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ABSTRACT: Aiming at the problems of unclear utilization degree of shale oil in different occurrence states. In this paper, the CO2
displacement process of shale oil under different pressure conditions is simulated by the molecular dynamics method, the
microscopic mechanism of CO2 displacement of shale oil is clarified, and the influence of pressure on the utilization degree of
different occurrence states of shale oil is revealed. The results show that CO2 cannot form an effective flow channel under low
pressure (1 MPa), and most of the oil and water remain in the channel. The water molecules form a water bridge at the outlet of the
pore that CO2 cannot break through under medium pressure conditions (5 and 10 MPa). CO2 forms a stable flow channel under
high pressure (15 MPa). With the increase of displacement pressure, the kinetic energy of oil and gas molecules in the channel
increases. But limited by the system space, the diffusion capacity of shale oil system, the degree of oil and gas miscibility, and the
competitive adsorption effect all show a trend of increasing first, then stabilizing, and rapidly increasing at last. The final recoveries of
shale oil are 33.24%, 75.82%, 64.69%, and 83.03% under different displacement pressure conditions. Among them, the degree of oil
and gas miscibility and shale oil utilization in the adsorbed layer is higher than that in the free layer under 1 MPa condition. And the
shale oil utilization degree in the free layer is higher than that in the adsorbed layer under the other pressure conditions. This study
can provide a theoretical basis for efficient development of shale oil.

1. INTRODUCTION
With the development of the global industry and the
continuous reduction of conventional oil and gas resources,
unconventional oil and gas resources represented by shale oil
have gradually become a hot field of petroleum exploration and
development.1−3 With this background, CO2 is considered to
be a potential displacement medium due to its unique physical
and chemical properties. Its low viscosity and high diffusivity
enable CO2 to effectively penetrate into the tiny pores of shale
reservoirs and mix with shale oil, thus reducing the interfacial
tension between oil and gas.4−6 This process not only
promotes the formation of miscible oil and gas but also
reduces the viscosity of the crude oil, thus enhancing the
fluidity of the shale oil.7−9 In addition, CO2 can also carry out
competitive adsorption with shale oil in the pore, stripping the
adsorbed shale oil on the surface of the pore, and further
improving the shale oil recovery.10

Although CO2 shows great potential in enhanced oil
recovery, the displacement effect is still affected by many
factors.11−13 The complex pore size and wettability distribution
in the shale reservoir lead to the difference in the interaction
strength between shale oil and the surface. According to the
interaction strength, shale oil can be divided into an adsorbed
state and a free state. Among them, the adsorbed oil is tightly
adsorbed on the surface due to the strong interaction, while the
free oil mainly exists in the center of the channel due to weak
interaction and is more easily displaced by CO2.
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Displacement pressure is another key factor affecting the effect
of CO2 displacement.

17,18 Under high-pressure displacement
conditions, CO2 is endowed with a strong initial kinetic energy.
This not only enhances the diffusion capacity of oil and gas
molecules but also increases the miscibility between oil and
gas. Moreover, it promotes the expansion of crude oil volume,
thereby achieving efficient development of shale oil.19,20

However, at present the research on the CO2 displacement
effect under different pressure conditions mainly focuses on
the change of oil displacement efficiency, and the research on
the utilization degree of adsorbed and free shale oil in pores is
not clear.
In this paper, the CO2 displacement shale oil model is

established by a molecular dynamics simulation method. It
elucidates the microscopic mechanism of the CO2 displace-
ment of shale oil and reveals the impact of pressure on the
utilization degree of adsorbed and free shale oil. First, the
occurrence states of shale oil in the channel were divided based
on the density distribution curve, and the displacement process
under different pressure conditions was investigated. Then, the
microscopic mechanism of CO2 displacement of shale oil is
revealed from three aspects: diffusion capacity, miscibility, and
competitive adsorption. Finally, the recovery of shale oil under
different pressure conditions is determined, and the utilization
degree of adsorbed and free state shale oil molecules is
quantified.

2. MODEL AND METHODS
2.1. Model Construction. In order to determine the effect

of displacement pressure on the ability of CO2 displacement
shale oil, methylated quartz was used to characterize the
lipophilic surface of the channel. The surface model with the
size of 24.54 × 127.5 × 11.30 Å (1 Å = 0.1 nm) was formed by
cutting the (0 0 1) surface of α-quartz and expanding the cell,
the oxygen atoms on top of the quartz surface were
methylated, and the oxygen atoms on the side of the quartz
wall were hydroxylated to obtain the lipophilic surface with a
total charge of 0. In addition, a shale oil system composed of
C12H26 with a size of 24.54 × 127.5 × 23.44 Å and a water
system with a size of 24.54 × 127.5 × 5.73 Å were constructed.
The CO2 system model with a size of 24.54 × 70.54 × 93.15 Å
and a He plate model with a size of 24.54 × 70.54 × 3 Å were
constructed. The above systems were combined and a 50 Å
vacuum layer was added along the Z axis to avoid the influence
of periodic boundary conditions on the simulation results.

2.2. Simulation Method. In this paper, LAMMPS was
used to carry out molecular dynamics simulation, and VMD
was used for molecular configuration visualization. The OPLS-
AA force field was used to describe the thermodynamic and
structural properties of alkane molecules, the EPM2 force field
was used to describe CO2 molecules, the SPC/E model was
used to model water molecules, while the ClayFF force field
was used to describe quartz walls. Periodic boundary
conditions were used throughout the simulation, and the
Nose−́Hoover thermostat was used to control the temperature
at 353 K. The Coulomb potential was used to describe the
long-range electrostatic interaction during the simulation, and
the cutoff radius was set to 10 Å. The nonbond interaction in
the model followed the Lennard−Jones potential (Figure 1).
In order to ensure the stable distribution of shale oil, water,

and CO2 molecules in the system, before the formal
displacement simulation, conjugate gradient algorithm was
used to minimize energy treatment. In addition, NVT

ensemble was used to carry out 2 ns equilibrium molecular
dynamics simulation. The NVT ensemble can ensure that the
number of atoms in the system and the volume and
temperature of the system remain unchanged, and it is more
suitable for shale oil and water molecules to fully adsorb on the
pore wall, so as to simulate the real reservoir environment.
When the temperature and energy of the system reach the
equilibrium state, the model is considered to have reached the
equilibrium state at this time, as shown in Figures 2 and 3.

Then a 40 MPa external force is applied to the He plate on the
left side of the model along the Z axis, and a 20 MPa external
force is applied to the He plate on the right side of the model
to carry out the 5 ns CO2 displacement process. The pressure
conversion formula is as follows21

p F N
Sxy

= ×
(1)

Figure 1. Initial conformation diagram of CO2 displacement shale oil.

Figure 2. Temperature equilibrium curve.

Figure 3. Pressure equilibrium curve.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c10625
ACS Omega 2025, 10, 16319−16326

16320

https://pubs.acs.org/doi/10.1021/acsomega.4c10625?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10625?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10625?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10625?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10625?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10625?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10625?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10625?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10625?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10625?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10625?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10625?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c10625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


where p is the injection pressure, MPa; F is the external force,
kcal/(mol Å); N is the total number of atoms in the
nanopores; and Sxy is the area of the nanopores, Å2.

3. RESULTS AND DISCUSSION
3.1. Distribution of Shale Oil. The occurrence of oil and

water molecules in the channel was simulated by equilibrium
molecular dynamics, as shown in Figure 4. The water

molecules in the channel exist in the form of clusters, and
the average contact angle between the water clusters and the
wall surface reaches 127°, which is consistent with the actual
wettability of the wall surface, indicating that the simulation in
this paper has high credibility.22,23 In addition, by drawing the
density distribution curve of shale oil molecules along the Y
axis direction, we further clarified the occurrence state of shale
oil molecules in the pore, as shown in Figure 5. The density

distribution curve of shale oil molecules is symmetrical as a
whole, and there are density fluctuation regions (9.5 ∼ 27.1,
44.3 ∼ 61.9 Å) and density stable regions (27.1 ∼ 44.3 Å) in
the curve. Because the attraction of shale oil molecules on both
sides of the surface is equal, and the closer the shale oil
molecules are to the wall of the pore, the greater the attraction
and the closer they are arranged, it shows obvious adsorption
peaks on the density curve and is also called adsorbed shale oil
molecules. The stable region on the curve represents the free
shale oil molecules in the center of the pore. Due to the limited
range of action of the wall, shale oil molecules in the central
region of the pore are almost not attracted by the surface. Shale
oil molecules float in the center of the pore, the density

distribution is approximately equal, and the corresponding
density distribution curve tends to be stable.

3.2. Microscopic Migration Process of CO2 Displace-
ment of Shale Oil. The displacement process under different
pressure conditions (1, 5, 10, and 15 MPa) are shown in
Figure 6. It can be seen from the figure that CO2 will carry out
the forward displacement and reverse imbibition processes at
the same time, but there are obvious differences in the
displacement phenomenon and utilization degree of CO2
under different pressure conditions. Under the condition of 1
MPa pressure, there is no effective flow channel in the pore,
and CO2 will gradually disperse into the shale oil molecules
and rely on reverse imbibition to replace the oil molecules in
the pore; the degree of oil and water utilization in the pore is
low. In contrast, CO2 has a better displacement effect under
the pressure conditions of 5 and 10 MPa. Due to the large
pressure difference on both sides of the pore, CO2 can form an
effective flow channel. However, when the water molecular
clusters are completely driven out of the channel, the water
molecules are adsorbed at the outlet end under the action of
the hydroxyl group on the side wall of the channel and
gathered to form “water bridges” relying on the hydrogen
bonding between water molecules. Since the pressure
condition of 10 MPa can provide stronger initial kinetic
energy for the water cluster, the migration speed of the water
cluster is faster, and the “water bridge” can be formed earlier at
the outlet of the channel, thus blocking the displacement
process. As a result of the 15 MPa high-pressure displacement
condition, water molecules at the outlet of the pore did not
gather to form a “water bridge”, and CO2 formed a stable flow
channel in the pore, which led to faster displacement of shale
oil and higher utilization of shale oil.

3.3. Migration Mechanism of CO2 Replacement of
Shale Oil. 3.3.1. Self-Diffusion of Shale Oil. In order to clarify
the diffusion capacity of shale oil components under different
pressure conditions, the diffusion coefficients and volume
changes of shale oil systems under the conditions of 1, 5, 10,
and 15 MPa were statistically analyzed, as shown in Figures 7
and 8. The diffusion coefficients of shale oil components under
different pressures (1, 5, 10, and 15 MPa) are 0.00163,
0.00323, 0.00321, and 0.01222 Å2/ps, respectively. The
volume changes were 2.986 × 104, 8.982 × 104 Å3, 8.759 ×
104, and 13.328 × 104 Å3, respectively. The diffusion
coefficient and volume change are 1< 5 ≈ 10 ≪ 15 MPa,
showing a trend of increasing first and then maintaining a
steady state, and then increasing sharply. Because the initial
kinetic energy provided by the displacement pressure helps
CO2 drive more shale oil molecules to move, the diffusion
ability of shale oil molecules in the pores is gradually enhanced
and the distance between molecules is increased, so the volume
expansion effect of crude oil is better. However, when the
pressure rises to the “transition section” (5 and 10 MPa),
although this pressure interval will push more CO2 molecules
into the pore, it is not enough to discharge shale oil molecules
in time, resulting in limited diffusion space inside the pore.
Therefore, the diffusion coefficient and volume change of shale
oil components in the pressure interval of the “transition
section” are approximately equal. Only when the pressure
breaks through the range of the “transition section”, the strong
kinetic energy provided by the high pressure will promote the
shale oil molecules to leave the pore in time, the diffusion
coefficient will increase significantly, and the diffusion ability of
shale oil molecules will increase sharply.

Figure 4. Distribution of shale oil in the pore.

Figure 5. Density distribution curve of shale oil molecules along the Y
axis.
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3.3.2. Miscibility between CO2 and Shale Oil. In order to
determine the degree of miscibility of oil and gas under
different pressure conditions, the change in interaction energy
between oil and gas components during displacement was
analyzed. The greater the absolute value of the interaction
energy, the stronger the interaction between oil and gas
components and the closer the contact between oil and gas
molecules. As shown in Table 1, with the progress of
simulation, the absolute value of interaction energy between
oil and gas molecules gradually increases, and the change rate
of interaction energy gradually decreases. It shows that the
degree of miscibility between oil and gas gradually increases
and becomes stable with the process of displacement.

However, comparing the interaction between oil and gas at
5000 ps under different pressure conditions, the following can
be found: 15 MPa (−1783.6 kcal/mol) > 1 MPa (−1601.2
kcal/mol) > 10 MPa (−1540.01 kcal/mol) > 5 MPa

Figure 6. Migration process of CO2 displacing shale oil at 1, 3, 5 ns under different pressure.

Figure 7. Diffusion coefficients of shale oil systems under different
pressure conditions.

Figure 8. Volume change of shale oil system under different pressure
conditions.

Table 1. Interaction Energy between CO2-Shale Oil at
Different Pressures and Different Stages (kcal/mol)

1 MPa 5 MPa 10 MPa 15 MPa

1000 ps −761.47 −724.829 −780.498 −781.732
2000 ps −1123.75 −1018.71 −1108.69 −1220.04
3000 ps −1318.23 −1250.38 −1316.34 −1486.14
4000 ps −1439.77 −1447.02 −1442.96 −1667.21
5000 ps −1601.2 −1505.88 −1540.01 −1783.6
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(−1505.88 kcal/mol). Under the condition of 15 MPa, the
degree of oil and gas miscibility is the highest, followed by 1
MPa, then 10 MPa, and finally 5 MPa. There is no linear
relationship between the miscibility effect and the displace-
ment pressure because CO2 does not form an effective
displacement channel under the displacement pressure of 1

MPa; CO2 entering the pore cannot leave the pore but can

only fully mix with shale oil molecules, and CO2 gradually

penetrates into the shale oil molecules, resulting in stronger

interaction between oil and gas molecules and a higher degree

of miscibility.

Figure 9. Proportion distribution of CO2 and oil molecules in adsorbed layer and free layer under different pressure conditions. (a,b) 1; (c,d) 5;
(e,f) 10; (g,h) 15 MPa.
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The degree of miscibility between CO2 and shale oil in
different states is further refined. Because CO2 and alkane
molecules are typical nonpolar molecules, there is no fixed
charge distribution inside the molecules. When CO2 enters the
pore, it will be miscible with shale oil molecules by the action
of intermolecular van der Waals forces. Thus, by separately
tallying the ratio of CO2 molecules to shale oil molecules
within different regions, we can compare the degree of oil−gas
miscibility. As shown in Figure 9, under different displacement
pressure conditions (1, 5, 10, 15 MPa), the median
relationship between the number ratios of CO2 and oil
molecules in the adsorbed layer and free layer was as follows: 1
MPa adsorbed layer (0.199) > 1 MPa free layer (0.174); 5
MPa free layer (0.455) > 5 MPa adsorption layer (0.396); 10
MPa free layer (0.232) > 10 MPa adsorption layer (0.200); 15
MPa free layer (1.015) > 15 MPa adsorbed layer (0.627). The
closer the median value of the ratio between the number of
CO2 and oil molecules is to 1, the closer the number of oil and
CO2 molecules in the region and the stronger the degree of
miscibility between oil and gas. The simulation results show
that the degree of oil and gas miscibility of the adsorbed layer
is higher than that of the free layer only under the condition of
1 MPa, and the degree of miscibility of the free layer is higher
than that of the adsorbed layer under the conditions of 5, 10,
and 15 MPa. Because the adsorbed shale oil molecules are
more attracted by the surface, CO2 will preferentially replace
the free shale oil molecules, which are weakly attracted by the
surface in the process of oil displacement, resulting in a higher
degree of oil−gas miscibility in the free layer than that of the
adsorbed layer. However, no complete flow channel has been
formed in the pore under the condition of 1 MPa. As the
external force is much stronger than the attraction effect of the
wall on shale oil molecules, CO2 entering the pore will disrupt
the molecular arrangement of shale oil at the inlet
indiscriminately. Since the adsorption layer region is much
larger than the free layer region (35.2 ≫ 17.2 Å), the number
of CO2 molecules entering the adsorption layer is more and
the degree of mutual solubility between oil and gas is higher.

3.3.3. Competitive Adsorption between CO2 and Shale
Oil. In order to clarify the competitive adsorption capacity of
oil and gas components under different pressure conditions,
the following formula is used to calculate the interaction
energy and the difference between CO2, shale oil molecules,
and the wall surface.

E E E E( )inter total oil surface= (2)

where Einter represents the interaction energy between shale oil
and surface, kcal/mol; Etotal represents the total energy of the
system, kcal/mol; and Eoil and Esurface represent the energy of
oil and surface, kcal/mol, respectively.
The changes in the interaction energy are shown in Figures

10 and 11. With the increase of displacement pressure, the
interaction energy between CO2 and the surface shows an
upward trend, while the interaction energy between shale oil
and the surface shows a downward trend, and the difference of
the interaction energy between the two is negative, indicating
that CO2 can peel the shale oil molecules adsorbed on the wall
under the action of displacement pressure. However, the
interaction energy differences under different displacement
pressure conditions (1, 5, 10, and 15 MPa) are −28.434,
−324.401, −325.491, and −424.352 kcal/mol, respectively.
With the increase of displacement pressure, the difference of
interaction energy also increases gradually, indicating that CO2

has stronger stripping ability of shale oil molecules. This is
because the more abundant the initial kinetic energy provided
by high pressure for CO2, the easier it is to push more CO2
into pores to carry out competitive adsorption with shale oil
molecules and the more effective it is to strip and replace the
adsorbed shale oil molecules.

3.4. Evaluation of Oil Recovery and the Utilization
Degree of Different Occurrence State Shale Oil. In order
to clarify the impact of displacement pressure on shale oil
recovery and different occurrence states of shale oil utilization,
the relationship between the number of shale oil molecules
inside the pore (adsorption layer and free layer) at the initial
moment and the end of displacement is analyzed and
quantified. The calculation formula is as follows

N N
N

total residual

total
=

(3)

where η represents the recovery efficiency, Ntotal represents the
total amount of shale oil molecules in the pore at the initial
moment. Nresidual is the amount of shale oil remaining in the
channel at the end of the displacement.
The variation of shale oil recovery under different displace-

ment pressure conditions is shown in Figure 12. As can be seen
from the figure, the recovery curve of shale oil shows a trend of
first increasing and then stabilizing. The final recovery under
different displacement pressure conditions (1, 5, 10, 15 MPa)
reaches 33.24%, 75.82%, 64.69%, and 83.03%, respectively.
The increase of displacement pressure will not only promote
the oil and gas miscibility process but also improve the
efficiency of CO2 stripping to replace shale oil molecules, so
the increase of displacement pressure will improve the CO2
recovery. However, the recovery of shale oil under the
condition of 10 MPa is lower than that under the condition

Figure 10. Interaction energy between CO2 surface and oil surface.

Figure 11. Interaction energy difference between CO2 surface and oil
surface.
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of 5 MPa because the 10 MPa condition provides more
sufficient displacement power for CO2 and the speed of oil and
water molecules in the CO2 displacement channel is faster. As
the water molecular clusters are completely driven out of the
channel, they will form a “water bridge” at the exit of the
channel, resulting in the remaining shale oil molecules
remaining in the channel; thus, the recovery rate of shale oil
is reduced.
The variation of the utilization degree of adsorbed and free

shale oil under different displacement pressures is shown in
Figure 13. As can be seen from the figure, 1 MPa adsorbed

layer (31.09%) > 1 MPa free layer (10.01%); 5 MPa free layer
(75.18%) > 5 MPa adsorbed layer (72.79%); 10 MPa free layer
(66.49%) > 10 MPa adsorption layer (64.39%); 15 MPa free
layer (92.12%) > 15 MPa adsorbed layer (87.17%). The
utilization degree of adsorbed oil is higher under 1 MPa, and
the utilization degree of free oil is higher under other pressure
conditions. Because the molecular arrangement at the inlet of
the pore will be disturbed to a greater extent under the
condition of 1 MPa, the degree of solubility in the adsorption
layer region is higher than that in the free layer region and
more CO2 enters the adsorption layer region to replace and
strip shale oil molecules, so the degree of shale oil utilization in
the adsorption layer region is higher than that in the free layer.

4. CONCLUSIONS
In this paper, the CO2 displacement process of shale oil under
different pressure conditions is simulated by the molecular
dynamics method, the occurrence state of shale oil in the
channel delineated, and the microscopic mechanism of CO2
displacement of shale oil analyzed in terms of diffusion
capacity, miscibility, and competitive adsorption. On this basis,

the variation law of shale oil recovery under different pressure
conditions is clarified, and the influence of pressure on the
utilization degree of adsorbed and free shale oil is revealed.
The main conclusions of this paper are as follows:
(1) CO2 cannot form an effective flow channel under low

pressure (1 MPa), and most of the oil and water remain
in the channel; the water molecules form a water bridge
at the outlet of the pore that CO2 cannot break through
under medium pressure conditions (5, 10 MPa). And
CO2 forms a stable flow channel under high pressure (15
MPa).

(2) With the increase of displacement pressure, the
molecular kinetic energy of oil and gas in the pore
increases but is limited by the system space; the diffusion
coefficient of shale oil components, the degree of oil and
gas miscibility, and the competitive adsorption effect all
show a trend of increasing first, then stabilizing, and then
rapidly increasing.

(3) Under different displacement pressure conditions (1, 5,
10, 15 MPa), the final recovery of shale oil is 33.24%,
75.82%, 64.69%, and 83.03%, respectively. The increase
of displacement pressure will improve the effect of oil
and gas miscibility and CO2 stripping replacement of
shale oil. However, the premature formation of the water
bridge will limit the oil displacement efficiency of CO2.

(4) Under the low pressure condition, CO2 disturbs the
molecular arrangement at the inlet of the channel, which
leads to the higher degree of miscibility and shale oil
utilization in the adsorbed layer than that in the free
layer, and the free shale oil utilization is higher than the
adsorption layer under the other pressure conditions.
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Figure 12. Shale oil recovery under different pressure conditions.
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under different pressure conditions.
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