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Nanopore/subnanopore networks comprising tight reservoirs exhibit special behaviors in the storage and
transport of capillary-conﬁned ﬂuids. We develop a hydro-mechanical-chemical model coupling the
response of capillary-conﬁned phase behavior, multicomponent ﬂow, reservoir deformation and
reaction-controlled porosity evolution to explore the effect of nanopore conﬁnement on enhanced oil
recovery and CO2 storage. The results reveal that conﬁnement effects change both in chemical potential
and isothermal compressibility of individual components and thus increases volume expansion for any
given pressure drop. For constrained mixtures, the CO2 K-value (at ﬁxed pressure) and the MMP(at ﬁxed
aperture) will shift to smaller than the bulk state. Moreover, capillary-conﬁnement causes an increased
production of heavier components when reservoir pressure is below MMP and a higher production of all
components and a smaller reservoir inﬂation when reservoir pressure is higher than MMP - where
miscibility dominates. Meanwhile, capillary-conﬁnement causes a slight increase in CO2 retention rate in
the calculation for two cases of native oils with contrasting light oil fractions but in identical reservoirs.
Thus any production strategy for a combined CO2 capture and storage (CCS) operation needs to be
formulated in full consideration of the rock and ﬂuid properties for each potential site.
© 2021 Elsevier Ltd. All rights reserved.
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1. Introduction
To meet an increasing energy demand, unconventional hydrocarbon resources, especially tight oil with ultra-low in-situ permeabilities in the range 0.001mD (1mD) to 0.1mD (100mD), have
attracted increasing attention [1,2]. Due to both ultra-small pore
diameters and exacerbated by poor connectivity, ﬂuid transmission
does not follow Darcy’s Law e providing signiﬁcant challenges in
ﬂow characterization and ﬂuids recovery [3]. Whether miscible or
immiscible, CO2 injection into tight reservoirs can signiﬁcantly
improve oil recovery [4,5]. Concurrent with the expanding

* Corresponding author.
E-mail addresses: cmymingy@gmail.com (M. Cai), suyuliang@upc.edu.cn (Y. Su).
1
Postal address: Changjiang West Road 66, Economic Technical Development
Zone, Qingdao, Shandong Province, 266580, P.R. China / 209 Academic Project,
University Park, PA 16802, United States
2
Postal address: Changjiang West Road 66, Economic Technical Development
Zone, Qingdao, Shandong Province, 266580, P.R. China
3
Postal address: 110 Hosler Building, University Park, PA 16802, United States
4
Postal address: Changjiang West Road 66, Economic Technical Development
Zone, Qingdao, Shandong Province, 266580, P.R. China
https://doi.org/10.1016/j.energy.2021.120203
0360-5442/© 2021 Elsevier Ltd. All rights reserved.

utilization of hydrocarbon fuels, global CO2 emissions continue to
increase e with carbon capture and storage (CCS) widely accepted
as a viable method to reduce carbon emissions their impact [6e8].
The closest-to-market and commercially viable way to deploy CCS
on a large scale is combined with EOR technology. Such operations
enable CO2 utilization and storage (CCUS) to progress as a viable
carbon management strategy where costs are offset by hydrocarbon production [9e14].
Injected CO2 and the native hydrocarbons repeatedly contact
and reach local phase equilibrium within nanopores with the entire
process affected by the interaction between pore surface and ﬂuid
molecules. When the pore radius is reduced to nanometer scale comparable to molecular span - ﬂuid-conﬁnement effects are
greatly enhanced and ﬂuid phase properties are dramatically
impacted [15e18]. Phase behavior of ﬂuids conﬁned in subnanopores - which we call conﬁned ﬂuids - is described at a variety
of levels complexity involving equations of state and interaction
with solid media (Kelvin equation) for continuum models and using
density functional theory and molecular simulation at the atomistic
scale. Laboratory measurements are particularly challenging due to
the complexity of the mixtures, necessarily high pressures and
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effects but these approaches are difﬁcult to expand to micromechanical processes at pore-scale. As a result, there is a dearth
of work combining phase behavior in nanopores with geomechanics/geochemistry to simulate CO2 capture and assess storage safety e an essential requirement for successful deployment of
CCUS in deep reservoirs.
In this context, we analyze nanopores’ inﬂuence on ﬂuid phase
behavior and CO2 miscible displacement by establishing rigorous
compositional models coupled with geomechanics to evaluate CO2CCUS injection processes. The petrophysical characteristics of the
ﬂuid and reservoir are from the Changqing tight oil reservoir in
China. The pore size distribution and mineral composition of core
samples are determined by nuclear magnetic resonance (NMR) and
X-ray diffraction (XRD). A Gibbs free energy minimization criterion
is applied to modify the PR-EOS, and the vapor-liquid fugacity is
calculated by considering the change of criticalities and capillary
pressure effect, to study and characterize phase equilibrium. The
minimum miscible pressure (MMP) of the CO2-hydracarbon
mixture under subnanopore conﬁnement is calculated by conducting cell-to-cell simulations based on the modiﬁed PR-EOS.
Deformationediffusion processes are accommodated within the
framework of Biot poroelasticity and the effect of chemical reactions between the injected CO2 and the native rock is simulated
by applying a time-varying porosity equation, related to mineral
composition. A ﬁeld scale study evaluates response to injection and
production from vertical wells for the recovery of different hydrocarbon components resulting from the injection of CO2, including
the impacts of reservoir inﬂation and related permeability change.

temperatures and needs for high accuracy in observation/imaging
systems [19,20]. Driven by these constraints, the slightly oversimpliﬁed physical assumptions accommodated in the cubic EOS
approach are generally considered acceptable and provide an
appropriate method for calculating the phase behavior of conﬁned
ﬂuids. The change in critical properties results in the phase
behavior of oil and gas in tight reservoirs signiﬁcantly shifting
[21e23]. Another particularly noteworthy example of this difference is the phenomenon commonly seen in nanoscale porous
media known as capillary condensation e describing the condensation of trapped ﬂuids below their bulk vapor saturation points
[24]. Combining the capillary condensation effect with the Cubic
Peng-Robinson equation of state (PR-EOS), the ﬂuid phase behavior
in nanopores in tight reservoirs may be dynamically represented
[25]. This method has been widely used to improve the numerical
simulation of ﬁeld scale problems, such as shale gas development
and CO2 huff-n-puff recovery [26e29]. However, the simulation of
multi-component systems usually involves knowable changes in
reservoir temperatures, pressures, and various physical properties
of the reservoir or injectate but typically lacks details of native oil
composition and characteristics [30]. This shortfall intrinsically
results in a limitation on robust predictions of behavior since the
adsorption properties and density distributions of light and heavy
hydrocarbons under capillary(nano)-conﬁnement vary signiﬁcantly as pressure decreases [31] e indicating that a separate and
detailed analysis of oil composition is necessary. This study compares the phase behavior of different crude oils and CO2 that would
affect both the evolution of reservoir pressure and the production
of both lighter and heavier components, thus signiﬁcantly affecting
production strategies.
However, in order to simulate the CCUS process in tight reservoirs more accurately, it is also necessary to consider geomechanical impacts from CO2 injection and oil production, as well
as the dynamic chemical interactions between injected CO2 and
reservoir minerals. The stress state in the reservoir is controlled by
pore pressure change during production or injection [30,32,33].
Besides, injected ﬂuids may promote creep through dissolution
reactions that enhance microcrack formation and diffusive mass
transfer processes, resulting in reservoir deformation that varies
over time and that changes the porosity and permeability of the
host [34,35]. Prior studies of the kinetics of CO2-brine-rock reactions [36e39] and saline injection have identiﬁed signiﬁcant
increases in reservoir permeability [40]. However, concurrent
precipitation and dissolution of secondary minerals such as
kaolinite, muscovite, and montmorillonite also impact permeability and are mass ﬂow rate and activity-dependent [41e43].
Most large-scale simulations of CO2 storage are focused on CO2
injection into saline aquifers [44] or into shale to interact with
methane or single component crude oils [45] including the
adsorption and replacement of CO2 and methane in nanopores at a
molecular level [46,47]. However, these approaches intrinsically
neglect the complex and important interaction between CO2 and
multi-component mobile liquid hydrocarbons. Furthermore, molecular simulations enable the calculation of the EOS phase
behavior of CO2, nitrogen, and alkanes in nanopores, and then the
analysis of the feasibility and optimization for CO2 storage in tight/
shale reservoirs [25]. And indeed, some CO2-EOR studies have
attempted to incorporate these micro-scale migration mechanisms
into large-scale ﬂow simulations by expanding the capability of
compositional simulators, such as UTCOMP [48] and MSﬂow-COM
[30]. However, current understanding of CO2 sequestration with
multi-component ﬂow under the combined inﬂuence of geomechanics and geochemistry remain limited. Approaches using
CMG, for example Fakcharoenphol et al. [49] and Chen et al. [50],
have simulated thermo-hydro-mechanical-chemical coupling

2. Experimental materials and methods
2.1. Pore size distribution
The core samples are obtained from wells penetrating four
blocks of a tight oil reservoir in Changqing, China. Samples 1 and 2
are recovered from the Chang7 layer, and samples 3 and 4 from
Chang8 layer. Detailed parameters deﬁning the core samples are
presented in Table 1. These include diameter, ds , Klinkenbergcorrected permeability, k∞ , and porosity, 4s , of core samples.
Macromr12-110h-i and PoreMaster 60 instruments are used to
determine the pore size distribution via NMR spectroscopy and
mercury intrusion porosimetry (MIP). MIP experiments are conducted according to the Chinese Oil and Gas Industry Standard SY/T
5346e2010. The maximum operating pressure of the instrument is
60,000psi, measuring pore diameters to 3.564 nm. The experiments are carried out at room temperature (~25  C).
The advantage of NMR spectroscopy is that the sample’s
porosity and pore size distribution are not affected by the skeletal
composition. Robust correlations are available to link NMR T2
spectra to MIP data, with this used in this study to convert T2
spectra into maps of the distribution of pore radii [44,51]. The NMR
measurements are recovered from water-saturated core samples
and analyzed according to the Chinese Oil and Gas Industry Standard SY/T 6490e2014. The experimental results are presented in
Section 4.1.

Table 1
Core sample parameters.

2

Core No.

Layer

Sample
Sample
Sample
Sample

Chang
Chang
Chang
Chang

1
2
3
4

72
72
81
82

ds (mm)

k∞ (mD)

4s (%)

25.24
25.30
25.10
25.24

0.0268
0.0131
3.6904
0.0300

9.57
8.35
19.26
12.85
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Fig. 1. SEM images of core sample 1.

2.2. Mineral compositions

"

Nc
X
s¼
ðrL ½Pi xi  rV ½Pi yi Þ

Potential reactions between supercritical CO2 and formation
water will lead to changes in porosity, injectivity, CO2 migration
and water chemistry [89]. Fig. 1 shows SEM images for core Sample
1 after reacting with CO2 for 0, 5, and 10 days and illustrating the
deposition or reaction products and pore morphology and
cementation changes. Such chemical reactions are signiﬁcantly
inﬂuenced by key lithologies and mineral compositions [52].
A D/max-2600 X-ray powder diffractometer is used to measure
the rock samples’ mineral composition in this work. The core
samples are powdered to a particle size <40 mm and screened into
particles less than #200 mesh. The mineral composition is recovered from the characteristic peaks obtained by XRD. A series of
extraction steps isolate clay minerals and aid in the preferred
orientation of clay minerals for X-ray analysis. Particles <2 mm are
separated by settling in water, with the concentrated paste
collected and air-dried. According to the Chinese Oil and Gas Industry Standard SY/T 5163e2010, the mineral compositions are
calculated from the XRD results and then incorporated into an
analytical solution (Eq.(22)) to describe the evolution of porosity
with time. This evaluation identiﬁes the effects of chemical reactions during CO2 geological storage and its impact on ﬁeld
response. See Section 4.1, following, for mineral compositions and
parameters and further discussion of this porosity evolution model.

where PL and PV are liquid and vapor phase pressures; r is the pore
radius; rL is the average density of bulk liquid phase; rV is the
average density of bulk vapor phases; ½Pi is the parachor and the
subscript refers to the i-component.
The concept of Gibbs molar free energy is applied to deﬁne the
vapor-liquid equilibrium (VLE) condition. The system reaches
equilibrium when the fugacity of each component across a liquid/
vapor interface becomes equal.

fLi ðT; PL ; xÞ ¼ fVi ðT; PV ; yÞ; i ¼ 1; /; Nc

(3)

fLi ðT; PL ; xÞ ¼ ∅iL xi PL

(4)

fVi ðT; PV ; yÞ ¼ ∅iV yi PV

(5)

where fLi , fVi are liquid and vapor fugacity of the ith-component; xi
and yi are liquid and vapor phase mole fractions of the ithcomponent in equilibrium at a given pressure and temperature; ∅iL
and ∅iV are the fugacity coefﬁcients of the ith-component in the
liquid and vapor phases. Then we can reformulate the VLE via the Kvalue according to Eq. (6) [29,54].

Ki 0 ¼

3.1. Vapor/liquid equilibrium under subnanopore conﬁnement
Two key features controlling ﬂuid state in reservoirs are the
signiﬁcance of critical point transfer and capillary force. This may
be achieved by adding capillary forces to the fugacity equation or
adjusting key EOS parameters [16,53]. Capillary pressure is calculated in this paper at the porous medium’s mean pore size based on
the Young-Laplace equation. The initial, undeformed pore radius is
obtained from mercury injection porosimetry. We assume that the
pores are spherical and that pore radius is updated at each effective
pore pressure in the subsequent simulation. The following are
satisﬁed at liquid/vapor equilibrium:

2scoq
r

(2)

i

3. Model and methodology

Pv  PL ¼ Pcap ¼

#4

yi
∅ P
P
¼ iL L ¼ Ki L
xi ∅iV PV
PV

(6)

where Ki and Ki 0 are the K-values before and after correction by
capillary pressure.
Conﬁned spaces or pores alter the phase behavior of ﬂuids, and
these effects have been documented in altering critical properties.
Zarragoicoechea and Kuz et al. [55] used a van der Waals model to
simulate the reduction of critical temperature in nanopores, with a
quadratic correlation between the change in critical properties and
the Lennard-Jones collision diameter ratio to pore throat radius.
However, the estimation of critical properties for heavy hydrocarbon components (C22-80) in very small pore spaces (<3 nm) fall
outside the range of experimental data [56]. Singh et al. [57] reported the variation of critical temperature and pressure of alkanes
in slit pores with a width of 0.5e5 nm by using the Grand Canonical
Monte Carlo (GCMC) method, with the results similar to those of

(1)

3
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the Zarragoicoechea and Kuz [55] simulation. Based on the Singh
[57] data, Devegowda et al. [58] ﬁtted equations to calculate the
critical properties of C1, nC4, and nC8 in pores respectively 2, 4, and
5 nm in diameter. Ma et al. [59] established a consistent model of C1,
nC4, and nC8 criticalities in a conﬁned space of dimension 2e10 nm,
which is more applicable to the mixed phase behavior consistent
with multi-component coexistence. The shifted critical properties
can be calculated as [28,60]:

DTc ¼

Tcb  Tcp
dp
¼ 1:1775
Tcb
seff

T  Tcp
dp
DTc ¼ cb
¼ 0:6for
Tcb
seff

DPc ¼

!1:338
for

dp

seff



v rf 4
vt

f

Pcb  Pcp
dp
¼ 1:5686
Pcb
seff

f

!
is the ﬂuid velocity related to speciﬁc discharge, q , through Darcy’s
law as:

(7)



k
!
q ¼4 !
v f !
v s ¼  VP

(8)

vεv
!
vs¼
vt

m

!
< 1:5

(10)

where rf is the average ﬂuid density that can be obtained from the
modiﬁed PR-EOS; 4 is the porosity; f is the source or sink term; !
v

!
 1:5



v f ¼ ff
þ V , rf 4 !

(11)

(12)

where !
v s is the solid grain velocity; k is reservoir intrinsic
permeability; m is the dynamic viscosity; P is the ﬂuid pressure
perturbation; and εv is the volumetric strain of the porous medium.
Substituting Eqs. (11) and (12) into Eq. (10) and expanding gives:

!0:783
(9)

where seff is the effective molecular diameter; dp is pore diameter.

rf



vrf vP
v4
vεv
!
þ4
þ rf 4
þ V , rf q ¼ ff
vt
vP vt
vt

(13)

3.2. Minimum miscible pressure calculation

The rate of change of porosity is related to changes in pressure
and strain and can be given as [67]:

Traditional cell-to-cell simulation is applied to reproduce the
phase behavior with a multi-stage contact between gas and oil. The
calculation steps are as follows [61,62]:



v4
1 vP vεv
¼ ða  4Þ
þ
vt
Ks vt
vt

(14)

where Ks is the bulk modulus of the solid rock grains; and a is the
Biot effective stress coefﬁcient. It should be noted that the pore
relationship here is based on poroelasticity and does not account
for the effects of reservoir damage [69]. Substituting Eq. (14) into
Eq. (13) yields the following:

(1) First, CO2 is mixed with the original oil at different molar
ratios and the increment ratio of CO2 and oil is set as 5%. Flash
calculations are then performed for the mixtures to detect
the two-phase region. If no two-phase region is encountered,
the process is judged to be the ﬁrst contact miscibility and
the calculation stops. Otherwise, the calculation proceeds to
Steps 2 and 3.
(2) The ﬁrst point (5% CO2) of the two-phase region detected in
the ﬁrst step is treated to remove all liquid from the system.
The remaining gas is combined with the original oil and the
gas-oil at a ratio of 10%. The procedure of the ﬂash calculation
is repeated and the liquid removed. This simulates the
evaporation or extraction process.
(3) Again, the ﬁrst point (5% CO2) of the two-phase region
detected in the ﬁrst step is treated to remove all vapor from
the system. The remaining liquid is combined with the CO2 at
a ratio of 10%. The ﬂash calculation repeated and the vapor
removed until the oil cannot be further enriched. This simulates the condensate gas drive process.



ða  4Þ

rf
Ks

þ4




vrf vP
vεv
!
þ rf ða  4Þ
þ V , rf q ¼ f f :
vP vt
vt

(15)

The equation for mechanical equilibrium is given as,

!
Vs ¼ 0

(16)

where the effective stress, s0 , is given by Biot’s general deﬁnition
as,

s ¼ s0 þ apI

(17)

where this may be substituted into the linear constitutive model
representing stress-strain as,



2
3



s0 ¼  2Gε  K  G εv I
3.3. Coupled geomechanical and geochemical modeling

(18)

where s is the total stress tensor; I is the second rank identity
tensor; ε is the strain tensor; G is the shear modulus; and K is the
bulk modulus.
!
Strains, ε, are related to solid displacements, u , as,

The high heterogeneity of the reservoir and the complexity of
the ﬂuid-rock interactions provide a challenge in building largescale models to simulate ﬂuid ﬂow and mechanical deformation
in underground geological structures. The simulation’s ﬁdelity is
critical for the correct prediction of underground hydrodynamics
and geomechanics (stress and deformation) and the safety assessment of engineering applications such as hydrocarbon and
geothermal yields [63e66].
Fluid ﬂow and deformation of porous media result from changes
in ﬂuid pressure or stress state. The continuity equation ﬂuid
transmission can be written as [67,68]:

ε¼

1 h !  ! Ti
Vu þ Vu
2

(19)

with the volumetric strain,εv , deﬁned as,

!
εv ¼ V u ¼ trðεÞ:

(20)

Integrating Eq. (14) and then substituting Eq. (20) produces the
4
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porosity relationship

! a  40
4  40 ¼ aV u þ
ðP  P0 Þ
Ks

(21)

where 40 and P0 are the initial state of porosity and ﬂuid pressure,
respectively.
The formation or removal of scale on the pore surface due to
precipitation or dissolution may also change porosity e but by
mechanisms that add mass to the system, rather the inert deformations represented in Eq. (21). These will result in additional
porosity and permeability changes, thus affecting the transport rate
of various porous media. Thus, we represent the interaction between CO2 and the native rock to accommodate the impacts of
mineral reaction modulated by mineral composition. This model
neglects the calculation of changes in reactant concentration to
improve operational efﬁciency.
Fluid paths in the porous medium change continuously as
immobile sediments are formed in, or removed from, the pore
space, thus adapting to the path of least resistance under existing
conditions. Speciﬁc ﬂow path changes can only be determined by
network modeling. Although more instructive, this detailed internal ﬂow in a complex and changing porous structure can be tedious
and computationally demanding [70]. Civan et al. [71] provided a
practical analytical solution to describe scale precipitation and
dissolution kinetics on the pore surface based on fractal attributes
of the pores (see Eq. (22))


4c ¼ 40 1 þ k4 4r0l t

1=rl

Fig. 2. Coupling procedure in the modiﬁed VLE calculation.

index of the formation. The relationship among the pore radius,
permeability and porosity can be expressed as [74]:


r¼

(23)

k4 ¼ km ðFs  1ÞC m nmrl Vbrl

(24)




Ea 1
1

km ¼ km25 exp
T 298
R

(25)

where 4c is the porosity affected by dissolution/precipitation; k4
and rl are the lumped dissolution/precipitation rate coefﬁcient and
the lumped pore structure index, respectively, and are related to
mineral components of the core sample measured by XRD; t is
time; m is an exponent of pore surface participation; D is fractal
dimension; km is dissolution/precipitation rate coefﬁcient; Fs is
saturation ratio; C is empirical fractal coefﬁcient; n is the number of
hydraulic tubes providing ﬂow through the porous medium; Vb is
bulk representative elementary volume; Ea is activation energy; R
is gas constant; T is temperature; km25 is dissolution/precipitation
rate coefﬁcient at 25 C (298K), enabling the evaluation of the rate
constant km at any temperature by using k25 magnitudes reported
elsewhere [72]. Integrating Eqs. (21) and (22) recovers porosity as:




! a  40
4 ¼ 40 þ aV u þ
ðP  P0 Þ 1 þ k4 4r0 t
Ks

1=r

(26)
4. Results and discussion

Eqs. (10), (11) and (16) give the ﬁnal governing equations of the
model. Finite volume (FV) schemes have been the methods of
choice for simulation of ﬂow and transport and porosity is updated
each time step. The permeability equation is a modiﬁed KozenyCarman correlation [73]:

k ¼ k0 , 

42mþ1 ð1  40 Þ2
ð1  4Þ2 40 2mþ1

(28)

where is t tortuosity of the porous medium.
The coupling algorithm with a modiﬁed VLE calculation procedure is presented in Fig. 2. This work provides a new fullycompositional model to investigate the coupled hydromechanical-chemical effect in CO2 EOR and storage. To overcome
the deﬁciency in convergence speed and calculation efﬁciency, we
substitute the capillary pressure obtained after two-phase ﬂash
into compressibility and fugacity calculation before solving equilibrium constant iteratively by successive substitution calculator. In
other previously published works, the common practice is to iteratively solve the capillary force each time the equilibrium constant
is updated, or iteratively solve the equilibrium constant each time
the capillary force is updated [29,75]. Although the previous
method and the new algorithm’s results are consistent, the
computation cost is noteworthy, especially for three-dimensional
ﬂow simulations. A small amount of grid increase and reﬁnement
will result in a geometrically more extensive computation for the
former method than for the latter. Therefore, the cost-effective algorithm makes the framework extendable to simulate ﬂow in a
multiscale fracture network by further coupling nature cracks and
hydraulic fractures. Constraints in our work are applied by the
reservoir’s initial pore size distribution recovered from NMR
spectroscopy and MIP measurements. A model for the evolution of
pore sizes is related to mineralogic composition and lithology
constrained by XRD, linking the model’s response to the reservoir’s
key petrophysical properties. These models consider the impact of
nanopore-conﬁnement on CO2 ﬂooding and represent the ﬁrst
attempt to evaluate the safe storage of CO2 by combining key aspects of phase behavior with the impacts of deformation.

(22)

rl ¼ mD=3


8kt 1=2
4

The pore distribution and mineral components are obtained
from experiments on cores (NMR and X-ray diffraction) from the
Changqing oil ﬁeld and are used as the basis of a coupled simulation
model incorporating geomechanics. Followed by the simulation
study of coupled response examining the impacts of conﬁnement,
we exhibit the ﬂash calculations and minimum miscible pressure
calculations to reveal the phase behavior of CO2 and crude oil under
conﬁned conditions to illustrate the nanopore effect on production
CO2 retention and reservoir deformation.

(27)

where k0 is initial state of permeability; and m is the cementation
5
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Fig. 4 shows the mineral composition of each of the four samples. The Chang7 layer cores (Sample 1 and Sample 2) have very
high quartz content (>60%) with some oligoclase and dolomite. The
quartz and oligoclase contents in the Chang8 cores (Sample 3 and
Sample 4) are both ~30%, with the next major component of Kfeldspar. The clay mineral proportions in the four samples range
from 11 to 16%. The Chang7 layer (Sample 1 and Sample 2) is
dominated by illite, while the Chang8 layer (Sample 3 and Sample
4) is dominated by chlorite.
Civan et al. [71] ﬁtted the Carnahan [76] experimental data to
determine rl ¼ ¼ 0.81 and k4150 ¼ 1.88  108 s1 for quartz at a
temperature of 150  C (432K). Assuming that the values of Fs , C, m,
C, rl , Vb remain unchanged over a range of reservoir conditions, the
k460 of mineral components at 60  C (333K) can be calculated from
Eqs. (24) and (25) according to the k4150 of quartz. Calcite is ignored
in the calculation because the calcite content in the four samples is
very low. Table 2 shows the values of relevant parameters and
calculation results. The lumped parameter k4 for each sample can
be obtained as:

Fig. 3. Pore size distribution of the core samples recovered from the NMR T2 relaxation
time.

4.1. Case study

k4 ¼

4.1.1. Pore size distribution and mineral composition
The pore size distribution of the four tight reservoir samples are
shown in Fig. 3. The pore diameters vary from less than 15 nm to
larger than 20 mm. The pore size distributions of Sample 1 and
Sample 2 are relatively uniform, as reﬂected in the unimodal form
of the T2 spectrum. The peak in the T2 spectrum of Sample 1 occurs
in the short relaxation time region, with diameters in the range
150e310 nm; and the peak of the T2 spectrum of Sample 2 occurs in
the region with a long relaxation time, with diameters of ~4e10 mm.
The spectrum for Sample 3 is bimodal, indicating that pore diameters transit nano-scale to micron scale, with the amplitude of
the peaks indicating a predominance of pores at the nano-scale.
The weakly three-peaked form of the T2 spectrum for Sample 4,
indicates that in addition to many subnanopores and a few micron
pores, a small number of cracks may also exist.

N
X

k460i  Mi

(29)

i

where N is the total number of mineral components; M is the
percentage of each mineral, the subscript i reperesents the ith
mineral component. By substituting M and the calculated value of
k460 in Table 2 into Eq.(29), the average k460 of the Chang7 layer
(Sample 1 and 2) is 2.50  102 s1, and the average k460 of the
Chang8 layer (Sample 3 and 4) is 4.31  103 s1.
4.1.2. Physical model setup
The model is set with two vertical wells spaced 300 m apart
pierce a reservoir where one is a production well with a ﬁxed
bottom-hole pressure of 12.25 MPa and the other is an injection
well with CO2 injected at 0.35 m3/s at surface conditions. Two
longitudinal layers with a thickness of 15 m represent the two
reservoir units of Chang7 and Chang8. The porosity and permeability distribution of the model are shown in Fig. 5 and Fig. 6.
The geometry of the simulation grid is 20  20  2, with the two
wells located at the 1st and 800th grid blocks, respectively, as
detailed in Fig. 7. Zero displacement conditions are set on the base
with a pressure of 18.625 MPa imposed on the upper surface. Formation petrophysical parameters are shown in Table 3.
4.1.3. Simulation results of case 1
Prior to modiﬁcation, the ﬂuid properties and the oil sample
composition are shown in Table 4. The data are from the tight oil
reservoir of the Changqing oilﬁeld, and is used in the simulation
study of Case 1. The components listed are lumped into six pseudocomponents, including CO2, C1eC2, C3eC4, C5eC6, C7eC10, and C11þ,
whose critical properties are estimated by Lee-Kesler mixing rules
[80].
In this instance, the model with conﬁnement has a higher early
production rate (Fig. 8 (a) and (c)) and cumulative production of

Fig. 4. Mineral constituents of the core samples.

Table 2
Parameters and calculation results.
k25 (mol$m2$s1)
Quartz
Oligoclase*
K-feldspar
Dolomite

1.26 
3.55 
3.55 
1.02 

1014 [77]
1010 [78]
1010 [78]
103 [79]

Vm (m3$mol1)

km25 ¼ k25  Vm (m$s1)

Ea (J/mol)

2.59 
1.00 
1.09 
6.43 

3.26 
3.55 
3.87 
6.56 

8.75 
5.18 
5.18 
2.09 

10e5
10e4
10e4
10e5

10e19
10e14
10e14
10e8

* Albite: Anorthite ¼ 90:10 in Oligoclase.
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104
104
104
104

[77]
[78]
[78]
[79]

km60 (m$s1)

k460 (s1)

1.34 
3.20 
3.49 
1.59 

2.26 
5.41 
5.90 
2.69 

10e17
10e13
10e13
10e7

10e11
10e7
10e7
10e1
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Fig. 5. Heterogeneous porosity model.

Fig. 6. Heterogeneous permeability model.

Table 3
Petrophysical parameters.
Parameters

Value

Young’s module, E
Poisson’s ratio, q
Biot’s coefﬁcient, a
Cementation index, m
Tortuosity, t
Lumped dissolution/precipitation rate coefﬁcient, k4

25.80 GPa
0.265
0.6
2.11
2.54
1.88  108 s1 (Layer 1)
1.44  106 s1 (Layer 2)
0.81
9.1%
0.77 mD

Lumped pore structure index, rl
Mean porosity, 4
Mean permeability, k

Table 4
Mole fractions and component characteristics of the crude oil sample (for Case 1).
Fig. 7. The numerical model.

lighter and heavier components (Fig. 8 (b) and (d)), which may be
caused by the reduction of interfacial tension with miscibility.
However, due to the decrease in the ﬂow resistance, CO2 breakthrough in the production well is more likely and correspondingly
will lead to the decline of late-time production. Therefore, it is
necessary to mitigate against the early breakthrough of injected
CO2, such as replacing a continuous CO2 drive by CO2 WAG.
Subsequently, to eliminate the pressure difference, the injection
well is set to 22.5 MPa, and the production well is set to 6 MPa and
is shut-in when the gas-oil ratio exceeds 1800 m3/m3
7

Comp

Mole fraction

Pc

Tc

ac

MW

Parachor

CO2
CH4
C2H6
C3H8
iC4H10
nC4H10
iC5H12
nC5H12
C6
C7
C8
C9
C10
C11þ

e
0.2355
0.0664
0.1056
0.0176
0.0456
0.0232
0.0277
0.0503
0.0286
0.0301
0.0256
0.0212
0.3226

7.376
4.600
4.884
4.246
3.648
3.800
3.384
3.374
3.289
3.138
2.951
2.730
2.534
2.556

304.200
190.600
305.400
369.800
408.100
425.200
460.400
469.600
507.500
543.200
570.500
598.500
622.100
572.013

0.228
0.008
0.098
0.152
0.176
0.193
0.227
0.251
0.275
0.308
0.351
0.391
0.444
0.522

44.010
16.535
30.433
44.097
58.124
58.124
72.151
72.151
86.000
96.000
107.000
121.000
134.000
266.065

79.0
74.8
107.7
151.9
181.5
189.6
225.0
225.0
250.1
278.4
309.0
347.2
381.9
441.0

M. Cai, Y. Su, D. Elsworth et al.

Energy 225 (2021) 120203

Fig. 8. Production of lighter and heavier components for Case 1.

63.12%, respectively. The model without conﬁnement is shut-in
after 3136 days of production; the retained volume of CO2 and
retention rate are 1.04  108 m3 and 60.44%, respectively, both of
which are slightly lower than for the model incorporating
conﬁnement effects.

(approximately 10000 scf/bbl) [81]. The CO2 retained in the reservoir is the difference between the total injection volume and the
total production volume, and the retention rate is the ratio of the
retained volume of CO2 to the total injection volume. The calculation result is shown in Fig. 9. Due to the potential impact of
improved CO2 injection capacity, the model with conﬁnement is
shut-in earlier than the model without conﬁnement. With the effects of conﬁnement, production is stopped after 2016 days, the
retained volume of CO2 and retention rate are 1.1  108 m3 and

4.2. Impact of conﬁned vapor-liquid equilibrium
To illustrate nano-scale porous media’s effect on production and
CO2 retention, we ﬁrst use the modiﬁed PR-EOS to calculate the
fugacity coefﬁcient both before and after considering subnanopore
conﬁnement. This comparison is shown in Fig. 10 (a) where the
dashed line is for bulk ﬂuid the solid line represents the ﬂuid
property when conﬁned in the subnanopores (r ¼ 5 nm). The effect
of interaction between the ﬂuid and the pore surface on chemical
potential may be judged from the fugacity coefﬁcient’s deviation
[82]. In general, within the range of 300e350K, subnanopore
conﬁnement results in the chemical potential of C3eC11þ
increasing, and of C1eC2 and CO2 almost unchanged or slightly
decreased. Fig. 10 (b) shows that the conﬁnement effect will increase the Z-factor of each component. The Z-factor increases range
from ~5% to 35% depending on molar weight and molecular
diameter. As Z-factor is directly related to a vapor stream’s density,
it also affects the ﬂow rate and isothermal compressibility [83].
Therefore, by reducing the pressure, the volume expansion of the
ﬂuid in the subnanopores is larger than that of the bulk phase ﬂuid,
and this effect is more pronounced for heavy hydrocarbons.
Meanwhile, although not obvious, an increase in temperature does
result in a reduction in the effect of subnanopore conﬁnement.

Fig. 9. CO2 retention for Case 1.
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Fig. 10. Shifted fugacity coefﬁcient (a) and Z-factor (b).

CO2 is mixed with CH4eC5H12, C6eC10, and C11þ in 1:4 to
calculate the equilibrium K-value of CO2 at 333K with the change of
pressure. The solid lines in Fig. 11 represent properties in the pores
at 5 nm, while the dotted lines represent that in the bulk ﬂuid. The
nanopores lead to a signiﬁcant decrease in the CO2 K-value in the
three mixtures. Besides, compared with AA 0 (5 nm) and aa ’ (Bulk)
of the CO2 K-value curve in the lighter hydrocarbon (CH4eC5H12),
point A is signiﬁcantly shifted to the left from point a. This demonstrates that at high-pressure, the escaping pressure of vapor
phase CO2 reduces more signiﬁcantly in lighter hydrocarbon
mixture than that in the heavier mixture. At 4.0 MPa, point A ’is
lower than point B0 and point C0 , whereas the corresponding point
c’ in the bulk phase ﬂuid is the highest, indicating that the reduction of pore size leads to the lower ratio of vapor phase CO2 in the
heavier mixture than that in lighter hydrocarbon mixture. It is
known that competitive adsorption of molecules and the extraction
of CO2 will cause more heavier hydrocarbons to be bound in the
subnanopores. Therefore, if the effect of nanopore restriction is
neglected, the CO2 solubility trapping may be underestimated.

Next, the relative proportions of other hydrocarbon components
are kept unchanged, with different mole fractions of CO2 added to
the system. In Fig. 12, the solid line represents the ﬂuid in the 5 nm
pores, and the dashed line represents the bulk ﬂuid. The reaction
between the ﬂuid molecules and the pore wall results in a signiﬁcant deviation of the envelope, and the critical point moves in the
direction of low pressure and low CO2 mole fraction. To the left of
the critical point, when the system pressure from initial
(18.621 MPa), is reduced to below the bubble point pressure (AB),
the vapor ﬁrst appears in the bulk ﬂuid and then in the conﬁned
ﬂuid after system pressure continues to drop by ~2 MPa. When
system pressure drops from the initial pressure to below the bubble
point (A’B’), retrograde condensation can be observed on the right
side of the critical point. The liquid ﬁrst appears in the fractures,
then in the subnanopores as the pressure continues to drop.
Considering the simultaneous decrease of system pressure and the
increase of CO2 mole fraction (AB0 ), the vapor ﬁrst appears in the

Fig. 11. Comparison of CO2 K-value in hydrocarbon mixtures for both the conﬁned
ﬂuid (r ¼ 5nm) and the bulk ﬂuid.

Fig. 12. Comparison of phase envelope for the conﬁned ﬂuid (r ¼ 5nm) and the bulk
ﬂuid.
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Fig. 13. Multiple contact MMP calculation for both the conﬁned ﬂuid (a) and the bulk ﬂuid (b).

bulk ﬂuid and then in the subnanopores. It is worth noting that for
the AC process, retrogressive condensation exists in the subnanopores, but not in the bulk ﬂuid. The comparison between AC
and AB0 shows that the inﬂuence of the pressure drop rate near the
wellbore or the interface between fracture and matrix on the phase
state in subnanopores is non-negligible.

Table 5
Parameters and component properties used in Case 2 [84].

4.3. Impact of conﬁned miscibility
The method of Section 3.2 is applied to calculate multiple contact minimum miscible pressures of the oil sample (Case 1) and
injected CO2. In the ternary phase diagram, if the connection between CO2 and the original oil does not pass through the two-phase
region, it can be judged that CO2 and oil can reach ﬁrst contact
miscibility under the speciﬁed pressure. The MMPs of the ﬁrst
contact in the 5 nm pores and bulk ﬂuids are 9.846 and 11.549 MPa.
For the calculation process for multiple contact miscibility, in Fig. 13
(a) is the ﬂuid in the 5 nm pore (with multiple contact MMP at
9.142 MPa), and Fig. 13 (b) is for the bulk ﬂuid (with multiple
contact MMP at 10.873 MPa). Compared with the bulk ﬂuid, CO2
concentration in the 5 nm pore is lower when MMP is reached, and
the two-phase area is slightly smaller.
Fig. 14 shows the variation of MMP with pore diameter. Recent
studies have considered shifted critical properties, and their results
show that sub-nanopore conﬁnement causes lower MMPs in unconventional reservoirs but is largely absent in conventional

Comp

Mole fraction

Pc

Tc

ac

MW

Parachor

CO2
N2/CH4
C2H6eC5H12
C6eC13
C14eC24
C25eC80

0.0164
0.4630
0.2052
0.1911
0.0811
0.0432

7.376
4.580
4.096
3.345
1.768
1.169

304.200
189.515
387.607
597.497
698.515
875.00

0.228
0.009
0.167
0.386
0.808
1.231

44.010
16.159
45.573
117.740
248.827
481.520

78.000
77.000
162.633
378.323
677.873
979.381

reservoirs - as this effect is only subtle when pore diameters exceed
~10 nm. For this work, lower MMPs are also obtained with nanopore conﬁnement, but the rise in MMPs is signiﬁcant until the pore
diameter exceeds ~100 nm. Besides, in the Bakken, Monterey, Eagle
Ford and Niobrara in situ oil samples, the MMPs may increase or
decrease when the pore diameter continues to increase [23] indicating that the values of MMP and its trend with the pore diameter
are both related to the composition of in situ oil.
Case 2 is conducted for a comparative study considering the
effect of composition and MMP. Fluid properties (shown in Table 5)
are those from the work of Mallison et al. [84]. The MMP and
reservoir pressure is 35.75 MPa and 22.5 MPa, respectively.
For the immiscible displacement in Case 2, nanometer pores
result in a calculated reduction of initial gas saturation. As a result,
the early daily production of components N2 and C1eC5 is lower
than the model results without conﬁnement (Fig. 15 (a)). Correspondingly, the early production of components C6eC80 is higher
than that of the model without conﬁnement (Fig. 15 (c)). As shown
in Fig. 16 and Fig. 17, the CO2 extraction is impaired in non-obvious
ways as pore size decrease in both cases. Although the reduction of
lighter components is signiﬁcant in Case 1 (Fig. 16), the effect
extraction on cumulative production is inappreciable compare with
miscible displacement. Besides, due to higher light hydrocarbon
content for Case 2 (Fig. 17), than the oil of Case 1 (Fig. 16), the
production in Case 2 takes less time to reach the shut-in gas-oil
ratio (1800 m3/m3). The model with and without conﬁnement are
shut-in after 1281 and 2324 days, with retention rates of 55.87%
and 53.23%, respectively (Fig. 18).
It should be noted that the bottom hole pressure of the injection
wells in the two models is quite different in Case 1 affected by
miscibility for the model with and without conﬁnement. However,
in Case 2, although the model incorporating the effect of conﬁnement has a higher uplift peak, the variations are largely the same.

Fig. 14. Sub-nanopore effect on minimum miscible pressure (MMP).
10

M. Cai, Y. Su, D. Elsworth et al.

Energy 225 (2021) 120203

Fig. 15. Production of lighter and heavier components for Case 2.

Fig. 16. Comparison of the initial (a) and ﬁnal (b and c) ﬂuid compositions for Case 1.

must also be examined and discussed in terms of the in-situ stress
distribution and geomechanical properties after considering the
effect of conﬁnement. This accompanying mechanical evaluation is
potentially of relevance to future CCUS operations, especially in
devising options for pressure management [90]. Theoretically, due
to lower pore pressure and surface uplift, in fact, tight reservoirs
may have better long-term capacity and lower risks for large-scale
CCS than expected. But a systematic appraisal before injection is

Affected by the CO2 injection rate, the model without conﬁnement
exhibits a more signiﬁcant increase in pore pressure, manifest as
more tremendous uplift at the storage site, as shown in Fig. 19 (a).
This phenomenon will prompt further discussion on storage safety
assessment. As shown in Fig. 20, since CO2 injection may result in
the development or reactivation of any fracture zone near the
reservoir and generate substantial microseismic activity [85,86].
Thus, the potential for hydraulic fracturing and fault reactivation
11
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Fig. 17. Comparison of the initial (a) and ﬁnal (b and c) ﬂuid compositions for Case 2.

the model does not consider CO2 adsorption, so high adsorbent
content (e.g., clay minerals and kerogen) [87,88] may cause signiﬁcant errors. Moreover, because this approach is a coupled work
without temperature effect, it is not suitable for dealing with stress
variations (e.g., borehole stability) and asphaltene precipitation
(temperature-dominated) around the borehole area as the injected
CO2 temperature is often lower than the reservoir temperature. The
model is recommended for sandstone reservoirs with high quartz,
feldspar, and calcium content considering the approximation and
the neglected effects. The simulation results can be adopted in the
formation far from the borehole area, where the temperature
variation can be neglected in each horizontal layer. More extensive
discussions regarding adsorption/desorption, precipitation kinetics, thermal effect during CO2 injection and diffusion will be
addressed in future work.

Fig. 18. CO2 retention for Case 2.

5. Conclusions
In this work, a coupled hydro-mechanical-chemical model is
established to explore the phase behavior response to sub-nano
and to nanopore conﬁnement and its impact on multi-component
ﬂow, CO2 capture and storage safety. The sensitivity analysis of

required.
The model established in this work is highly efﬁcient and
portable and can deal with large heterogeneity problems. However,

Fig. 19. Uplift of top cells.
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