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a b s t r a c t

Injecting CO2 into shale oil reservoirs has the dual purpose of enhancing oil recovery rate and geological
storage of CO2. The phase behavior and mass transfer laws of the CO2-shale oil are crucial for achieving
highly efficient production shale oil and gas. Based on an improved vapor-liquid equilibrium (VLE)
model in nanopores, which achieves a relative error of less than 3.16%, this study investigates the phase
behavior and CO2–oil mass transfer laws of two representative shale oils under CO2 injection. Research
results show that after CO2 injection, the saturation pressure tends first to increase and then reduce. The
CO2 dissolution results in a significant reduction in the molecular weight and viscosity of Wolfcamp
shale oil. During the multi-contact shale oil with CO2 injection, both density and the interfacial tension
(IFT) reduce at the forward contact edge, indicating forward-contact miscibility. Furthermore, the
nanoconfinement effect reduces the density difference between the liquid and gas phases, leading to a
reduction in the IFT, which is beneficial for gas-oil miscibility. The study results can provide a theoretical
basis for understanding compositional variations in shale oils under CO2 injection, offering promising
improvements in miscibility and recovery efficiency.

© 2025 Chinese Petroleum Society. 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

In recent years, unconventional reservoirs, such as shale and
tight oil reservoirs, have emerged as a key area for the exploration
and development of oil and gas (Dordzie et al., 2025; Rui et al.,
2025). CO2 injection into shale reservoirs enhances oil recovery
(EOR) and stores CO2 in shale oil reservoirs (Li et al., 2025). In shale
oil reservoirs, the pore size distribution generally ranges from 1 to
100 nm (Song et al., 2021). Due to the nanoconfinement effects
generated by these nanopores, the fluid's phase behavior within
the nanopore deviates significantly from that of the bulk phase
(Mohagheghian et al., 2020). The phase behavior is of critical
importance for the optimization of development strategies and
reserve prediction. Therefore, accurately describing the CO2-shale
oil phase behavior in nanopores is crucial for highly efficient
production in shale reservoirs.

Through experimental methods such as the nanofluidic device
(Wang et al., 2024) and adsorption-desorption experiments (Liu
et al., 2019), some scholars have observed that hydrocarbons in
nanopores have a lower critical temperature and pressure than
those in the bulk phase, and this difference is progressively
growing as the pore size decreases (Liu et al., 2019; Salahshoor
et al., 2017; Tan et al., 2019). Experimental measurements are
often considered the most straightforward method for studying
the phase behavior of confined fluids. However, due to the nature
of shale formations and equipment limitations, such as the diffi-
culty of constructing a nanochannel or high-quality nanoporous
medium, experimental measurements are challenging, and the
precision of the obtained data suffers from uncertainties (Song
et al., 2021). Due to the limitations of experimental methods,
theoretical approaches, including equation of state (EOS) model-
ling (Song et al., 2021), density functional theory (DFT) (Zhao et al.,
2019), and molecular simulation (MS) (Dong et al., 2023; Liu et al.,
2025) have been applied extensively. The DFT and MS can provide
more detailed insights into the phase behavior of fluids in nano-
pores (Liu et al., 2019). However, as system scale and fluid
complexity increase slightly, the DFT and MS calculations may
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require significant computational expense and an estimate with
higher accuracy, which restricts their application at the reservoir
or core scale (Liu et al., 2019). The EOSmodels are currently used in
commercial simulation software and considered as one of the
most promising approaches for reservoir scale.

Considering capillary pressure in the EOS model, Brusilovsky
(1992) first calculated vapor-liquid equilibrium (VLE) for hydrocar-
bon mixtures in porous media. Due to the existing capillary pressure,
the dew point and bubble point pressures are higher and lower,
respectively, than those in the bulk state. In the following years,
numerous studies have found that capillarypressure innanoporeshas
a significant impact on the VLE (Abu et al., 1999; Hamada et al., 2007;
Tan et al., 2017). Nojabaei et al. (2013) demonstrated that the two-
phase envelope in a confined space deviates significantly from that
of thebulkphasedue tothe capillarypressure. Theyalsoobserved that
the dew point pressure increased in the upper part of the dew point
pressure but decreased in the lower part of the dew point pressure.
Additionally, due to the zero capillarypressure at the critical point, the
VLE at the critical point was unaffected by the nanopore. The above
findings are in agreement with Sandoval et al. (2015). Rezaveisi et al.
(2018) coupled capillary pressure in the EOS model and found that
each temperaturehas amaximumcapillarypressure, abovewhich the
VLE is impossible. To improve the calculation accuracy of VLE in
nanopores,many scholars have considered the effect of shifted critical
properties in the EOSmodel. In addition, Zhang et al. (2019) improved
the van derWaals equation of state (vdW-EOS) by taking into account
the effects of pore walls and intermolecular interactions. The Peng-
Robinson equation of state (PR-EOS) was extended by Luo et al.
(2019) using the fluid-pore interaction parameters, and the model
predicted the phase transition temperatures of the confined fluids at
differentporesizes.Yangetal. (2019)extendedthePR-EOSbycoupling
the capillary pressure and critical property shifts. Song et al. (2020a)
suggested a novel adsorption PR-EOS (A-PR-EOS). Based on this A-PR-
EOS, they investigated the relationship between fluid adsorption and
the critical point shifts it causes in pure components. However, most
studies have focused on the phase behavior of pure hydrocarbon
mixtures, and fewstudies havebeen conductedon thephasebehavior
of CO2-shale oil affected by nanoconfinement effects.

To the best of our knowledge, the nanoconfinement effect on
the phase behavior of CO2-shale oil under high CO2 concentration
has not been reported in the literature. In this study, a VLE

thermodynamic model considering the nanoconfinement effect is
first proposed based on capillary pressure and shifts in critical
properties. Literature cases then verify the accuracy of the
improved VLE algorithm. Secondly, taking the typical Eagle Ford
and Wolfcamp shale oil as the research objects, the characteristics
of fluid phase behavior after CO2 injection are elucidated, and the
dynamic change characteristics of parameters such as fluid
composition, interfacial tension (IFT), and density during the
multiple oil and gas contacts process after CO2 injection are clar-
ified. Finally, the changes in the rules phase behaviors (e.g., vapor-
liquid phase density, IFT, and capillary force) of shale oil in the
nanopores are explored. The injection CO2 concentration ranges
from 0 to 99.8 mol%. The study results can provide an important
theoretical framework to support the production of unconven-
tional resources.

2. Proposed vapor-liquid equilibrium (VLE) algorithm

2.1. VLE modeling

In this study, a modified PR-EOS (Abudour et al., 2013) is
employed to predict the VLE in confined spaces. A critical point
shift model and the capillary pressure are coupled with PR-EOS to
reflect the effects of confinement yielded by nanopores. For a given
pressure, temperature, and mixture composition, the gas-liquid
equilibrium (VLE) criterion is that the fugacity ratio of each
component in the gas and liquid phases is equal to 1, as shown in
Eq. (1) (Wei et al., 2022).
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Where A and B are EOS constants; ZL is the liquid-phase
compressibility factor; ZV is the gas-phase compressibility factor;
xi is the molar fraction of component i in the liquid phase; yi is the
molar fraction of component i in the gas phase; Nc is the total
number of components in the mixture system.

Due to the presence of capillary pressure in nanopores, the pres-
suresof the liquidphase and the vaporphase cannot be assumed tobe
equal. Assuming that the liquidphase is thenon-wettedphase and the
vapor phase is thewetted phase. The capillary pressure versus vapor-
liquid phase pressure in nanopores is given in Eq. (4):

Pcap = PV − PL (4)

Where Pcap is the capillary pressure, 10− 1MPa.
The capillary pressure is calculated using the Young-Laplace

equation (Adamson, 1990), assuming equal pore radius:

Pcap =
2σ cos θ

rp
(5)

Where σ is the gas-liquid IFT, mN/m; θ is the contact angle, ◦. Ac-
cording to the results of literature experiments (Zhang et al., 2017),
θ is assumed to be 30◦.

The gas-liquid IFT is calculated using the Macleod-Sugden
equation (Wei et al., 2022) as shown in Eq. (6):

σ =

[
∑Nc

i=1

Pchi(xiρL − yiρV)

]4

; i = 1;…:;Nc (6)

Where Pchi is the Parachor constant of component i; ρL is the liquid
phase density, mol/cm3; ρV is the gas phase density, mol/cm3.

In addition to the capillary pressure, the critical property shift
also affects the phase behavior within the nanopore. The critical
property shift model by Zarragoicoechea and Kuz (2004) can only
be applied to the range of σLJ/ rp ≦ 0.37 (Li et al., 2017; Teklu et al.,
2014). For the largest molecule of Eagle Ford shale oil, C13–C21, the
calculated σLJ value is 0.902 nm, so the minimum pore radius
should be 2.44 nm. In this study, a critical property shift model, as
suggested by Ma et al. (2013), is used. The model is as follows:
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Where Pcb is the bulk phase critical temperature, K; Tcp is the pore
critical temperature, K; Pcap is the capillary pressure, 10− 1MPa; Pcb
is the bulk phase critical pressure, 10− 1MPa; σLJ is the Lennard-
Jones collision diameter, nm; rp is the pore radius, nm.

Before the VLE calculation, the gas-liquid equilibrium constant
Ki for each component is initialized by Wilson's equation:

Ki =
Pci

P
exp

[

5:373(1+ ωi)

(

1 −
Tci
T

)]

(11)

Where P is the reservoir pressure, 10− 1 MPa; T is the reservoir
temperature, K; Tci is the critical temperature of component i, K; Pci

is the critical pressure of component i, 10− 1 MPa; ωi is the eccentric
factor of component i.

After initializing Ki, Ki is used to solve the Rachford-Rice
equation for the compositions of the gas-liquid phase and the
phase mole fraction. The Rachford-Rice equation is expressed in
Eq. (12):

∑Nc

i=1
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i=1
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1+ Fv(Ki − 1)

)

= 0; i = 1; ::::;Nc (12)

Where: Fv is the gas fraction of the i component of the mixture; Zi
is the total molar fraction of component i in the mixture.

The obtained phase mole fraction and the phase compositions
are used to examine the VLE criterion with an error tolerance of
10− 6. If the VLE criterion is reached, then the calculation stops. If
the VLE criterion cannot be satisfied, Ki is updated using Eq. (13),
and the above procedure is repeated until the VLE criterion is met.
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K(n)
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Where Ki is the gas-liquid equilibrium constant of component i at
phase equilibrium; n is the number of iterations.

The gas-liquid phase equilibrium (VLE) is calculated using the
Newton-Raphson iteration method based on the improved PR-
EOS. The flowchart of the modified VLE algorithm is shown in
Fig. 1.

2.2. VLE model validation

In this section, the bubble point pressure data of the Bakken
shale oil system (T = 116.1 ◦C) are taken from the literature (Teklu

Fig. 1. Flowchart of the VLE algorithm.
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et al., 2014). The VLE model developed in this study is used to
predict the bubble point pressure for the Bakken shale oil. The
predicted values are compared with the literature data in Fig. 2. It
is found that the modified VLE model can accurately predict the
phase behavior of the Bakken shale oil in both the bulk phase and
nanopore, yielding excellent results that are in agreement with the
literature data (Teklu et al., 2014). Under the conditions of
rp = 1000 nm, the established VLEmodel is used to predict the gas-
liquid density of the quaternary system (80 mol% CO2, 5 mol% CH4,
6 mol% n-C4H10 and 9 mol% n-C10H22) (Song et al., 2020b). The
calculated results are shown in Fig. 3. As can be seen from Fig. 3,
the relative error between the calculated values and the experi-
mental result is less than 3.16 % (the average error is 1.48%),
indicating that the proposed VLE model can accurately predict the
VLE in nanopores.

3. Results and discussion

3.1. Shale oil used in this study

In this study, two typical shale oil samples from the literature
(Li et al., 2017; Yang et al., 2019), namely Wolfcamp shale oil (WC)

and Eagle Ford shale oil (EF), are selected. The fluid parameters of
Wolfcamp shale oil and Eagle Ford shale oil are listed in Tables 1
and 2. As shown in Tables 1 and 2, EF shale oil is characterized
by a high methane content (58.16 mol%) and a relatively low C7

+

content (22.63 mol%). The WC shale oil has a relatively low
methane content (33.838 mol%) and a relatively high C7

+ content
(32.84 mol%). According to the triangular phase diagram method
(Song et al., 2024), EF shale oil is classified as high-volatile oil,
while WC shale oil is categorized as light black oil.

3.2. Physical properties of shale oil after CO2 injection

Under the conditions of rp = 1000 nm, based on the VLE model,
studies are conducted to investigate the effect of CO2 content
(0–99.8 mol%) in shale oil on physical properties, including vis-
cosity, saturation pressure, molecular weight, and density. The
results are shown in Fig. 4. As shown in Fig. 4, with the CO2 content
increasing, the saturation pressure first increase and then de-
creases, exhibiting a greater change for WC shale oil (Fig. 4a). The
saturation pressure of the EF and WC shale oils changes from
bubble point pressure to dew point pressure, with critical points at
29.60 MPa (59.2 mol% CO2) and 31.89 MPa (73.4 mol% CO2),
respectively (Fig. 4a). The molecular weight shows a “linear”
decline trend. The bigger the initial molecular weight is, the larger
the decreasing rate and magnitude are. When CO2 content is
99.8 mol%, the molecular weights of EF andWC shale oils are 44.15
and 44.47, respectively, which is closer to the molecular weight of
pure CO2 (Fig. 4b). This indicates the influence of CO2 on lightning
in shale oils, particularly significant for oils with bigger initial
molecular weights.

Due to a change in the composition of shale oil after CO2 in-
jection, the density, viscosity, molar volume, and expansion coef-
ficient are changed. As CO2 content increases, the density of the EF
and WC shale oils first increases, reaches the maximum value, and
then decreases rapidly. When CO2 content exceeds 80 mol%, the
density of EF reduces rapidly due to the CO2 dissolution effect
(Fig. 4c).With the increase in CO2 concentration, themolar volume
decreases and then increases (Fig. 4d), which is due to the closer
molecular arrangement of the mixture after the injection of CO2.
As the CO2 content rises, the continuous expansion coefficient
increases. The expansion behavior becomes more pronounced
when CO2 content exceeds 60 mol%. The EF shale oil with higher
light component content shows a better expansion behavior from
CO2 dissolution (Fig. 4e). The viscosity decreases as the CO2 mole
content increases. The reduced viscosity of WC shale oil with
higher heavy component content is more than that of EF shale oil
at the same CO2 level (Fig. 4f). This highlights that CO2 dissolution
can reduce viscosity, facilitate fluid flow, and improve recovery
efficiency in shale oil reservoirs.

To further analyze the reasons for the changes in saturated
pressure, the P-T phase diagram was calculated for different CO2
contents (see Fig. 5). As shown in Fig. 5, as CO2 content increases,
the phase envelopes of the MC and EF shale oils first shift upward
and then gradually shift downward, exhibiting a shrinking trend.

Fig. 2. Comparison of improved VLE model predicted value with literature results
(Teklu et al., 2014).

Fig. 3. Comparison of the improved VLE model predicted value with literature results.

Table 1
Fluid parameters for Eagle Ford Shale oil (Yang et al., 2019).

C1 C2 C3 C4 CO2 C5–C6 C7–C12 C13–C21

Zi, % 58.16 7.44 4.17 2.59 2.32 2.69 13.21 9.42
MW 16.04 30.07 44.10 58.12 44.01 76.502 122.96 255.28
Tc,K 190.56 305.33 369.83 418.71 304.21 485.60 606.69 778.31
Pc, MPa 4.5988 4.8718 4.2479 3.7383 7.3739 3.3767 2.7083 1.5598
ω 0.0110 0.0990 0.1520 0.1948 0.2250 0.2398 0.3548 0.7408
Pchi 74.05 112.91 154.03 189.30 82.00 247.57 402.33 834.82
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This indicates that as CO2 is injected, themolecular arrangement of
the mixture becomes more compact.

3.3. Phase behavior of fluid during the multi-contact CO2-shale oil
process

When CO2 is injected into a shale reservoir, CO2 repeatedly
contacts shale oil, and the components are mass-transferred in
situ between the oil and gas phases, resulting in multiple contact
gas-oil miscibility. This process can be divided into two parts:
forward contact and backward contact. At the leading edge of the

miscible transition zone, forward contact occurs, changing the
composition of the vapor phase when the equilibrium gas phase
comes into contact with fresh oil. At the trailing edge of the
miscible transition zone, backward contact occurs, altering the
composition of the oil phase as the oil phase (residual oil) comes
into contact with newly injected CO2. Under the conditions of
rp = 1000 nm, P = 20 MPa and CO2 injected amount = 30 mol%,
using the modified VLE model, it is carried out on changes in fluid
composition, density, and IFT with an increase of contact times for
EF andWC shale oils (shown in Fig. 6). To facilitate comparison and
analysis, the intermediate hydrocarbons C2–C6 are combined into

Fig. 4. Effect of CO2 content in WC and EF shale oils on physical properties.

Table 2
Fluid parameters for Wolfcamp shale oil (Li et al., 2017; Yang et al., 2019).

C1 C2 C3 C4 C5–C6 C7–C12 C13–C21 C22–C80

Zi, % 33.838 8.797 9.693 6.014 8.818 18.931 7.689 6.220
MW 16.535 30.433 44.097 58.124 78.295 120.562 220.716 443.513
Tc,K 186.30 305.54 369.98 421.78 486.38 585.14 740.05 1046.94
Pc, MPa 4.516 4.978 4.246 3.768 3.180 2.505 1.721 1.311
ω 0.0102 0.1028 0.1520 0.1894 0.2684 0.4291 0.7203 1.0159
Pchi 74.8 107.7 151.9 189.6 250.2 350.2 590.0 1216.8
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Fig. 6. Changes in fluid composition, density, and IFT during multiple contacts for EF and WC shale oils.

Fig. 5. Effect of CO2 content on P-T phase diagram of WC and EF shale oils.
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one item, and C13+ is combined into one item. A total of five pro-
posed fractions are divided.

As shown in Fig. 6, CO2 exhibits a strong extraction and disso-
lution ability, and the five components at the front and trailing
edges of the EF and WC shale oils present similar change laws. As
the number of contacts increases, the CO2 content of the oil phase
at the trailing edge of the contact increases quickly. In contrast, the
methane content decreases rapidly, and the content of interme-
diate hydrocarbons C2–C12 decreases. After the 4th contact round,
the heavy hydrocarbon C13+ content begins to increase gradually.
The continued CO2 injection increases the gas-liquid composition
differences at the trailing edge of the back-forward contact, raising
the IFT (Fig. 6e).

It can also be observed from Fig. 6e that the density of the EF
shale oil phase increases during the backward contact, while the
density of the WC shale's oil phase decreases and then rises. The
increase in density is mainly due to the decrease in C1 and C2–C6
content in the oil phase. As the number of contacts increases, the
CO2 content in the vapor phase at the front of the forward contact
decreases rapidly. In contrast, the methane content increases
rapidly, and the intermediate hydrocarbons C2–C6 also increase.
However, the changes in the C7–C12 and C13+ contents are smaller.
The continued CO2 injection gradually decreases the gas-liquid
composition differences at the front of the forward contact,
reducing the IFT (Fig. 6c, d, and 6f). Therefore, CO2 injectionmainly
supports forward-contact miscibility.

3.4. Phase behavior of fluid in nanopores

3.4.1. Bubble point pressure
For shale oil production, bubble point pressure (Pb) is a crucial

factor. The Pb of EF shale oil (T = 389.26 K) and WC shale oil
(T = 397.04 K) is investigated within the 2 nm–1000 nm range for
pore radius (rp), as shown in Fig. 7.

As shown in Fig. 7, Pb decreases with increasing rp. When the rp
is less than 100 nm, Pb is suppressed. When the rp is less than
20 nm, a significant change in Pb is observed.When rp = 10 nm, the
Pb of EF and WC shale oils decreased by 2.68 MPa (a 9.5% decrease
rate) and 1.91 MPa (an 11.2% decrease rate), respectively. When
rp = 3 nm, Pb of EF and WC shale oils decreased by 6.60 MPa (a
23.5% decrease rate) and 4.29 MPa (a 25.2% decrease rate),
respectively. This phenomenon delays the separation of the gas
from the liquid phase, indicating that the gas remains dissolved in

the liquid for an extended period. The light components in the oil
reduce the viscosity and density of the shale oil in the nanopores,
providing the oil with more energy to move from the nanopores to
the natural fractures, thereby lowering the gas-oil ratio (GOR) and
facilitating the production of shale oil.

3.4.2. Equilibrium constant value
Based on the VLE model, the values of equilibrium constants

(Ki) for each component of EF shale oil (T = 389.26 K and
P = 18.0 MPa) at different rp are calculated, as shown in Fig. 8. As
shown in Fig. 8, when the pore radius (rp) is greater than or equal
to 20 nm, the Ki of the components changes slightly with a
decrease in rp. When rp < 20 nm, the values of the Ki of CO2, C1, and
C2 components significantly decrease with the rp reduction, indi-
cating the decrease of the gas-phase fraction of CO2, C1, and C2
components. When rp < 6 nm, the value of the Ki of the C3–C21
component increased significantly, indicating that the vapor
fraction of the C3–C21 component increased. All the above phe-
nomena increase the density of the gas phase, resulting in a cor-
responding decrease in the density of the liquid phases. As a result,
the difference in density between the vapor and liquid phase is
reduced. The main reason is that as the capillary pressure in-
creases, the gas-phase pressure also increases, forcing components
from the gas phase into the liquid phase. In addition, the nano-
confinement effect accelerates the mass transfer of components
between the gas and liquid phases; the lighter the component, the
greater the mass transfer.

3.4.3. Gas-liquid phase density
Fig. 9 depicts the changing rule of gas-liquid phase density for EF

shale oil (T = 389.26 K and P = 16 MPa) and WC shale oil
(T=397.04KandP=10.342MPa) at differentpore radii (rp). As seen
in Fig. 9, for EF andWC shale oils, as the pore radius (rp) decreases,
the gas-phase density increases, the liquid density decreases, and
the density difference between the vapor-liquid phases decreases.
When the rp is less than 20 nm, amore pronounced decrease in the
liquid density can be observed. This phenomenon occurs because,
under the nanoconfinement effect, the light components in the gas
phase condense into the liquid phase, while the heavy components
in the liquid phase evaporate into the gas phase. The more severe
the nanoconfinement effect is, the more pronounced this phe-
nomenon becomes. This phenomenon is consistent with the
change in Ki value with pore size, as shown in Fig. 8. Thus, the IFT
between the gas and oil phases decreases.Fig. 7. Change curve for Pb of EF and WC shale oils and pore radius.

Fig. 8. Ki of EF shale oil at various pore radii.

F. Yang and Y. Chen Petroleum Research 11 (2026) 870–879

876



3.4.4. Gas-liquid interfacial tension and capillary forces
At the nano-scale, it is expected that the capillary force (Pcap) in

nanopores will be extremely high. In this section, the impact of
pore radius (rp) on gas-liquid IFT and Pcap is investigated at
different pressures. Fig. 10 depicts the variation rule of gas-liquid

IFT with rp for EF shale oil (T = 389.26 K) and WC shale oil
(T = 397.04 K) at different pressures.

From Fig. 10, it can be observed that the IFT reduces slowly and
then rapidly with decreasing pore radius (rp), especially when the
rp is less than 20 nm. Under the same rp, the IFT value is larger at

Fig. 9. Gas-liquid phase densities of EF and WC shale oils at different pore radii.

Fig. 10. EF and WC shale oil at different pore radii.

Fig. 11. Pcap of EF and WC shale oil at different pore radii.
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low pressure. This phenomenon is mainly due to the considerable
intermolecular distance and weak intermolecular force at low
pressure. As a result, larger IFT values occur due to the inactivity of
fluid molecules and the weakness of interphase mass transfer at
low pressure, leading to relatively high IFT values. As shown in
Fig. 10, the higher the system pressure and the smaller the pore
size, the lower the IFT of the gas-liquid, which is favorable for the
occurrence of miscibility. Additionally, the variation of IFT with
pore radius is greater at low pressures than at high pressures.
Therefore, at low pressures, the nanoconfinement effect has a
larger influence on IFT.

Fig. 11 shows the change of capillary force (Pcap) with pore
radius at different pressures for EF shale oil (T = 389.26 K) andWC
shale oil (T= 397.04 K). From Fig. 11, it is found that when the pore
radius (rp) falls within a specific range (e.g., less than 5 nm), Pcap
decreases as the rp reduces. The main reason is that IFT and rp have
opposite effects on Pcap. The gas-liquid IFT decreases sharply when
the rp decreases slightly. Thus, at a smaller rp, the Pcap becomes
smaller according to the Young-Laplace equation. When the rp
is > 5 nm, Pcap decreases with increasing pore radius (>5 nm),
which is in line with the trend observed in conventional reservoirs
(Li and Sheng, 2017). The lower the pressure, the greater the Pcap.

4. Conclusions

In this study, Eagle Ford andWolfcamp shale oils were taken as
research objects to comprehensively investigate the rules of phase
behavior and mass transfer of CO2-shale oil systems in nanopores.
The conclusions are as follows.

(1) After CO2 injection, the saturation pressure of shale oil tends
to increase first and then decrease, and a critical point is
observed when CO2 injection exceeds 74 mol%. Under the
same amount of CO2 injection, the Wolfcamp shale oil has a
larger reduction in themolecular weight and viscosity, and a
smaller impact on the expansion coefficient and density.

(2) During the multi-contact CO2 injection, CO2 exhibits a
strong extraction and dissolution ability. As the number of
contacts increase, C1–C12 components in shale oil are
extracted into the gas phase, with some heavy components
C13+ entering the gas phase. This results in the reduction of
density and interfacial tension (IFT) at the forward contact
front edge of shale oil with CO2 injection. Therefore, the
injection of CO2 can lead to forward-contact miscibility.

(3) Under the nanoconfinement effect, the light components in
the gas phase condense into the liquid phase, reducing the
vapor-liquid phase's density difference and lowering the IFT,
which is favorable for the gas-oil miscibility. When the pore
radius (rp) is less than 20 nm, the nanoconfinement effect
becomes significant. Therefore, it will be easier to achieve
miscibility in smaller nanopores (rp < 20 nm), which is
beneficial for CO2-EOR.

(4) As the pore radius (rp) decreases, the IFT first reduces
gradually and then sharply, while the capillary force (Pcap)
first increases, which is in agreement with the trend
observed in conventional reservoirs. The Pcap then de-
creases, and a turning point is observed when the pore
radius is less than 5 nm.
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