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ABSTRACT

Nanopores are widely distributed in shale oil formations, and the distinctions induced by nano-
confinement significantly affect the accuracy of multiphase fluid behavior prediction and flow charac-
terization during CCUS-EOR process. While it has been established that fluid-wall interactions, fluid
adsorption and capillary pressure strongly influence the CO»-oil physical properties, most existing
studies only focus on a limited combination of such factors. Particularly, wettability is frequently
overlooked in the majority of investigations, leading to substantial deviations from true phase behavior
and limiting model reliability. Addressing the limitations in current works, we introduce a new critical
property shift model coupled with an equilibrium calculation framework based on the modified Peng-
Robinson equation of state (PR-EOS) to comprehensively account for these effects. Our results
demonstrate that critical properties including saturation pressure, density, and minimum miscible
pressure (MMP) decrease as pore size reduces below 75 nm, and gradually approach bulk values for
larger pores. Concurrently, capillary pressure increases with the gas-liquid contact angle, enhancing
liquid-phase enrichment of light components and consequently decreasing density and saturation
pressure. Wettability further alters phase envelope by lowering bubble and upper dew point pressures,
raising the lower dew point, and narrowing the two-phase region, while the critical point and MMP
remain unchanged. These findings deepen the understanding of nanoconfined fluid flow behavior and
provide fundamental knowledge for advancing CCUS-EOR in shale.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

1. Introduction

2014; Zou et al., 2011). CO injection has emerged as an effective
method for improving shale oil recovery, while sequestrating CO,

With economic growth and changes in global energy struc-
tures, widely distributed shale oil resources play an essential role
in energy landscape (Soeder, 2018; Wei et al., 2024). China pos-
sesses substantial shale oil resources, showing considerable
development potential (Yuan et al., 2024; Zhou et al., 2020). The
permeability of shale formation is extremely low since there are
numerous nanoscale pores distributed in the formation (Jia et al.,
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underground (CCUS-EOR) (Li et al., 2024; Tariq et al., 2024; Zhao
et al., 2025). When the pore size is reduced to nanoscale, fluids
exhibit physical limitations in the flow behavior. This can lead to
significant distinctions in physical properties and phase behavior
of COy-oil (critical temperature, critical pressure, bubble point
pressure etc.) compared to bulk state (Yarveicy, 2023;
Zarragoicoechea and Kuz, 2004), which is known as nano-
confining effect (Lee and Lee, 2019; Zhang et al., 2017). These de-
viations significantly influence the accuracy of multiphase fluid
behavior prediction and characterization of flow dynamics in
shale.

Current approaches for determining fluid phase behavior in
confined spaces include experimental methods (Tan et al., 2019;
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Nomenclature

a Attractive parameter in PR-EOS, pa-m®/mol?
asp Fluid-wall interaction factor

b Repulsive parameter in PR-EOS, m3/mol
fiL Fugacity of i-th component in liquid phase
fiv Fugacity of i-th component in vapor phase
L Length of cylindrical pore, m

ki Binary interaction coefficient

MW Molecular weight, kg/mol

Na Avogadro constant, 6.022 x 10?3 mol~!

Nc Total number of components in the mixture
0 Molecular weight-related parameters

p Reservoir pressure, Pa

Pc Critical pressure of bulk fluid, Pa

Dcn Critical pressure of nanoconfined fluid, Pa
Pcap Capillary pressure, Pa

pL Pressures of liquid phase, Pa

Dv Pressures of vapor phase, Pa

P; Parachor of the i-th component

q Molecular weight-related parameters

R Gas constant, 8.314 J/(mol-K)

T Pore radius, m

T Reservoir temperature, K

Tc Critical temperature of bulk fluid, K

Ten Critical temperature of nanoconfined fluid, K
T; Reduced temperature

Vv Vapor fraction

v, Adsorbed fluid volume, m>

Ve Effective volume of a single fluid molecule, m>
Ve Free fluid volume, m>

Ve Mole volume, m?/mol

Vp Total pore volume, m>

Vieal Real volume of a single molecule, m*

Xi Mole fraction in liquid phase

Yi Mole fraction in vapor phase

7 Compressibility factor of liquid phase

Zy Compressibility factor of vapor phase

zi Mole fraction of the i-th component in the mixture
Ap* Shift of critical pressure

AT* Shift of critical temperature

Sab Adsorption layer thickness, m

0 Vapor-liquid contact angle, °

i Molar density, mol/m?

c Interfacial tension, N/m

oy Lennard-Jones size parameter, m

Acentric factor

Tao et al., 2025), molecular dynamics simulations (MDS) (Dong
et al., 2022), density functional theory (DFT) (Li et al., 2014), and
equation of state (EOS) (Rui et al., 2025; Yang et al., 2020) models.
Experimental methods mainly use nanofluidics to develop lab-on-
chip (Bocquet and Tabeling, 2014; Zhong et al., 2020). Wang et al.
(2024) measured the minimum miscibility pressure (MMP) of
nanoconfined CO,-shale oil system and observed that miscibility
occurred at a pressure lower than that in bulk. Although nano-
fluidic technique is visually intuitive and relatively mature, it re-
mains challenging to accurately characterize fluid transport
behavior in pores smaller than 100 nm, especially below 20 nm.
Consequently, nanoconfined fluid phase behavior is primarily
investigated through MDS and theoretical approaches (Cai et al.,
2024). By using MDS, Vishnyakov et al. (2001) found that the
critical temperature of CH,4 decreases significantly with decreasing
pore size. Ingebrigtsen and Dyre (2014) also reported enhanced
fluid-wall interactions in nanopores, resulting in increased fluid
density near the pore walls. DFT is another effective tool for
analyzing non-uniform fluid systems and has been applied to
study fluid phase transitions under nanoconfinement. Li et al.
(2014) investigated the adsorption phase behavior of pure and
mixed components in carbon slit nanopores, demonstrating that
DFT is capable of handling complex pore structures. The above
methods, however, are computationally expensive and challenging
to apply in complex multicomponent systems. Moreover, MDS is
not competent for field-scale reservoir simulations. To address
these limitations, EOS models have been widely used to simulate
the phase behavior of bulk fluids owing to their solid theoretical
foundation, high computational efficiency, and ease of engineering
implementation. In 1976, Peng and Robinson developed the Peng-
Robinson equation of state (PR-EOS) (Peng and Robinson, 1976) to
account for the effects of temperature, molar volume, intermo-
lecular attraction, and critical properties. The PR-EOS has been
widely employed to calculate the thermodynamic properties and
vapor-liquid equilibrium (VLE) of various pure substances and
mixtures in bulk. However, the deviations caused by nano-
confinement render the traditional PR-EOS inappropriate for
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studying phase behavior in shale. Both the shift in critical prop-
erties and the vapor-liquid phase pressure difference caused by
capillary pressure are well-recognized effects incorporated into
studies of nanoconfined fluid phase behavior. To quantify the
critical property shifts in confined spaces, Zarragoicoechea and
Kuz (2004) established a quadratic relationship between the
critical properties of Lennard-Jones fluids and the dimensionless
pore size. This relationship has been commonly adopted in sub-
sequent studies. Considering the influence of capillary pressure,
Zhang et al. (2017) incorporated it into VLE calculation. They
found that when pore sizes fall below 50 nm, capillary pressure
significantly reduces the bubble point pressure and MMP of CO»-
oil systems. Teklu et al. (2014) observed significant reductions in
bubble point pressure, dew point pressure, interfacial tension
(IFT), and MMP, alongside an increase in upper dew point pressure.
Wei et al. (2022) calculated the IFT between crude oil and CH4 and
predicted MMP in micro- and nanopores. They reported that when
pore radius falls below 100 nm, both IFT and MMP decrease
significantly, with MMP reductions up to 38.8%. As the pore radius
decreases, the reduced distance between fluid molecules and pore
walls enhances fluid-wall interactions and affects intermolecular
attractions (Dong et al., 2022; Yang et al., 2019, 2020). To capture
these effects, Yang et al. (2019) modified the PR-EOS by intro-
ducing a fluid-wall interaction term. They established correlations
for critical property shifts and integrated capillary pressure into
VLE calculations. Subsequently, they further adjusted the attrac-
tion and co-volume terms in PR-EOS to account for the combined
effects (Yang et al., 2020). The results showed that nanoconfine-
ment narrows the two-phase region of CO»-0il system, lowers
MMP and enhances miscible flooding recovery. However, most
studies on capillary pressure assume a single wettability condi-
tion, whereas actual reservoirs often exhibit mixed-wet charac-
teristics. To explore wettability effects on confined phase behavior,
Feng et al. (2021) extended PR-EOS by incorporating fluid-wall
interactions and wettability. Their study showed that in 10 nm
oil-wet pores, bubble point pressure and IFT drop to about 1/6 and
1/9, respectively, of values under intermediate wettability
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conditions. These findings demonstrate strong wettability
dependence in nanoconfined fluid. Another nanoconfinement
manifestation is fluid adsorption (Li et al., 2021; Zhang et al., 2019).
It leads to uneven fluid distribution, a reduction in free fluid vol-
ume, and changes in molar volume. To account for adsorption, Cui
et al. (2018) modified the molar volume term in PR-EOS and
incorporated capillary pressure into VLE calculation. Their results
demonstrated substantial phase envelope alterations for pores
smaller than 50 nm. More recently, Lin et al. (2025) empirically
modified the m term in the PR-EOS « function to better predict
hydrocarbon saturation pressures in nanopores, achieving
improved accuracy against experimental data by incorporating
pore size effects. To quantify adsorption's impact on critical
property shifts, Song et al. (2020) proposed the adsorption-
dependent EOS (A-PR-EOS). This model introduces a reduced
adsorption density () to modify the molar volume term.
However, most prior studies have not fully considered all
influencing factors, leading to deviations between simulation re-
sults and actual fluid phase behavior. In particular, the impact of
wettability on confined phase behavior remains unclear. There-
fore, based on the traditional PR-EOS, this study proposes a novel
VLE calculation model for CO5-o0il under nanoconfinement in
shale. This model systematically integrates CO,-oil-shale multi-
phase interactions, including fluid-wall interactions, fluid
adsorption, and capillary pressure, while exploring hydrocarbon
wettability effects. It quantitatively analyzes the evolution of
critical thermodynamic parameters (saturation pressure, oil den-
sity, MMP, P-T phase diagrams) during CCUS-EOR process in shale.
The findings can provide deeper insight into flow behavior in shale
and offer fundamental information for optimizing CCUS-EOR.

2. Theoretical framework and model development
2.1. Classical PR-EOS

PR-EOS is widely used to calculate thermodynamic properties
of pure substances and mixtures, as well as for VLE. It remains one
of the most reliable and frequently applied EOS for simulating
phase behavior in hydrocarbon systems, particularly within oil and
gas reservoirs. The pressure equation is given as follows:

RT a

pP= - 1
Vin—b  Vn(Vim +b) + b(Vin — b) (1)
272
a=045724%7T¢ (2)
Pe
b—0.077800¢ (3)
Dc
2
a:[1+m(1—ﬁ)] (4)
m—0.37464 + 1542260 — 0.269920> (5)

2.2. Characterization of nanoconfining effects

This study modifies the PR-EOS by incorporating the effects of
nanoconfinement, which weakens intermolecular attractions due
to fluid-wall interactions (Fig. 1(a)) and reduces effective pore
volume and decreases effective molar volume through fluid
adsorption near the pore walls (Fig. 1(b)).
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2.2.1. Fluid-wall interactions

In nanopores, strengthened interactions between fluid molecules
and the pore walls significantly reduce intermolecular attraction
among fluid molecules (Dong et al., 2022; Yang and Li, 2020; Yang
et al, 2019). To account for this effect, we modify the PR-EOS
attraction parameter a by introducing a fluid-wall interaction
correction factor ag, which is drawing on the research of Derouane
(2007).

RT a— afp

P =V =B Vin(Ven £ b) + bV — B)

(6)

2.2.2. Fluid adsorption

Fluid adsorption critically influences fluid phase behavior in
porous media and must be thoroughly considered in modeling and
reservoir simulations, especially at the nanoscale (Czarnota et al.,
2018; Zhang et al., 2018). When pore sizes approach molecular di-
mensions, strong adsorption on pore walls creates an adsorption
layer with a thickness of 5,5 nm, reducing available pore volume. This
phenomenon significantly alters the spatial fluid distribution,
decreasing effective molar volume (Vi) and affecting thermody-
namic properties of the confined fluid. To accurately capture
adsorption effects in nanopores, the modification of the Vy, term is
based on the research of Cui et al. (2018).

For a cylindrical pore, with radius r, nm and length L nm:

Vp =mrp2L (7)
Ve=n(rp — 6ap) L (8)
% 2 2

a=nrp“L —n(rp — ) L (9)
Vp=Va+ Vg (10)

Sap is calculated using an empirical formula (Zhang et al., 2019):
m

“itgoy ")

m= —8.3140 x 10" “MW? + 2.0475 x 10~ 1MW + 3.0886
x 1011

Sab (11)

(12)

n= —6.3565 x 10" ¥MW?2 + 3.1550 x 10~ ""MW — 5.8538
% 10~10

(13)
o1y =0.2443/Tc /P

The molar volumes of the bulk fluid (Vi) and nanoconfined
fluid (Vimp) are determined as follows:

(14)

V
mb:Nt/lI)VA (15)
V
Vi = N N N (e

Due to intermolecular forces, the volume occupied by fluid
molecules deviates from their intrinsic molecular volume. To
address this effect, an effective molecular volume coefficient (&)
(Song et al., 2020) is introduced:



Y.-J. He, B. Wei, J.-Y. You et al.

(@)

_ Shale )

29 0 0D

¢ a
)
G?J ] °

20

(5

Under nanoconfinement

O 2R

Petroleum Science 23 (2026) 1572-1587

Adsorbed

2r,

Pore way

O*ws“‘
e

Heavy components Light components

Fig. 1. Nanoconfinement in shale. (a) Fluid-wall interactions: molecule size (color spheres) and intermolecular attraction (dashed lines), (b) fluid adsorption.

Ve
Vreal

(17)

£=
The total number of fluid molecules (N¢) and adsorbed fluid

molecules (N;) within the pore are determined using Eqs. (7)-(13):

ﬁ _ m’sz

Ni==—— 18
Vet etVrea (18)
2
Nazﬁznrszfn(rpféab) L (19)
Vea €aVieal
\% Nt Vi
Vinp = P = Vop = =V
PN —Na)/Na Ne—Na ™ 1= 2 (2ry — bap) mb
(20)
where 1 = represent the correction coefficient for

[ S
1-2 ”p—g (2rp—6ab)

the effective molar volume of fluids in nanopores.

2.3. Modified PR-EOS

By thoroughly accounting for fluid-wall interactions and vari-
ations in Vi, the PR-EOS is modified as shown in Eq. (21). This
formulation provides a more accurate phase behavior prediction in
shale.

_ RT _ a—ag
“ Vmp—b Vinp(Vimp +b) + b(Vinp — b)

To ensure thermodynamic consistency in the modified PR-EOS,
the critical point condition requires both the first and second
partial derivatives of pressure with respect to Vi to vanish at the
critical temperature.

2),(),
Vmp 0V12np T B

Based on Eqgs. (21) and (22), the expressions for parameters a
and b in the modified PR-EOS are derived, with the detailed deri-
vation provided in the Supplementary Information.

P (21)

T=T.

(22)
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0.45724R’T?
d=——— ¢

e (23)

fp
b 0.07780RT,
B Dca

Accordingly, the critical temperature and pressure of nano-
confined fluid can be determined as follows:

(24)

a—afp

Tcn :01702 abR

A

(25)

a—a
Pen =0.0132— 22 (26)

For multi-component mixtures, the parameters ay, and by, in
both the vapor and liquid phases are calculated using the van der
Waals mixing rules (Rachford and Rice, 1952).

Ne N

o= 32 3w (acya) (1 ki)

i=1 j=1

(27)

Ne  Nc

Ay = Z Zyiyj (a,-aja,-aj) ° (1 - kij)

i=1 j=1

(28)

b =Y _ x;b;

i=1

(29)

bmy = _yib;

i=1

(30)

The compressibility factor forms of the modified PR-EOS for the
vapor and liquid phases are given by:

Z—(1-B)Z+ (AL — Ay — 2By —3BE)Z]_ o
31
- (ALBL L BE) =0
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Zy—(1-By)Z3 + (AV —Agpy — 2By — 33\2,)2\,

2 p3 52
— (AVBV —AgpvBy — By — Bv) =0
where A; = ?E‘;p%, Ay = ?ﬁ‘%’%’ ,BL = E%IZJL' By = PR, AfpL = %’
and Agy = _a&mTv)p -

The calculations of vapor and liquid fugacity are as follow:

S ) b;
In 2z _1)—In(z.—B
()@ -1)-mz -
AL A (@,g)n(w) (33)
2v2B; \am.  bmL 71 —0.414B;
In(J) 22y - 1)~ Inzy ~ By)
.VIpV m
Ay —Apy (Z(Pjv b ) n (ZV + 2.414BV) (34)
2v2By \Gmv bmy Zy — 0.414By

N, 0.5 N, 0.5
where ¢;; = i1 Xi (a,-ajaiaj> ,and gy = i1 Vi (aiaj(xiaj) .

2.4. Critical properties shift model

Due to the nanoconfining effect, the critical properties of fluids
within nanopores differ from those in the bulk phase. The shifts in
critical temperature and pressure are calculated using Eqgs. (35)
and (36):

« Tc—Ten afp

AT = S 1(7—1 +1 (35)
*7Tc—Tcn 2 afp

N (a ~1)+1 (36)

When 2 = 1, the modified PR-EOS reduces to the form without
fluid adsorption. When agp = 0, it indicates the absence of fluid-wall
interactions. When both conditions are met, the model reverts to
the traditional PR-EOS. Based on the generalized van der Waals
theory and experimental critical property data, Zarragoicoechea
and Kuz (2004) proposed a quadratic relationship between the
critical temperature and pressure of Lennard-Jones fluids and the
dimensionless pore size. This relationship has been widely adopted
in subsequent studies. However, it assumes equal shifts in the
critical temperature and pressure. When directly applied to Egs.
(35) and (36), this assumption may yield Ten, = pcn = 0, except in
two special cases (i.e.,, 2 =1 and ag, = 0). This result contradicts
fundamental thermodynamic principles. A new model is therefore
required to accurately characterize nanoconfined critical property
shifts and enable pressure correction while ensuring mathematical
consistency and physical validity. Building on previous research
(Pitakbunkate et al., 2016; Singh and Singh, 2011; Tan et al., 2019;
Yang et al., 2022; Zhang et al., 2019), critical temperature and
pressure data for various pure substances under confinement were
systematically collected. To account for molecular size differences,
a dimensionless pore radius parameter, o1j/rp, was introduced, and
all data were fitted using a unified approach.

Fig. 2 presents the exponential dependence of critical temper-
ature and pressure shifts on oy/rp, with correlation coefficients of
0.92 and 0.93, respectively. The corresponding fitting equations

are given as follows:
ch —Ten

cb

. 5110.8377
AT = Y

C

= 0.6757°4 (37)

p
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pcb Den O-LJO 6836

Pcb

*

Ap: = —0.9749°4 (38)

p

The expressions for 1 and ar, as functions of o1)/rp are given as
follows:

~0.9749(oyy /1) 2%%%° -1

(39)
0.6757 (o1 /15) %" =1
2
(0.6757 (a1 /rp) ***"7 - 1]
ag, = EER +1|a (40)
0.9749 (ng/rP) ’ -

2.5. Vapor-liquid equilibrium calculation

VLE calculation aims to determine the mole fractions of each
component in the gas and liquid phases under specified ther-
modynamic equilibrium conditions. In nanopores, the pro-
nounced curvature of the gas-liquid interface induces significant
capillary pressure, resulting in a pressure difference between the
gas and liquid phases. This deviates from the isobaric equilibrium
assumption commonly applied in conventional reservoirs.
Therefore, capillary pressure must be incorporated in nano-
confined VLE calculations. The relationship between gas and
liquid phase pressures and capillary pressure is expressed as
follows:

Dcap =Pv — PL (41)

The capillary pressure is calculated by Young-Laplace
(Adamson and Gast, 1967) equation:

20C0s 6
p

Pcap = (42)

IFT is calculated by Parachor (Weinaug and Katz, 1943) model:

4
Nc

o= |>_ (@iPixi — pvPyi) (43)
i=1

P; = (8.12307 + 1.974730;)T};03406p [0-82636 (44)

For multi-component mixtures, vapor-liquid equilibrium is
achieved when the chemical potential of each component is equal
in both phases, meaning their fugacities are identical. Under such
conditions, the VLE relationship can be expressed as:

ﬁL:.ﬁV7i:17"'7NC (45)

The equilibrium constant (K;) is defined as the ratio of the molar
fraction of the component i in the vapor phase (y;) to that in the
liquid phase (x;). Its initial value is calculated using the Wilson
equation (Wilson, 1969):

T
)]

x; and y; are calculated using the Rachford-Rice (Rachford and Rice,
1952) equation:

Dci
K= ) exp[S 37(1 +w,)( (46)

Zi(K—1)
K =1y ° (47)

21
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(a) 1.0 (b) 1.0
[T CH,, Pitakbunkate, et al.
\/  C:Hs, Pitakbunkate, et al. o
08 1 C;Hg, Tan, et al. 08 4
’ /\ CO,, Tan, etal. '
<> CH,, Huang, et al.
jé N, Zhang, et al. ¥ = 0.9749x0655
0.6 4 CH,, Singh, et al. 0.6 R?=0.92
O cr—: Sin, © OQ O o9
4Hio, Singh, et al.
5 O it Singh, etal. O S [] CH, Pitakbunkate, et al.
04 - Fitting curve QO 04 4 X/ CiHs, Pitakbunkate, et al.
- 0.6757x087 CzHg, Tan, et al.
y R; =0.93 A CO,, Tan, et al.
<> CH,, Huang, et al.
02 1 0.2 ¢ N, Zhang, et al.
() C4Hyo, Singh, et al.
(O  CeHyg, Singh, et al.
0 0 A @f{ — Fitting curve
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
aulr, oulty
Fig. 2. Correlation between the shifts in fluid critical properties and oyy/rp. (a) Critical temperature shifts, (b) critical pressure shifts.
2.6. Proposed model for calculating phase behavior modeling procedure involves several key steps, including critical
property modification, equilibrium constant determination, flash
The computational model for fluid phase behavior in nano- calculations, modified PR-EOS computations, and phase equilib-
confined spaces is illustrated in Fig. 3. It comprehensively in- rium evaluation. The complete algorithm process is outlined in
corporates the combined effects of fluid-wall interactions, fluid Algorithm 1.

adsorption, capillary pressure, and hydrocarbon wettability. The

1577
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Algorithm 1: Nanoconfined phase behavior calculate of the CO,-oil in shale

IHPUt: Ta rpa TCia Pcia Z[—originala Zi—Coza @, MW’ k’./’ 0
OUtPUt: MMP’ Pbubbles Pdews PL

Initialization: Set piyiia and pPeonstant

Stage 1: Calculate pre-defined:

Zi—original
zZ; =

z + Zf-coz

i-original
I, = (I_AT‘)XTU’ P = (1_AP*)chi
Stage 2: Calculate liquid density:
Koy = —2—exp {5.37(1 +o, )(1 —TTH

Pconstant

if 3z xx, >1 and 3z /K, >1 then

i-constant i-constant

v, z.(K. -1 i
Z‘\‘ Z’( i-constant ) =0, X, = 4 Vi = xiKi-conuam
= 1 + (Ki«;onsmm - l)V 1 + (Kl—comlam - I)V ‘
else
| V:()’x,‘:Z,"yi:O
end

N,

p 8

PL-mol = 7 1:7. » MW, = Zx,.MVV,,p,_ = PLomaMW,
L i

Stage 3: Calculate special pressure points:
for j=1 toNdo

4
Pei T, N (— — 20 cos
K, =#exp{i?ﬂ(l+w,)[l—%H,IFT:[Z[:I(/)LPI»,\; —pvey,,)} Peap =

Pinitial s

if 1-7,/fy[<107 then

if [IFT|<10” then

return MMP=p, .
end
if [¥y,-1<10” then
return p, ... = p, ...

end

if ’z“x‘,_1’<10*3 then

l‘etlll'll pdcw = pinilial

end

end

else

| Update pinitial

end
end
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Input parameters: T, r,, Tei, Peis Zioriginals @i MW, 0,

CO; injection, calculate z;

Calculate d,, and modified T, p.;

Petroleum Science 23 (2026) 1572-1587

Input p (constant)

Bubble point: [Xy; — 1| < 10
Dew point: [Xx; = 1] < 1073

Yes

Output: MMP, Pousbier Paew

| |
: Given the initial p :
| |
| lPL=Pv=P lPL=Pv=P |
| |
| E— Generate initial K; Generate initial K; :
|
| |
| l l :
|
| Flash calculation |
|
: Two-phase? |
| . No |
I Two-phase region: Bubble point: ¥z, x K; = 1 l Yes :
|
: 2z x K> 1 Flash calculation :
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Fig. 3. Proposed computational model for nanoconfined phase behavior analysis of the CO,-oil in shale.

3. Model validation

To validate the accuracy and generalizability of the proposed
model, some available experimental data were collected and
employed for analysis, with model predictions systematically
compared to experimental results. Tao et al. (2025) measured the
MMP of three pure hydrocarbon-CO; systems in nanochannels
with the depth of 30 nm and 1000 nm at 70 °C using nanofluidics.
Simulations under identical conditions are presented in Fig. 4. For
the 1000 nm channels, the predicted MMP values closely matched
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the experimental results, with relative errors ranging from 1.30%
to 2.03%, confirming the model's accuracy under bulk conditions.
For 30 nm channels, the relative deviations increased to
8.83%-10.65%. This is primarily due to the model's assumption of
cylindrical pores, which differs from the rectangular geometry of
experimental nanochannels. As reported by Zhao et al. (2024),
cylindrical pores tend to exhibit stronger fluid adsorption and
fluid-wall interactions compared to slit pores. As a result, the
model slightly underestimates the predictions. Nonetheless, given
the complexity of fluid behavior at the nanoscale, a deviation of
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Fig. 4. Comparison between calculated and experimental MMP data for CO, with
CgHis, C1oH22 and Cq3Hye at 70 °C.

approximately 10% remains reasonable and acceptable. To further
evaluate the model's applicability to multi-component systems,
nanofluidic experimental data from Cho et al. (2017) were used for
comparison. Two mixtures (90% CgHig + 10% CH4 and 90%
CioHa2 + 10% CHy4) were tested at 38 °C, as shown in Fig. 5. Under
bulk conditions, the deviation between calculated values of py, and
experimental values was below 3.6%, demonstrating the model's
adaptability to multicomponent systems. When the pore diameter
was reduced to 3.5 nm, the deviation increased to 12.40%-15.30%.
This is likely due to the heterogeneous pore size distribution in the
experimental chips. In contrast, the model assumes a uniform pore
radius, which leads to an underestimation of pore-scale hetero-
geneity effects.

Since the available experimental data are limited and often
employ simplified fluids or do not fully specify wettability,
comprehensive validation across all CCUS-EOR scenarios in shale
is not yet feasible. Nevertheless, the model's physics-based
formulation, which explicitly incorporates key mechanisms
(such as fluid-wall interactions, adsorption, capillary pressure, and
hydrocarbon wettability), ensures that it captures the essential
trends of nanoconfined phase behavior. This foundation enables
the model to be applied to a variety of shale reservoirs and fluid
systems, providing valuable insights for CCUS-EOR in shale.

4. Results and discussion
4.1. Establishment of fluid model

The shale oil composition and critical properties of each
component are listed in Table 1. To reduce computational cost, the
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3
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Fig. 5. Comparison between calculated and experimental p}, for 90% CgH1g/10% CH,4
and 90% CqoHo/10% CH4 mixtures at 38 °C.
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Table 1

Bulk fluid composition and critical properties.
Composition  z; T, K Pe MPa V. L/mol w; MW, g/mol
N, 0.0304 126.2 3.350 0.090 0.040 28.01
CO, 0.0014 304.2 7.280 0.094 0.225 44.01
CH4 04551 190.6 4.540 0.099 0.008 16.04
Cy—Cs 0.0741 429 4,155 0.183 0.076  41.92
Ce—Cqo 0.2665 693.2 3.785 0.575 0.267 101.48
C11-Ca0 0.1308 805.8 1.262 0.685 0.548 194.01
C21-Cs5 0.0417 11034 0.756 0.830 0.950 361.06

oil components were lumped into 7 pseudo-components for
multi-phase calculations.

The fluid model parameters were calibrated using experi-
mental data from constant composition expansion and oil swelling
tests at 89 °C. These data include the properties such as saturation
pressure, gas-oil ratio, viscosity, and density of the shale oil.
Adjustable parameters included critical volume, critical pressure,
acentric factor, molecular weight, and binary interaction co-
efficients. The objective was to ensure accurate representation of
the reservoir fluid's thermodynamic behavior. The calibrated
model successfully reproduces the phase behavior of the target
shale oil. Fitting results and binary interaction coefficients are
presented in Tables 2 and 3, respectively.

4.2. Nanoconfined phase behavior of CO,-shale oil

4.2.1. Critical properties shift of different fluids

In nanoconfined spaces, the critical temperature and pressure
of fluids deviate significantly from their bulk values. To quantify
this effect, critical properties of various fluid components were
calculated at different pore radii using the correlations with oyy/rp,
as defined in Eqs. (47) and (48). The results are presented in Fig. 6.
Notably, the pore radius (rp) in the equations was corrected to the
effective pore radius (rp-6,p) to account for the volume occupied by
the adsorption layer.

Both critical temperature and pressure decrease with
decreasing pore radius, reflecting the nanoconfining effect. When
the pore radius exceeds 75 nm, the deviations in critical properties
become negligible, and above 100 nm, the values closely approach
those of the bulk phase. This trend is consistent with previous
studies (Islam et al., 2015; Singh and Singh, 2011; Travalloni et al.,
2014). The enhanced confinement is mainly attributed to two
factors. First, as the pore radius decreases, fluid molecules are
closer to the pore walls, and thus intensifies fluid-wall

Table 2

Fitting results of fluid properties.
Parameter Measured Simulated Error, %
Saturation pressure, MPa 22.00 21.58 1.93
Density, kg/m> 636.90 650.50 2.13
Viscosity, cp 0.41 0.396 3.38

Table 3

Binary interaction coefficients of pseudo-components.
Composition CO, N> CHy C—Cs Ce-Cio Ci11-Co0 C21-Css
CO, 0 0.2000 0 0 02047 0 0.0650
Ny 0.2000 0 0 0.2000 0.5000 0.1615 0.1000
CH4 0 0 0 0.0072 0.0316 0.0635 0.1016
C-Cs 0 0.2000 0.0171 0 0.0090 0.0295 0.0584
Ce—Cio 0.2047 0.5000 0.0316 0.0090 0 0.0061 0.0227
C11-Ca0 0 0.1615 0.0635 0.0295 0.0061 0 0.0054
C21-Cs5 0.065 0.1000 0.1016 0.0584 0.0227 0.0054 0
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Fig. 6. Proposed critical properties of fluids for different components in nanopores. (a) Critical temperature, (b) critical pressure.

interactions. These interactions weaken intermolecular attractions
(Yang et al., 2020), leading to phase transitions at lower temper-
atures and pressures. Second, shale formations are rich in organic
matter, which enhances fluid adsorption. With further reduction
in pore radius, the proportion of adsorbed molecules increases,
effectively narrowing the available pore space. This limits the
mobility of alkane molecules (Song et al., 2020; Wang et al., 2015;
Zhang et al., 2019), resulting in lower effective molar volume and
reducing collision frequency. These effects further suppress phase
transitions and amplifies the reduction in critical properties. When
the pore radius falls below the molecular scale (approximately
75 nm), the energy states and spatial distributions of fluid mole-
cules significantly change, fundamentally altering the phase
behavior.

Fig. 7 follows the same tendency, showing a monotonic
decrease in both critical pressure and temperature with decreasing
pore radius. Additionally, heavier alkane components with more
carbon atoms exhibit more pronounced shifts in critical proper-
ties. This is because the larger molecular size limits the number of
molecules that can fit within the same pore volume, making their
molecular arrangements and interactions more sensitive to
confinement (Teklu et al., 2014). A comparison of shifts in Fig. 7
further reveals that critical pressure decreases more significantly
than critical temperature for the same component, indicating that
critical pressure is particularly sensitive to nanoconfinement.
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Fig. 7. Relationship between the shifts of critical properties of each component of shale oil under different pore radius and oy)/rp. (a) Shift of critical temperature, (b) shift of

critical pressure.

1581

4.2.2. Saturation pressure

To evaluate the effect of hydrocarbon wettability on phase
behavior, saturation pressures of CO,-oil in shale were calculated
at CO; fractions of 20 mol% and 40 mol%. Due to the presence of
organic matter, shale reservoirs usually exhibit mixed oil-wet and
water-wet characteristics. To systematically examine the influence
of hydrocarbon wettability on confined phase behavior of CO,-oil
in shale, four contact angles (0°, 45°,135°, and 180°) were selected.
It is important to clarify that the contact angle () here refers to the
gas-oil-rock three-phase contact angle, differing from oil-water-
rock contact angle. This parameter specifically characterizes the
wettability of rock surfaces with respect to shale oil. ¢ = 0° rep-
resents extreme hydrocarbon wetting, where shale oil fully
spreads on the rock surface. In contrast, # = 180° indicates extreme
hydrocarbon non-wetting, with shale oil forming spherical drop-
lets within the pore space.

To highlight the impact of pore size, a relationship between 1/r,
and saturation pressure was established. Fig. 8 shows a strong
linear decrease in saturation pressure with increasing 1/rp across
four wettability conditions, with correlation coefficient (R?)
exceeding 0.989. This confirms that pore size governs saturation
pressure and enables the prediction of its variation under different
nanoscale conditions. Considering that shale formations usually
exhibit intermediate-wet to oil-wet conditions, a contact angle of
45° was selected as the representative case. At 20 mol% of CO,, the
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Fig. 8. Variation of saturation pressure with pore size and CO, mole fraction under different wettability conditions (¢ represents the gas-liquid-rock three-phase contact angle).

() 0 = 0°, (b) 0 = 45°, (c) 6 = 145°, (d) 6 = 180°.

saturation pressure decreases from 25.03 MPa at a pore radius of
1000 nm to 15.79 MPa at 5 nm, representing a 36.92% reduction. In
the case of 40 mol% CO», it drops from 30.37 MPa to 17.53 MPa,
corresponding to a 42.43% decrease. This decline suggests that the
confining effects inhibit gas escape from the oil phase and prolong
the residence time of light components in liquid phase. As a result,
the single-phase liquid region expands, thereby improving fluidity.
These findings are consistent with previous results of Teklu et al.
(2014) and Du et al. (2020). In addition, Wang et al. (2025) re-
ported that capillary pressure in nanopores significantly enhances
mass transfer between gas and liquid phases, particularly by
promoting the dissolution of light components into the liquid
phase. Thus, the liquid phase becomes enriched with lighter hy-
drocarbons, improving the compositional stability.

Fig. 9 compares the saturation pressures of different hydro-
carbon wettability systems. When the pore radius falls below
100 nm, particularly under 75 nm, the saturation pressure in-
creases as wettability shifts from extreme hydrocarbon wetting
(6 = 0°) to extreme hydrocarbon non-wetting (¢ = 180°) and the
lowest value is observed at ¢ = 0°. This trend is attributed to the
influence of hydrocarbon wettability on capillary pressure (Feng
et al., 2021). Under hydrocarbon wetting conditions (6 < 90°, cos
6 > 0), the Young-Laplace equation indicates a positive capillary
pressure, which effectively suppresses gas phase formation and
delays the onset of gas-liquid coexistence. Similarly, the Kelvin
equation predicts a reduction in saturation pressure with
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increasing hydrocarbon wettability. Under hydrocarbon non-
wetting conditions (@ > 90°, cos @ < 0), negative capillary pres-
sure in this case reduces liquid phase stability, making a weaker
suppression in bubble point pressure. The relationship between
contact angle and capillary pressure further supports this result, as
shown in Fig. 10. This effect is particularly pronounced when the
pore radius is below 75 nm, while in larger pores, capillary pres-
sure diminishes and the impact of wettability on saturation
pressure correspondingly weakens. Moreover, increasing the mole
fraction of CO, from 20 mol% to 40 mol%, under the same hydro-
carbon wettability and pore size conditions, leads to a higher
saturation pressure but a lower capillary pressure. This is primarily
due to the enhanced solubility of CO; in shale oil, which reduces
the density difference and IFT between the gas and liquid phases.
Thus, although a higher CO, fraction promotes gas dissolution and
raises saturation pressure, the resulting decrease in IFT subse-
quently diminishes the capillary pressure.

4.2.3. 0Oil density

This work further investigates how the average density of the
free oil phase within nanopores varies with pore size and hydro-
carbon wettability under two distinct pressures (10 MPa, 40 MPa).
The oil density was calculated according to the procedure
described in Algorithm 1 (Stage 2: Calculate liquid density) and the
results are shown in Fig. 11. Similar to the correlation between
saturation pressure and 1/rp, (Fig. 8), shale oil density also exhibits
a strong linear correlation with 1/r,. This indicates that, across
different hydrocarbon wettability conditions, oil density decreases
linearly as pore radius decreases. For example, at ¢ 45°
(Fig. 11(b)), at a pressure of 10 MPa and 20 mol% of CO,, shale oil
density decreases by 23.74% as pore radius decreases from
1000 nm to 5 nm. When the CO, molar fraction increases to
40 mol%, the reduction is 23.57%. At a higher pressure of 40 MPa,
the corresponding density reductions are 18.07% and 18.02%,
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respectively. These results suggest that the effect of pore size
reduction on shale oil density is more pronounced at lower pres-
sures, where gas-liquid coexistence occurs, emphasizing the
enhanced confining effect.

The linear decrease in shale oil density with decreasing pore
size is primarily attributed to the significant alteration of fluid
critical properties under nanoconfinement, coupled with compo-
sitional redistribution caused by adsorption (Sobecki et al., 2019).
In nanopores, the improved fluid-wall interactions lead to the
formation of an adsorption layer near the pore walls. Due to dif-
ferences in molecular size and polarity, adsorption exhibits
component selectivity. This phenomenon alters the local compo-
sition of the fluid phases: heavy components tend to concentrate
in the adsorption layer, which reduces their concentration in the
free liquid phase. Since oil density is a function of critical prop-
erties, their reduction further decreases the density. Consequently,
the density of the liquid phase decreases as pore size diminishes.

In addition, when the pressure is in two-phase region, repre-
sented by 10 MPa in this study, oil density is also influenced by
hydrocarbon wettability. As shown in Fig. 12, at a pressure of
10 MPa, the oil density increases with increasing contact angle
under the same CO, molar fraction. For instance, under 20 mol%
CO, injection within a 5 nm pore, the oil density increases from
366.40 to 371.12 kg/cm? as contact angle changes from 0° to 180°.
This trend becomes more significant as the pore radius decreases
and is clearly observed below 75 nm, which aligns with the vari-
ation of saturation pressure with hydrocarbon wettability. Spe-
cifically, a smaller contact angle raises capillary pressure,
suppresses the escape of light components and promotes their
accumulation in the liquid phase, thereby reducing the overall
density. These findings indicate that hydrocarbon wettability not
only affects the vapor-liquid phase behavior but also alters the
physical properties of the liquid phase by redistributing
component.
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Fig. 10. Capillary pressure corresponding to the saturation pressure of the CO,-oil system. (a) 20 mol% CO,, (b) 40 mol% CO,.
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Fig. 11. Variation in oil density with pressure and CO, molar fraction across different pore sizes and wettability. (a) = 0°, (b) 6 = 45°, (c) 6 = 145°, (d) 6 = 180°.

4.2.4. Minimum miscible pressure

MMP is a critical parameter in designing CO; injection strate-
gies for shale oil formations. To evaluate the impact of nano-
confinement on the MMP of CO-oil in shale, this study
systematically analyzes MMP variation with pore radius and hy-
drocarbon wettability. As shown in Fig. 13, nanoconfining effect
markedly reduces the MMP (He et al., 2024; Wei et al., 2022; Wang
et al.,, 2024). Specifically, as pore radius decreases from 100 to
5 nm, the MMP declines from 32.82 to 20.86 MPa, a reduction of
36.44%. When the pore radius ranges from 100 to 10000 nm, the
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MMP keeps relatively stable. However, below 100 nm, particularly
under 75 nm, the MMP sharply declines with decreasing pore size,
demonstrating a typical nanoconfining effect. This threshold aligns
with trends observed for critical properties, saturation pressure,
and other phase-related parameters as discussed earlier. Com-
parisons of the MMP-pore radius curves under different hydro-
carbon wettability conditions (¢ = 0° and @ = 180°) nearly overlap,
indicating that hydrocarbon wettability has negligible influence on
the MMP of CO»-oil in shale. This is because, under miscible con-
ditions, the gas-liquid interface vanishes, causing capillary
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Fig. 12. Variation of oil density with CO, molar fraction for different pore sizes and hydrocarbon wettability under 10 MPa. (a) 20% CO,, (b) 40% CO,.
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Fig. 13. MMP of CO,-oil in shale across diverse pore sizes and wettability conditions.

pressure to approach zero, thereby minimizing the impact of
wettability on capillary pressure and miscibility. In conclusion, the
MMP of the CO»-oil in shale is significantly lower than that in
conventional reservoirs, making CO, injection more likely to
achieve miscibility in shale.

4.2.5. Phase diagram

This study explores the coupling effects of pore size and hy-
drocarbon wettability on the phase behavior of CO,-oil in shale. It
compares the impacts of different wettability conditions and CO,
injection mole fractions on the p-T phase diagram under both bulk
and 5 nm confinement conditions, as shown in Fig. 14. Under bulk
conditions, increasing the CO, mole fraction leads to higher bubble
point and critical pressures. In contrast, under confinement with a
5 nm pore radius and without capillary pressure, the p-T phase
diagram shifts toward lower temperatures and pressures. The two-
phase region becomes narrower, with the gas-liquid coexistence
region contracting significantly. Additionally, both the critical
temperature and pressure significantly decrease.

When capillary pressure is considered, the overall trend of the
phase diagram remains unchanged, but the contraction of the
phase envelope becomes more pronounced. As shown in Fig. 14(a),
within 5 nm pores, capillary pressure further lowers the bubble
point pressure, increases the upper dew point pressure, and de-
creases the lower dew point pressure. These changes lead to
additional contraction of the two-phase region. At an extreme
hydrocarbon-wetting condition (¢ = 0°), the effect is more sig-
nificant than that of non-wetting condition (¢ = 180°). It indicates
that stronger hydrocarbon wettability enhances capillary pressure
and promotes the transition toward a single-phase region. This
trend is consistently observed at both 20 mol% and 40 mol% of CO».
Although hydrocarbon wettability markedly influences the shape
of the phase envelope, it does not alter the position of the critical
point. At the critical point, the properties of the gas and liquid
phases converge, IFT approaches zero, and capillary pressure
vanishes. Consequently, the controlling effect of hydrocarbon
wettability on phase behavior does not exist. Zheng et al. (2021)
and Feng et al. (2021) investigated the effects of nanoconfinement
and wettability on phase behavior, and their findings are consis-
tent with our results. Furthermore, Zuo et al. (2018) demonstrated
that in the presence of confinement alone, both bubble point and
dew point pressures decrease. Moreover, under the influence of
capillary pressure alone, the bubble point pressure decreases
while the dew point pressure increases.

1585

Petroleum Science 23 (2026) 1572-1587

(a) 30
Crude oil —o— Bulk
5nm, 0=0°
5nm, 0 =180°
5 nm, no p.

Po = 21.58 MPa
e L

20 A

(b) 40

20 mol% CO, —e— Bulk
5nm, 0=0°

5nm, 6 =180°

o 5nm, no p.

30 1

20 A

p, MPa

o

600

(c) 50
40 mol% CO, —e— Buk

5nm, 0=0°
5nm, 0 =180°
5 nm, no p.

40 A

30 1

200

Fig. 14. Phase diagram variations in shale oil with different pore sizes and wettability.
(a) Crude oil, (b) with 20 mol% COinjection, (c) with 40 mol% CO, injection.

In summary, the phase behavior of shale oil in nanopores is
significantly distinct relative to that under bulk conditions.
Nanoconfining effects notably suppress the bubble point pressure,
allowing gas to stably dissolve in the oil phase at pressures below
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the bulk saturation pressure. This delays the release of light
components and enhances the dissolved gas-oil ratio during shale
oil production. As pore size decreases and the system becomes
increasingly hydrocarbon-wet, the P-T phase diagram further
contracts, with a significantly narrowed two-phase region. These
results indicate that phase behavior is synergistically governed by
pore size and wettability.

5. Limitation

The model developed in this study provides a theoretical
foundation for analyzing phase behavior in shale. However, it has
certain limitations in two ways:

(1) Pore geometry assumption. A cylindrical pore is used for
further calculation in this work. However, real shale for-
mations contain irregular or slit-like pores, introducing
potential deviations.

(2) Ideal fluid adsorption. In this work, adsorption is incorpo-
rated by modifying the Vy term in the PR-EOS and by
adjusting the effective pore radius to reflect the presence of
an adsorption layer. The thickness of this layer is estimated
using an empirical correlation (Eq. (11)) based on the critical
properties of each component. In practice, the thickness of
the adsorption layer is also strongly influenced by pore wall
wettability, which enhances fluid-wall interactions and
promotes adsorption under highly oil-wet conditions. This
effect is not fully captured in the current model, which may
introduce bias in phase behavior predictions.

Our future work will focus on addressing these two limitations.
Frist, take the pore geometry into account to characterize the ef-
fect of pore shape on phase behavior in shale. Meanwhile, estab-
lishing a quantitative relationship between hydrocarbon
wettability, adsorption capacity, and adsorption layer thickness to
improve the model's accuracy and applicability in complex shale
systems.

6. Conclusion

The multi-phase interactions of CO»-oil in shale were system-
atically investigated in this work. Special attention was given to
the nanoconfined phase behavior with pore size, wettability and
CO, molar fraction, including changes in critical properties, satu-
ration pressure, oil density, MMP and p-T phase diagram. The im-
plications of these shifts on fluid transport and CCUS-EOR were
discussed in this paper. The main conclusions are as follows:

(1) The PR-EOS was modified to incorporate fluid-wall in-
teractions and adsorption effects, and correlations for crit-
ical property shift were established based on existing
experimental data. A unified VLE calculation model was
developed to comprehensively account for fluid-wall in-
teractions, fluid adsorption, capillary pressure, and
wettability.

(2) The critical temperatures, critical pressures, saturation
pressure, density, and MMP decrease with decreasing pore
size, with more pronounced shifts observed below 75 nm.
When the pore radius exceeds 75 nm, these parameters
approach the bulk-phase values.

(3) The extent of critical property shifts correlates with carbon
number, as heavier hydrocarbons exhibit greater shifts,
critical pressure is more sensitive to nanoconfinement than
critical temperature.
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(4) Increased capillary pressure enriches light components in
the liquid phase, reducing density and saturation pressure.
Wettability further lowers bubble and upper dew point
pressures while raising the lower dew point pressure, con-
tracting the two-phase region. Stronger oil wettability cau-
ses greater shifts in the P-T phase diagram.
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