is reduced to 3 nm, the second adsorption layer of CO; on the
wall reaches the same height as the first layer. CO; occupies
more adsorption spots, resulting in a large amount of shale oil
peeling off from the wall. In a larger pore, the relative distance
between CO, and shale oil increases, and more pressure is
required to overcome the intermolecular potential energy and
achieve a mixed state.

Furthermore, Fig. 10 shows the change in CO, and shale
oil diffusion coefficients with the pore size. At 343 K and
9 MPa, the diffusion coefficient of CO; decreases from

0.66 x 1077 m?/s at 10 nm to 0.33 x 10~7 m?/s at 3 nm as
the pore size decreases. This indicates that larger pore size
is conducive to the diffusion of molecules, provides wider
channels, and promotes the mutual mass transfer of CO;, and
shale oil. However, when the pore size is reduced to a certain
extent, especially in pores of 3 nm, the diffusion capacity of
CO; decreases significantly, resulting in significant restriction
of the mixing process.

3.2.4 Contribution of temperature to miscibility

Temperature is also considered to be an important factor
for miscibility (Mutailipu et al., 2019). In this work, the kinetic
energy of molecules increased and the movement became
more violent at higher temperatures, weakening the adsorption
between molecules and pore walls. Meanwhile, the increase in
temperature also affected the collision frequency and energy
between CO, and other substance molecules, which was
unfavorable for the formation of miscibility.

On the basis of the method proposed in this paper, the
interaction energy differences between the bulk phase and pore
conditions at 363 K were calculated (Fig. S1 in Supplementary
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Table 6. The MMP of the CO, and shale oil in this study.

T (K) Pore size (nm) MMP (MPa)
3 8.84
343 5 7.96
10 9.77
Bulk 11.94
3 9.83
363 5 8.81
10 10.62

file). It was found that the MMP corresponding to each pore
condition at this temperature was higher than that under the
same conditions at 343 K. For instance, at 3, 5 and 10
nm pores, the MMP values at 363 K were 9.83, 8.81, and
10.62 MPa, respectively (Table 6). The main reason for this
phenomenon is that increased temperature enhances the kinetic

energy of CO; and shale oil molecules, and this increase in ki-
netic energy enlarges the relative distance between molecules,
thereby weakening their mutual interaction forces and making
it more difficult for the miscibility of CO, and shale oil.
Meanwhile, this enhanced kinetic energy also weakens the
adsorption between molecules and pore walls, reducing the
retention of oil phase on pore walls and resulting in fewer
effective intermolecular collisions. These two mechanisms
synergistically hinder CO;-shale oil miscibility, ultimately
causing an increase in MMP. This was also confirmed by
the fluid concentration distribution. Fig. 12 shows the relative
concentration distribution at different temperatures with 9 MPa
when the pore size is 3 nm. It can be observed that the
adsorption peak at 363 K is significantly lower than that at 343
K. The rise in temperature makes it easier for CO, and shale
oil to desorb from the wall surface, reducing the stability of
the adsorption layer and the concentration on the wall surface
(Huang et al., 2025). As a result, the probability of collision
between CO, and shale oil decreased, leading to an increase
in MMP at high temperatures.
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Fig. 13. Schematic of CO,-ESOR mechanism: (a) Initial stage, (b) early stage, (c) middle stage and (d) later stage.

3.3 Mechanism of CO3-ESOR

During CO,-ESOR, the miscibility process, as the most
significant mechanism, is essentially the synergistic evolution
of thermodynamic and kinetic properties between CO, and
the shale oil system in nanopores. When CO; is injected
into shale reservoirs, it dissolves into the oil phase through
interfacial mass transfer within nanoslits, as shown in Figs.
13(a) and 13(b). Thus, oil viscosity is reduced and the oil
volumetric expansion is induced, thereby changing trapped oil
into a mobile state. When the system pressure exceeds the
MMP, the miscibility between CO; and shale oil significantly
increases, the fluid properties are markedly improved and the
recovery efficiency is substantially enhanced. The confinement
effect of pore size significantly reduces the MMP, making
CO; and shale oil more miscible. However, when the pore
size decreases below a certain threshold, the contributory
confinement effect on CO,-shale oil miscibility is weakened.
Similarly, as temperature rises, the MMP in the system in-
creases to some extent and higher gas injection pressure is
required to achieve the same recovery efficiency. Furthermore,
competitive adsorption between CO, and shale oil exists
within nanopores, as shown in Figs. 13(c) and 13(d), while
the coupling mechanism of adsorption energy still requires
further in-depth investigation.

4. Conclusions

In this work, the miscibility behavior between CO; and
shale oil under the reservoir conditions were studied through
theoretical methods and MD simulations. The main conclu-
sions are as follows:

1) The confinement effect was quantified by the evolution
of the energy difference between bulk and confined
phase with pressure, and a method of MMP estimation
in the CO;, and shale oil system was established. The
calculation results were consistent with the results using
other methods in the literature.

2) As the pressure reaches MMP, the energy equilibrium of
confined perturbation and molecular diffusion is achieved.
When the thermal motion of the molecules is sufficient

to overcome the adsorption barrier of the pore wall, the
fluid can change from a confined immiscible state to a
bulk miscible state.

3) The confinement effect can reduce the MMP of CO,
and shale oil. However, when the pore size decreases
to a certain extent, the significant decrease in the fluid
diffusion coefficient and the increase in the thickness
of the pore wall adsorption layer lead to reduced mass
transfer efficiency, thereby causing a remarkable increase
in MMP.

4) The temperature increase enhances the molecular thermal
motion and weakens the adsorption between molecules
and pore walls, resulting in a decreased collision probabil-
ity between CO; and shale oil and a reduction in effective
intermolecular interactions, which is detrimental to fluid
miscibility.
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