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a b s t r a c t

The global energy demand is increasing rapidly, and it is imperative to develop shale hydrocarbon re-
sources vigorously. The prerequisite for enhancing the exploitation efficiency of shale reservoirs is the
systematic elucidation of the occurrence characteristics, flow behavior, and enhanced oil recovery (EOR)
mechanisms of shale oil within commonly developed nanopores. Molecular dynamics (MD) technique
can simulate the occurrence, flow, and extraction processes of shale oil at the nanoscale, and then
quantitatively characterize various fluid properties, flow characteristics, and action mechanisms under
different reservoir conditions by calculating and analyzing a series of MD parameters. However, the
existing review on the application of MD simulation in shale oil reservoirs is not systematic enough and
lacks a summary of technical challenges and solutions. Therefore, recent MD studies on shale oil res-
ervoirs were summarized and analyzed. Firstly, the applicability of force fields and ensembles of MD in
shale reservoirs with different reservoir conditions and fluid properties was discussed. Subsequently, the
calculation methods and application examples of MD parameters characterizing various properties of
fluids at the microscale were summarized. Then, the application of MD simulation in the study of shale
oil occurrence characteristics, flow behavior, and EOR mechanisms was reviewed, along with the
elucidation of corresponding micro-mechanisms. Moreover, influencing factors of pore structure, wall
properties, reservoir conditions, fluid components, injection/production parameters, formation water,
and inorganic salt ions were analyzed, and some new conclusions were obtained. Finally, the main
challenges associated with the application of MD simulations to shale oil reservoirs were discussed, and
reasonable prospects for future MD research directions were proposed. The purpose of this review is to
provide theoretical basis and methodological support for applying MD simulation to study shale oil
reservoirs.
© 2024 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

Currently, the development of conventional hydrocarbon res-
ervoirs is insufficient to meet the growing global energy demand
(Wang et al., 2023a). The global oil demand in 2023 set a new re-
cord, reaching 1388.56� 104 t/d (IEA, 2023). Vigorously developing
unconventional hydrocarbon resources is imperative. The global
g), zhan.meng@swpu.edu.cn
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shale oil resources are abundant, with an estimated recoverable
reserve of 1501.3 � 108 t (Pang et al., 2023). The shale oil and gas
revolution in the United States has changed the world energy
landscape and promoted theoretical and technological progress in
the development of shale oil and gas reservoirs (Li et al., 2022a).
Statistics from the Energy Information Administration show that
the remaining shale oil reserves in the United States are 325� 108 t,
with a total technically recoverable reserve of 262 � 108 t (U.S.
Energy Information Administration, 2022). In comparison, China's
total shale oil resources and technically recoverable reserves are
only about 1/2 of those in the United States (Hu et al., 2020; Jiao
et al., 2020). Additionally, countries such as Russia, Argentina,
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Nomenclature

ai Acceleration of atom i, m/s2

A Cross-sectional area of the nanopore, cm2

D Diffusion coefficient, cm2/s
d Dimensionality
dP/dz Displacement pressure gradient, MPa/m
dv/dr Velocity gradient on the fictitious slip boundary, m/s
E1 Energy of material 1, kJ/mol
E2 Energy of material 2, kJ/mol
Einteraction Interaction energy between material 1 and material

2, kJ/mol
Etotal Total energy of material 1 and material 2, kJ/mol
f External force, N
Fi The force of atom i, N
JM The ending time step of the parameter averaging
JN The starting time step of the parameter averaging
kB Boltzmann constant
L Thickness of the region {a,b}, nm
Ls Slip distance on the fictitious slip boundary, nm
Lz Simulation box size perpendicular to the interface

along the z direction, nm
lz Length of any segment containing the interface along

the z direction, nm
m1, m2, m3 Fitting constants
Mi Molecular weight, g/mol
mi Mass of atom i, g
N Total number of time steps averaged over
NA Avogadro constant
Nðr þ DrÞ Number of molecules in the range of radius r to rþDr
N(t0) Total number of particles in the specified region at t

moment
Nðt0; t0 þ tÞ Number of particles in the specified region from t0

moment to t0 þ t moment

n(z) Atomic number density, cm�3

Pii(i ¼ x,y,z) Pressure components in different directions, MPa
Pab The pressure tensor of element ab, MPa
ri Position of the atom i
r0i Initial position of the atom i
ri(t0) Position of the atom i at time t0
T System temperature, K
U Total potential energy that depends on the

coordinates of the atoms in the system, kJ/mol
V System volume, cm3

vboundary(z) Velocity of the fluid in the boundary layer, m/s
vbulk(z) Velocity of the fluid in the bulk phase, m/s
vi Velocity of the atom i, m/s
v0i Initial velocity of the atom i, m/s
vsurf Slip velocity on the fictitious slip boundary, m/s
vt Total velocity, m/s
v(t) Velocity of the atom i at time t, m/s
w Width of bulk phase, nm
wboundary Thickness of the boundary layer, nm
ZI,J Coordinate of the midpoint of the n-th bin
zlower The lower boundary of each region
zupper The upper boundary of each region
a A constant related to the density distribution
q Angle between head-to-tail vector of the molecule

and the z axis
h Fluid viscosity, mPa$s
hbulk Viscosity of the fluid in the bulk phase, mPa$s
rmass Macroscopic density, g/cm3

rnumber Number density, cm�3

CD Average value
CDx2ðtÞDfa;bg MSD of particles that remain in region {a,b} in the x

direction

L. Wang, Y.-F. Zhang, R. Zou et al. Petroleum Science 22 (2025) 234e254
Australia, and Mexico also have abundant shale oil resources (Li
et al., 2022b). Therefore, effective development of shale oil reser-
voirs can alleviate the current global energy shortage.

At present, numerous reports have addressed the reservoir
characteristics, fluid properties, and enhanced oil recovery (EOR) in
shale oil reservoirs (Xu et al., 2022a). Regarding reservoir charac-
teristics, micro- and nano-pores and micro-fractures provide the
main storage space for shale oil. Zhou et al. (2020) investigated the
pore structures and spatial distribution patterns of shale reservoirs
by core analysis, scanning electron microscopy (SEM), confocal
laser scanningmicroscopy (CLSM), and nuclear magnetic resonance
(NMR). Donadelli et al. (2019) revealed the type and maturity of
kerogen in shale samples using X-ray photoelectron spectroscopy
(XPS). Shale reservoirs not only have complex pore throat struc-
tures but also have diverse occurrence states of shale oil (Gant and
Anderson, 1988; Dubey and Waxman, 1991; Li et al., 2020a). Chen
and Zhang (2017) obtained free oil and adsorbed oil through
continuous extraction of oil-bearing shale samples using different
solvents. Li et al. (2020b) characterized the content of free oil and
adsorbed oil in cores using the Rock-Eval pyrolysis method. It
should be noted that the low petrophysical properties, strong
heterogeneity, and high clay mineral content result in extremely
low oil recovery through depletion exploitation (Wang et al.,
2023a). Therefore, scholars have also conducted a series of in-
vestigations to enhance shale oil recovery (Sheng, 2015; Sambo
et al., 2023). Du et al. (2023) combined computed tomography
(CT) and NMR tests to study the EOR mechanism of air injection in
235
shale oil reservoirs. Zhang et al. (2018a) studied the effects of ma-
trix permeability, gas injection parameters, and stress variations on
CO2 injection to enhance oil recovery (CO2-EOR) by numerical
simulation. In addition, many on-site tests of CO2 injection into
shale reservoirs have been conducted around the world. However,
gas channeling, lowmiscibility, or other unknown reasons have led
to unsatisfactory improvements in oil recovery (Jacobs, 2016).
Therefore, revealing the fluid behavior and EORmechanism of shale
oil at the micro-scale is the prerequisite. Molecular dynamics (MD)
is already an effective method for studying shale reservoirs at the
microscale (Sun et al., 2023a). The fluid distribution characteristics
(Wang et al., 2023b), molecular transfer behavior (Wang et al.,
2023c), and micro-mechanism of EOR (Yuan et al., 2023) can be
revealed by MD.

Some specific aspects of MD investigations in shale reservoirs
have been summarized in several reviews. Wang et al. (2021)
provided a comprehensive review of the shale gas adsorption
characteristics in inorganic, organic, and inorganic-organic com-
posite nanopores. Lan et al. (2019) and Wang et al. (2019) focused
on the desorption processes and seepage mechanisms of shale gas.
Compared with shale gas, shale oil contains complex components
such as heavy hydrocarbons, aromatic hydrocarbons, and non-
hydrocarbon compounds, which makes the interaction between
shale oil and mineral walls intricate. Therefore, predicting the fluid
behavior and recovery process of shale oil is more challenging.
Considering these factors, Zhang et al. (2022) reviewed the mo-
lecular simulation studies of kerogen's structure, geological
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processes, interactions with minerals, and pyrolysis. Sun et al.
(2023a) mainly introduced the studies of MD simulation in the
adsorption, diffusion and flow of shale oil and gas. Huang et al.
(2024) summarizes recent advances in molecular dynamics simu-
lations for shale oil flow as well as enhanced recovery. Liu et al.
(2024) reviewed microscopic mechanisms of enhancing shale oil
recovery through CO2 flooding. However, there are a limited
number of review articles on MD, especially for shale oil reservoirs.
Jia et al. (2019) reviewed the impact of nanopore confinement effect
on fluid phase behavior and oil recovery. Dong et al. (2022a)
reviewed the CO2ekerogen interaction and its impact on CO2-
EOR. However, previous reviews have primarily focused on specific
aspects of reservoir characteristics, fluid behavior, or recovery
methods. More importantly, the previous reviews did not discuss
the challenges of MD methods in shale oil reservoirs, and the
summary of research prospects was not specific and sufficient.
Therefore, it is necessary to systematically review the application of
MD simulation in the occurrence characteristics, flow behavior, and
EOR methods of shale oil, and consider the interconnections and
interactions among these three aspects. Furthermore, challenges
related to the scale, realism, and application of MD simulations
should be thoroughly summarized, and prospects of detailed so-
lutions should be proposed.

The principle of MDwas first introduced, and the applicability of
force fields and ensembles in shale reservoirs was also summarized.
Subsequently, the calculation methods for MD parameters reflect-
ing fluid properties were given. Then, various applications of MD
simulation in studying the occurrence characteristics, flow
behavior, and EOR of shale oil were summarized. The effects of pore
size and structure, wall types and roughness, reservoir temperature
and pressure, fluid injection and production parameters, oil
component, formation water, and inorganic salt ions were also
analyzed. Finally, the main challenges encountered by MD simu-
lation of shale oil reservoirs at this stage were discussed, and
reasonable prospects for future research directions were proposed.
2. Molecular dynamics methods

Both the development of nanopores and the complex properties
of rocks and fluids in shale oil reservoirs result in difficulties in
simulating the occurrence, flow, and recovery processes of shale oil
at the nanoscale by physical simulation experiments and reservoir
numerical simulations. By contrast, MD analyzes the coordinates
and velocity information of atoms in the system using statistical
mechanics methods, thereby obtaining a series of macroscopic
properties of the system. MD is mainly used for simulating multi-
component fluid behavior (Frenkel and Smit, 2002). Therefore,
the MD method is suitable for studying multiphase fluid in-
teractions and micro mechanisms in shale reservoirs. The common
process for MD research on shale oil reservoirs is shown in Fig. 1.
Firstly, it is necessary to simplify the actual shale reservoir condi-
tions to make MD simulation implementable. Subsequently, the
pore model and oil system need to be constructed and combined.
On this basis, a series of EOR measures such as gas-injection
flooding and gas-injection huff-n-puff may be implemented.
Then, the model after energy minimization is subjected to dynamic
simulation. Finally, the fluid behavior and EOR mechanism can be
revealed by calculating and analyzing various microscopic param-
eters. Therefore, the MD principle was first introduced in this sec-
tion. Then, the selection of force fields and the application of
ensembles, which are crucial for MD simulation, were summarized.
Additionally, the calculation methods for frequently used MD pa-
rameters were listed.
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2.1. Molecular dynamics principles

Compared with quantum mechanics (QM) based on the
Schr€odinger equation, molecular mechanics (MM) is a simplified
method that describes the interactions between particles through
parameterized force fields (Mao et al., 2023). Classical Newtonian
mechanics based on MM can be used to describe the forces on
particles with velocities far less than the speed of light (Eq. (1))
(Marx and Hutter, 2009). Classical MD calculates the acceleration of
each atom according to Newton's second law (Eq. (2)), and then
integrates the motion equation over time to obtain the motion
trajectory of particles in the system (Eqs. (3)e(5)), thereby further
calculating the thermodynamic quantities and other macroscopic
properties of the system (Haile et al., 1993). Although classical MD
ignores the motion of electrons inside atoms to achieve simulations
at relatively long-time scales and big spatial scales, it can still
achieve accuracy comparable to QM to a certain extent (Van
Gunsteren and Berendsen, 1990; Hockney and Eastwood, 2021).

F i ¼ �ViU¼ �
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þ j
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vyi
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U (1)

ai ¼
F i

mi
(2)

d2

dt2
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d
dt
vi ¼ ai (3)

vi ¼ v0i þ ait (4)

ri ¼ r0i þ v0i t þ
1
2
ait

2 (5)
2.2. Force fields

The core of MD simulation is the force field, an empirical po-
tential function that describes the interactions between atoms. The
fitting parameters in the function usually come from neutron
diffraction, X-ray diffraction, electron diffraction, infrared spec-
troscopy, Raman spectroscopy, and QM calculations (McArdle et al.,
2020). This is the significant reason why classical MD can achieve
high accuracy while ignoring electron motion.

Quartz (Wang et al., 2023c), calcite (Dong et al., 2023a), illite
(Dai et al., 2023), kaolinite (Wang et al., 2023b), and montmoril-
lonite (Huang et al., 2021) are commonly used in MD simulation to
characterize the inorganic wall of shale, while kerogen or graphene
is used to characterize the organic wall (Dong et al., 2022a). Addi-
tionally, MD research on shale oil reservoirs also involves the
simulation of various fluids, including CO2, H2O, hydrocarbons, and
other compounds (Dai et al., 2023; Wang et al., 2023c). Only by
selecting appropriate force fields for different materials can
reasonable results be obtained.

Commonly used force fields and their applicability were sum-
marized in Table 1. Generally, quartz and calcite can be parame-
terized using the COMPASS force field (Xue et al., 2015), and there
are also studies using CLAYFF to parameterize quartz (Dash and
Rath, 2020; Xu et al., 2022b). UFF (a universal force field superior
to DREIDING) and CLAYFF are commonly used for kaolinite. PCFF,
COMPASS, CVFF, and OPLS are usually used to parameterize organic
matter (Sun et al., 2023a). It is reported that COMPASS outperforms
UFF, DREIDING, PCFF, and CVFF in predicting the density of hexane
(Moradi et al., 2023). The original OPLS-AA (all-atom) force field



Fig. 1. Flow chart for MD simulation of shale oil reservoirs.

Table 1
Commonly used force fields and their applicability.

References Force fields Advantages/limitations Applicability Examples in shale oil reservoirs

Sun (1995) PCFF (polymer consistent
force field)

High accuracy and consistency/complex
potential functions and computationally
demanding

Polymers, organic materials,
and approximately 20
inorganic metals

Parameterization of kerogen in
the optimization of kerogen
molecular structure (Sun et al.,
2020)

Sun et al. (1998) COMPASS (condensed-
phase optimized molecular
potentials for atomistic
simulation studies)

High accuracy in predicting various properties
of molecules in condensed phases/complex
potential functions

Various large and small
molecules, including organic
molecules, gaseous molecules,
and inorganic molecules

Parameterization of oil
molecules in the investigation of
occurrence characteristics of
shale oil (Tian et al., 2017)

Dauber-Osguthorpe
et al. (1988)

CVFF (consistent-valence
force field)

High precision and consistency/inability to
describe inorganic systems

Small organic crystals, gas
phase structures, peptides,
proteins, and various organic
systems

Parameterization of octane in
the investigation of multi-
component interactions (Ho and
Wang, 2019)

Mayo et al. (1990) DREIDING Simplified parameters and computationally
efficient/limited in predicting charge
distribution within the molecule and van der
Waals interactions

Predicting structures and
dynamics of organic, biological,
and main-group inorganic
molecules

Parameterization of methane in
the investigation of methane
adsorption in nanopores (Zhang
et al., 2018b)

Vanommeslaeghe and
MacKerell Jr (2012)
and Vanommeslaeghe
et al. (2012)

CGenFF (CHARMM General
Force Field)

Simple potential functions and flexible/limited
in describing hydrogen bonds

Organic small molecules,
polymers, biological molecules,
etc.

Parameterization of oil in the
clay nanopores with brine
(Zhang et al., 2019a)

Jorgensen et al. (1996) OPLS (optimized potentials
for liquid simulations)

High accuracy and applicability to various solid,
liquid, and gas phases substances/inability to
describe extremely complex systems (e.g.
metal-organic frameworks)

Proteins, nucleic acids, organic
molecules, etc.

Parameterization of decane in
the investigation of flow
characteristics of decane (Zhang
et al., 2016)

Cygan et al. (2004) CLAYFF (clay force field) Computationally efficient and high accuracy in
describing clay minerals/limited application
scope

Montmorillonite, illite, water,
etc.

Parameterization of
montmorillonite and illite
during the nanopores
construction (Zhang, et al., 2016,
2019a)
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tends to overestimate the viscosity of hydrocarbons. Allen and
Rowley (1997) regressed a relatively small value of sH (hydrogen
LJ s) used in conjunction with the OPLS-AA model. With this value
of sH, the OPLS-AA model is capable of reasonably accurate vis-
cosity predictions, and values within 10%e20% of the experimental
can reasonably be expected. By contrast, united-atom force fields
consistently under-predict the viscosity of long-chain linear al-
kanes, with the prediction accuracy deteriorating when longer-
chain molecules or high pressures are used (Payal et al., 2012).
Notably, united-atom force fields significantly reduce the number
of atoms for which non-bonded interactions need to be calculated,
thereby greatly improving computational efficiency. In addition,
there are many force field models suitable for small molecules. For
example, TraPPE describes methane molecules (Martin and
237
Siepmann, 1998), EPM2 and TraPPE describe CO2 molecules
(Harris and Yung, 1995), and SPC, SPC/E, TIP3P, and TIP4P describe
H2O molecules. TraPPE is a better choice for the transport charac-
teristics of pure CO2. EPM2 is improved based on the EPM, and the
improvements make only a slightly higher critical value compared
to the experimental value. Furthermore, both SPC and TIP3P force
fields have low computational costs, making them suitable for
simulations of large-scale systems. SPC/E is an improved version of
the SPC model that includes partial corrections for polarization
effects. Therefore, it performs better in describing the physical
properties of water, such as density, diffusion coefficient, and
dielectric constant. TIP4P adds a virtual point based on TIP3P to
better simulate the dipole moment of water molecules, which is
more suitable for the study of phase transition of water,
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soluteesolvent interaction in solution and interface phenomena
(Jorgensen et al., 1983; Berendsen et al., 1987). These models
optimize the molecular structure, potential energy function, and
force field parameters of small molecules, which ensures simula-
tion accuracy while also improving efficiency. Moreover, the
CGenFF is a suitable choice for oil molecules in clay nanopores if the
research object includes brine. In this case, water should be
parameterized by TIP3P.

2.3. Ensemble

An ensemble refers to a large collection of systems that share
the same properties and structural characteristics but are inde-
pendent of each other. Commonly used ensembles include the
microcanonical ensemble (NVE), grand canonical ensemble (mVT),
canonical ensemble (NVT), and isothermal-isobaric ensemble (NPT)
(Rapaport, 2004). A system using the NVE ensemble is isolated,
with no energy exchange with its surroundings. This ensemble is
usually applied to the piston plate used to push the fluid during the
non-equilibrium dynamics simulation to reduce the interference of
the piston plate on the thermal motion of fluid molecules. In the
mVT ensemble, the number of particles in the system is not fixed
(Haile, 1992). It is commonly used in the study of gas adsorption,
especially irregular nanopores such as kerogen matrix nanopores.
Therefore, the commonly used ensembles in MD studies of shale
reservoirs are NVT and NPT. NVT can equilibrate the system tem-
perature and is mainly used for dynamic relaxation to calculate the
trajectory of fluid molecules in shale nanopores (Haile, 1992). NPT
can equilibrate the temperature and pressure of the system and is
mainly used in the simulation of condensed phase properties to
equilibrate fluid density and pressure in shale nanopores
(Andersen, 1980). Although the NPT ensemble simultaneously
controls both temperature and pressure, volume adjustment in-
troduces additional degrees of freedom, leading to complex
coupling between temperature and pressure. Therefore, the tem-
perature can be further equilibrated, and the MD results can be
output from the NVT ensemble after pressure stability is achieved
in the NPT ensemble.

2.4. Molecular dynamics parameters

Applying physical simulation can obtain density, viscosity, and
PVT of shale oil, as well as minimum miscible pressure (MMP) and
recovery factor (RF) during gas injection. However, limitations in
experimental conditions and spatial scale lead to differences be-
tween experimental results and actual conditions. By contrast, MD
simulation can quantitatively characterize various fluid properties,
flow characteristics, and action mechanisms under high tempera-
ture and pressure simulation conditions by calculating microscale
MD parameters (Wang et al., 2023a). The calculation expressions
and applicability of commonly used MD parameters in in-
vestigations of shale oil reservoirs are summarized in Table 2. These
MD parameters can be used to quantitatively characterize fluid
properties and fluidewall interactions at the nanoscale.

3. Occurrence characteristics of shale oil in nanopores

3.1. Occurrence characteristics of shale oil in different mineral types
of nanopores

The prerequisite for revealing the flow behavior and EOR
mechanism of shale oil is to clarify the occurrence characteristics of
shale oil in nanopores (Zhu et al., 2019). Previous studies have
confirmed that the mineral composition of reservoirs directly af-
fects pore morphology, size, wettability, and other properties,
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thereby affecting the occurrence characteristics of shale oil
(Mohammed and Mansoori, 2018; Gong et al., 2024). Molecular
dynamics studies of the occurrence characteristics of shale oil in
different mineral types of nanopores are summarized in Table 3.
Some studies have shown that shale oil exhibits multi-layer
adsorption in nanopores, and the density of the adsorption layer
decreases from the rock wall to the middle of the nanopores. The
increase in ambient temperature increases the kinetic energy of
molecules, resulting in a decrease in the density of the adsorption
layer (Tian et al., 2018). By contrast, the increase in pressure may
cause a slight increase in the density of the oil adsorption layer
(�Sponer et al., 1999). But in general, the occurrence characteristics
of hydrocarbons in nanopores are insensitive to pressure (Sui et al.,
2020; Cao et al., 2021). In addition, the adsorption capacity of oil
molecules on the rock wall increases as the nanopore size de-
creases, resulting in a decrease in the number of oil adsorption
layers. Additionally, the volume of free oil in the middle of the
nanopores also continues to decrease (Fig. 2(a)) (Wang et al., 2015,
2016a). It is worth noting that the adsorbed octane molecules tend
to be distributed parallel to the wall, whereas free molecules far
away from the rock wall are randomly distributed in the nanopores,
and the diffusion ability of adsorbed molecules is weaker than that
of free molecules (Fig. 2(b)) (Wang et al., 2016b). Furthermore,
dodecane molecules near the calcite wall are more neatly arranged
(Fig. 2(c)) (Badwaik et al., 2023). This means that the closer the oil
molecules are to the wall, the stronger the adsorption.

Some scholars have developed composite mineral nanopores to
make the MDmodel closer to the actual nanopores. The occurrence
state of shale oil in illite-kerogen nanopores indicates that a portion
of oil molecules are adsorbed on the surface of illite and kerogen,
but a considerable amount of oil molecules is dissolved in kerogen
(Fig. 2(d)) (Kim and Devegowda, 2022). Moreover, the variation in
wettability at both ends of kaoliniteekerogen composite pores
significantly influences the occurrence characteristics of shale oil. It
can be seen from Fig. 2(e) that water molecules form a water film
when adsorbed on gibbsite, whereas oil molecules can form a
dense oil film when adsorbed on siloxane and kerogen (Yang et al.,
2023). This is because the gibbsite surface of kaolinite is hydro-
philic, whereas the siloxane surface of kaolinite and kerogen are
lipophilic.

3.2. Occurrence characteristics of shale oil with different
components in nanopores

The composition of shale oil is complex, mainly including al-
kanes, aromatics, resins, and asphaltenes (Song et al., 2020).
Different components in shale oil can interact with each other and
affect their respective occurrence states. Compared with methane
and propane, octane exhibits stronger dispersion forces with the
walls (dispersion forces correlate positively withmolecular weight)
(Mavroyannis and Stephen, 1962). This results in the adsorption
layer near the wall predominantly composed of octane, while light
components primarily remain free in the nanopores (Dong et al.,
2022b). Consequently, it can be inferred that the presence of
appropriate amounts of heavy components within nanopores
promotes the diffusion and migration of light components.
Asphaltene is also more easily adsorbed on the kerogen wall than
methane and n-octane (Wang et al., 2022a). These results indicate
that heavy components are preferentially adsorbed on walls
(Herdes et al., 2018). Furthermore, the polarity of aromatic cores in
asphaltene and the polar groups that can form hydrogen bonds
with SieOH at the quartz surface both provide driving forces for
adsorption (Xue et al., 2022). It is reflected that the affinity of
various mineral components to various functional groups in oil
molecules is different. Generally, non-polar components are



Table 2
Calculation expressions and applicability of commonly used MD parameters.

References Parameters Expressions Applicability

Li et al. (2010) Density distribution
rmass ¼ 1021

NA
Mirnumber ¼

1
ADzðJM � JN þ 1Þ

XJM
J¼JN

XN

I¼1
HnðzI;JÞ

Occurrence state of fluids in nanopores

Rigby and Roe (1988) Orientation
parameter

SðzÞ ¼ 1:5Ccos2 qD� 0:5 Distribution state of fluid molecules relative to the wall

Kirkwood and Boggs (1942) Radial distribution
function (RDF)

gðrÞ ¼ Nðr þ DrÞ
4prnumberr2Dr

Affinity between different elements

Einstein (1905) and Von
Smoluchowski (1906)

Diffusion coefficient EinsteineSmoluchowski relation:

D ¼ 1
2d

lim
t/∞

1
t
C½riðt0 þ tÞ � riðt0Þ�2D

Mobility of fluid molecules in nanopores

Green (1952) and Kubo (1957) The velocity auto-correlation function in a Green

eKubo relation: D ¼ 1
d

Z ∞

0
dtCviðtÞ ,við0ÞD

Liu et al. (2004) and Mercier
Franco et al. (2016) Dxxðfa;bgÞ ¼ lim

t/∞

CDx2ðtÞDfa;bg
2tPðtÞ

Dzz ¼ L2

a
Rþ∞
0 P0ðtÞdt

Mobility of fluid molecules confined in the z direction

Green (1952) and Kubo (1957) Fluid viscosity
GreeneKubo relation: h ¼ V

kBT

Z ∞

0
CPabðtÞ ,Pabð0ÞDdt

Evaluation of fluid properties and flow behavior in
nanopores (equilibrium molecular dynamics)

Zhan et al. (2020) and Botan
et al. (2011) h ¼ f

R zupper
zlower

nðzÞdz
2aðzupper � zlowerÞ

� 1
1:4386894� 10�5

Viscosity of fluids in different regions (non-equilibrium
molecular dynamics)

Liu et al. (2022a) Velocity profile
vbulkðzÞ ¼ � dP=dz

2hbulk

�
z2 � w2

4
� wLs

� Fluid velocity in the bulk region of nanopores

vboundaryðzÞ ¼ vslip

w2
boundary

�
jzj �w

2
�wboundary

�2 Fluid velocity in the boundary layer of nanopores

�Sponer et al. (1999) Interaction energy Einteraction ¼ Etotal � ðE1 þ E2Þ Quantitative evaluation of fluidefluid and fluidewall
interactions

Van Buuren et al. (1993) and
Makimura et al. (2013)

Interfacial tension
(IFT)

g ¼ 1
2

�
pzz � pxx þ pyy

2

�
Lz

Interfacial properties between different phases and
calculation of minimum miscible pressure

Note: Only the core formulas are shown in Table 2, and the detailed derivations and definitions can be found in Supplementary Material.

Table 3
MD studies of the occurrence characteristics of shale oil in different types of nanopores.

References Mineral types Force fields Temperature,
K

Pressure,
MPa

Research results

Sui et al. (2020) Dolomite COMPASS 353 30 The number of free oil molecules decreases with the decrease of
pore size.

Cao et al. (2021) Montmorillonite, kaolinite,
illite

UFF 358 30 The hydrocarbon adsorption capacity of montmorillonite is
stronger than that of illite and kaolinite.

Dong et al. (2022b) Quartz, graphene OPLS-UA
CHARMM

350 30 The density of adsorbed oil in graphene nanopores is higher
than that in quartz nanopores.

Zeng et al. (2023) Quartz COMPASS 363 40 The adsorption capacity of methyl-modified quartz nanopore
for oil is stronger than hydroxyl-modified quartz nanopore.

Huang et al. (2023) Illite, quartz, calcite, albite,
kerogen

COMPASS
PCFFþ

408.15 37.5 The adsorption effect of oil by rock minerals from strong to
weak is kerogen, illite, albite, calcite, and quartz.

Badwaik et al. (2023) Calcite, mica, silica CLAYFF
OPLS-UA
potentials (Lee and
Rossky, 1994)

300 e The dispersion interaction between calcite and dodecane is the
strongest.

Liang et al. (2022) Quartzeillite CLAYFF
OPLS-AA

363e383 27.56
e37.69

The adsorption capacity of quartz-illite composite for oil is
between that of quartz and illite.

Kim and Devegowda
(2022)

Illiteekerogen CLAYFF
CVFF
OPLS

355 30 A portion of oil can be dissolved in the kerogen.

Yang et al. (2023) Gibbsiteekerogen and
siloxaneekerogen

CLAYFF
CVFF
OPLS
SPC/E

353 25 The presence of water can shield the influence of hydrophilic
surfaces on the adsorption behavior of shale oil.
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adsorbed by kerogen mainly through van der Waals interaction,
whereas oil molecules containing polar functional groups have
additional large Coulombic forces with kerogen, resulting in rela-
tively strong adsorption (Fig. 3(a)) (Fei et al., 2023). More impor-
tantly, the Coulomb force appears to correlate negatively with
molecular weight, implying that the occurrence state of small oil
molecules is significantly affected by functional groups. Previous
239
studies have demonstrated that both quartz and kerogen exhibit
strong adsorption of toluene, indole, and nonanone, and kerogen
also shows a preference for methyl octyl sulfide in the presence of
sulfur element (Sun et al., 2023c). It can be seen from Fig. 3(b) that
highly polar groups containing hydrogen can form hydrogen bonds
(H-bongs) with hydroxyl quartz walls (Wang et al., 2023b). Mole-
cules containing nitrogen elements are attracted by oxygen



Fig. 2. Occurrence characteristics of shale oil in nanopores. (a) Density profiles of n-pentane in graphene nanopores with different sizes (Wang et al., 2015); (b) Density distribution,
orientation parameter, and diffusion coefficient of n-octane in quartz nanopores (Wang et al., 2016b); (c) Two-dimensional density distribution and structure of dodecane in the first
and third adsorption layers on calcite walls (Badwaik et al., 2023); (d) Illiteekerogen nanopore configuration, occurrence states of shale oil and water and density distribution of
shale oil and water (Kim and Devegowda, 2022); (e) Two-dimensional density distribution of shale oil in the kaolinite (gibbsite)ekerogen nanopore and kaolinite (siloxane)e
kerogen nanopore (Yang et al., 2023).
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Fig. 3. Occurrence characteristics of different compounds. (a) Interaction energy between kerogen and different components (Fei et al., 2023); (b) Distribution diagrams of different
oil molecules on the surfaces of quartz and kerogen; (c) Equilibrium configurations and number density profiles (z-direction) of water and oil (Xiong et al., 2020); (d) RDF of Ob

(carbonyl oxygen)eHw (hydrogen in water) and Ha (carbonyl hydrogen)eOw (oxygen in water), model-H (model-L) with a high (low) content of brine (Zhang et al., 2019a); (e)
Cation bridge between montmorillonite and decanoate (Underwood et al., 2015).
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elements from rock walls (Zhang et al., 2023a). Molecules con-
taining benzene rings are easily attracted by kerogen (Zhang et al.,
2023a). These factors all lead to stronger adsorption of oil mole-
cules by walls and weaker mobility of oil.

Formation water in shale reservoirs significantly impacts the
occurrence state of shale oil in nanopores (Yu and Sheng, 2017; Li
et al., 2020c). It is reported that the strong lipophilicity of
kerogen makes water molecules present in the form of water
clusters (water films) above the oil layer when the water content is
low (high) (Wang et al., 2025). By contrast, the strong hydrophi-
licity of illite allows water molecules to form a water film and
tightly adsorbed onto the wall surface. Additionally, the induced
electric field in potassiumehydroxyl (PeH) illite nanopores can
promote the formation of water bridges. The higher the water
content, the wider the water bridge (Fig. 3(c)) (Xiong et al., 2020).
However, the electric field strength is weakened by the charge
screening effect of counter ions as the salinity increases, leading to
a decrease of surface potentials in the interior region of the nano-
pore, thereby reducing the thickness of the water bridge until it
completely disappears (Xiong et al., 2020; Xiong and Devegowda,
2022). In addition, brine tends to cover the surface of montmoril-
lonite, preventing shale oil from contacting it. In this case, non-
polar components are evenly distributed in the nanopore, while
organic acids can form H-bongs with water molecules (Fig. 3(d)),
leading to a large amount of organic acid aggregation at the
oilebrine interface (Zhang et al., 2019a). In addition, organic acids
can be adsorbed on the clay surface through Naþ cation bridges
(Fig. 3(e)) (Underwood et al., 2015). Notably, the cation bridging
mechanism is prevalent in initially oil-wet clay, whereas it is absent
in initially water-wet clay. Fig. 2(e) shows that the siloxane surface
of kaolinite is lipophilic. Naþ and Ca2þ can be adsorbed on the
siloxane surface and coordinated by water molecules as an outer-
sphere complex, making the siloxane surface hydrophilic (Zhang
et al., 2016). Brine can also alter the wettability of calcite (Cooke
et al., 2010). Naþ and Cl� can be adsorbed on negatively charged
and positively charged calcite surfaces (different crystal surfaces of
calcite), respectively. Moreover, both Naþ and Cl� have strong hy-
dration capacity, which makes calcite more hydrophilic (Zhao et al.,
2019). Therefore, the adsorption effect of calcite on oil molecules is
weakened. Nevertheless, there is still a lack of MD research on the
effects of inorganic salt ion types and concentrations on the
occurrence characteristics of shale oil in various of organic
nanopores.

4. Flow behavior of shale oil in nanopores

4.1. Effects of nanopore type and reservoir conditions

The evaluation of the mobility of free and adsorbed shale oil can
provide an important basis for the effective development of shale
oil reservoirs, and the mobility of shale oil is closely related to the
flow behavior of oil at the nanoscale (Zhang et al., 2019b; Zhu et al.,
2023). MD studies of shale oil flow behavior under different
nanopore types and reservoir conditions are summarized in
Table 4. Elevating temperature usually enhances the thermal
movement of shale oil molecules, thereby improving the flow ca-
pacity of oil molecules (Skoulidas et al., 2002; Liu et al., 2022a). The
flow velocity profile of octane in graphene nanopores with strong
adsorption capacity shows plug flows instead of the expected
parabolic flow (Fig. 4(a)) (Falk et al., 2012; Wang et al., 2016a). This
is because the ultrasmooth surface of graphene nanopores has
minimal frictional resistance during the flow of oil molecules
(Skoulidas et al., 2002), and the roughness of the wall has a greater
impact on the flow capacity of oil than the adsorption of the wall.
This conclusion was also confirmed in the studies of Falk et al.
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(2012) and Asai et al. (2022). By contrast, the flow velocity distri-
bution of hexane in silica nanotubes is parabolic, indicating that the
flow capacity of oil molecules near the wall is relatively weak
(Fig. 4(b)) (Asai et al., 2022). This is because the rough quartz wall
has strong friction with oil molecules (Vinogradova and Yakubov,
2006).

The flow velocity and the flux of shale oil (Fig. 4(c)) increase as
the displacement pressure gradient (DPG) increases (Sun et al.,
2023c; Li et al., 2024). It should be noted that the velocity profile
of shale oil changes from parabolic to piston type when the DPG
exceeds the critical pressure gradient within the nanopore
(Fig. 4(c)) (Sun et al., 2023c), and the increase in nanopore size also
causes similar changes in the velocity profile of shale oil (Wang
et al., 2016b). It can be observed from Fig. 4(d) that the shale oil
flow exhibits positive slip near the quartz wall and negative slip
near the kerogen wall (Li et al., 2024), resulting in a relatively large
critical pressure gradient of kerogen nanopores (Sun et al., 2023c).
Nanoporous media are closer to reality than slit and nanotube
models, but hydrodynamics and Darcy's law fail to describe the
hydrocarbon transport in nanoporous media because strong mo-
lecular adsorption can lead to non-viscous flow (Falk et al., 2015).
The frictional effect of nanoporous media on hydrocarbon mole-
cules is complex (Fig. 4(e)), but the flow velocity of hydrocarbon
molecules is positively linearly correlated with the DPG (Fig. 4(f))
(Falk et al., 2015). In addition, many studies have shown that the
permeability of shale oil in kerogen nanoporous media is inversely
proportional to its adsorption amount (Collell et al., 2015; Falk et al.,
2015; Obliger et al., 2016). Last but not least, all the research on
porous media mentioned above is focused on kerogen, and further
breakthroughs are needed in the construction of inorganicminerals
nanoporous media.

4.2. Effects of shale oil components and formation water

The occurrence characteristics of different components of shale
oil in nanopores and the presence of formationwater with different
salinities also affect the flow behavior of shale oil. It was reported
that the penetration distance of shale oil with high heavy hydro-
carbon content in the kerogen nanopores per unit time is the
shortest because of the strong adsorption of heavy hydrocarbons by
kerogen (Fig. 5(a)) (Sang et al., 2022). It reflects that the longer the
molecular carbon chain, the weaker the flow capacity (Wang et al.,
2023d). The number of aromatic and non-hydrocarbon molecules
parallel to the wall surface is relatively fewer than that of saturated
hydrocarbons, which increases the friction between the adsorbed
and free phases of shale oil and hinders the flow of oil in the free
phase (Wang et al., 2023d). Moreover, non-hydrocarbon such as
naphthenic acid can form H-bongs with walls, and the electrostatic
interaction between the two is extremely strong, which greatly
hinders the flowof shale oil (Fig. 5(b)) (Wang et al., 2023d). It can be
inferred that polar components are generally less mobile and more
difficult to explore (Zhang et al., 2020). It is worth noting that all of
the above factors may be reflected in asphaltenes, making the
asphaltenes difficult to flow (Tinni et al., 2017; Wang et al., 2022a).
Therefore, a sticky layer still exists on the kerogen surface in the
presence of methane (Fig. 5(c)) (Wang et al., 2022a). The overall
flow state shows that the velocity profile normal vector of shale oil
at the kerogen matrix boundary is opposite to the velocity profile
normal vector of the bulk phase (Fig. 5(d)), indicating that the flow
velocity of shale oil in the kerogen nanopores presents hybrid
heterogeneous distribution (Liu et al., 2022a). Furthermore, the
bulk phase region and boundary region can be divided by the
turning point of the shale oil shear rate in Fig. 5(e).

The flow state of shale oil in hydrated nanopores is more com-
plex than the results shown in Fig. 5(d) (Zhan et al., 2020). The



Table 4
MD studies of the flow behavior of shale oil.

Reference Nanopore type Force field Temperature, K Pressure gradient, MPa/nm Research results

Liu et al. (2022a) Kerogen (slit model) PCFFþ 300e420 4.76e23.78 Shale oil flow velocity increases with the
increase of temperature.

Wang et al. (2016a) Graphene (slit model) OPLS-AA
OPLS-UA

353e413 (3.54e19.94) � 10�2 The flow velocity profile of octane in smooth
graphene nanopores is piston-shaped.

Falk et al. (2012) Carbon (nanotube model) OPLS 300 0.1 Shale oil flow velocities in carbon nanotubes are
1e3 orders of magnitude higher than those
predicted from the continuum hydrodynamics
framework and the no-slip boundary condition.

Asai et al. (2022) Silica (nanotube model) OPLS-AA
CLAYFF

300 10 A linear relation between DPG and flow velocity
can be observed when the DPG is over 10 MPa/
nm.

Sun et al. (2023c) Quartz and kerogen (slit model) OPLS-AA
CVFF
CLAYFF

353 3e55 The critical pressure gradient for oil flow
regimes changes in quartz nanopores is greater
than that in kerogen nanopores.

Wang et al. (2016b) Quartz (slit model) OPLS
CLAYFF

353e413 6.95e138.95 The velocity difference between free-phase
molecules and adsorbed-phase molecules
increases with the increase of nanopore size.

Li et al. (2024) Quartz and kerogen (slit) OPLS-AA
CVFF
CLAYFF

298e373 0.45e81.3 The negative slip of shale oil is caused by rough
wall surfaces.

Falk et al. (2015) Kerogen (nanoporous media) OPLS-UA 423 �100 Permeances are shown to follow an unexpected
yet simple scaling with the alkane length.

Obliger et al. (2016) Kerogen (nanoporous media) OPLS 423 �100 Permeances were found to decrease with the
number of adsorbed molecules.
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fluids in hydrated quartz nanopores are mainly divided into the oil-
phase zone, the oilewater boundary zone, and the near-wall water
layer (Fig. 5(e)), and positive slip occurs in the AWIR (Zhang et al.,
2021). In addition, the presence of water bridges in the nano-
pores hinders the flow of shale oil, which causes the velocity profile
of shale oil to change into a piston type when the water content is
high (Makimura et al., 2013). As mentioned earlier, brine can alter
the wettability of charged calcite surfaces (Cooke et al., 2010; Zhao
et al., 2019). Therefore, the water film on the calcite surface reduces
the adsorption of the decane on the wall and improves the mobility
of the decane (Fig. 5(f)) (Zhao et al., 2019). It should be noted that
there is a positive slip phenomenon at the oilebrine interface
similar to Fig. 5(e), and the increase in the thickness of the brine
film can further promote the positive slip process (Fig. 5(g)) (Fang
et al., 2019a). Generally, the reduction in nanopore size can lead
to obstruction of shale oil flow (Jamin effect) (Falk et al., 2012). It
should be emphasized that the exclusive effects of adsorbed hy-
drated Naþ ions on adsorbed water can lead to a reduction in the
number of H-bongs between water molecules and illite, thereby
reducing the water layer thickness (Fig. 5(h)) (Sedghi et al., 2016).
As a result, the flow space of shale oil increases, and the influence of
the Jamin effect on its flow capacity weakens (Sedghi et al., 2016).
However, the oilebrine interfacial tension increases with
increasing salinity, and therefore excessive salinity of brine can
hinder the flow of shale oil (Xiong and Devegowda, 2022). In
summary, an optimal amount of water with the appropriate salinity
in nanopores can significantly facilitate shale oil flow. However,
these are only for inorganic nanopores, and the effect of water or
brine in organic nanopores on shale oil flow needs to be fully
investigated.
5. CO2-EOR mechanism of shale oil in nanopores

5.1. CO2eshale oil interaction mechanisms in nanopores

CO2 injection has been proven to be an effective method to
enhance shale oil recovery because CO2 not only has good inject-
ability and mobility but also can exert multiple EOR mechanisms
(Xiong et al., 2021; Wang et al., 2023e). The molecular diffusion,
miscibility, and competitive adsorption mechanisms of CO2 and
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shale oil play an important role in the CO2-EOR of shale oil reser-
voirs, which is also an important feature of shale reservoirs that is
different from conventional reservoirs (Jia et al., 2019; Lashgari
et al., 2019). CO2 can diffuse into the nanopores of various min-
eral types to interact with shale oil, and then replace the free-phase
oil molecules (Fig. 6(a)) (Takbiri-Borujeni et al., 2019). CO2 and
shale oil can completely reach a miscible state when the pressure is
greater than MMP (Fig. 6(b)) (Wu et al., 2016). The transformation
of two-phase flow into single-phase flow and the variation in
contact relationship between oil and walls effectively improve the
mobility of shale oil in nanopores under miscible conditions
(Huang et al., 2022; Wang et al., 2024). In addition, the interactions
between CO2 and kerogen and between CO2 and n-dodecane are
stronger than those between n-dodecane and kerogen with the
simulation (Fig. 6(c)), and CO2 can be dissolved in kerogen (Zhao
et al., 2021a). This means that the competitive adsorption of CO2
and oil on thewall can effectively improve the replacement effect of
CO2 on adsorbed and even dissolved shale oil (Dong et al., 2022a).
CO2-EOR mechanisms of shale oil reservoirs also include swelling,
extraction, and viscosity reduction, which have been introduced in
detail in our previous review (Wang et al., 2023a). The two main-
stream methods of continuous CO2 injection (CO2 flooding) and
periodic CO2 injection (CO2 huff-n-puff) were discussed separately
in the following.
5.2. CO2 flooding in nanopores

The displacement/replacement efficiency of CO2 in nanopores is
an important indicator to evaluate the effectiveness of CO2 injection
methods and the effect of CO2-EOR (Zhao et al., 2021b). It was re-
ported that the competitive adsorption of CO2 and shale oil in
montmorillonite nanopores is generally weaker than that in quartz
and feldspar nanopores (Fig. 7(a)) (Dong et al., 2023b). However,
the displacement effect of CO2 on shale oil is better in montmo-
rillonite nanopores than in quartz and feldspar nanopores because
the surface of montmorillonite is relatively smooth (Dong et al.,
2023b). Besides, adsorbed and dissolved shale oil in kerogen
nanopores is difficult to be effectively displaced, but adsorbed shale
oil in cristobalite nanopores is preferentially displaced, and the CO2
flooding front morphology in the two nanopores is also



Fig. 4. Flow behavior of shale oil in different types of nanopores. (a) Flow velocity profile of octane in graphene nanopores under different temperatures (Wang et al., 2016a); (b) A
snapshot of hexaneesilica and flow velocity profile of hexane in quartz nanotubes under different DPG (Asai et al., 2022); (c) Flux of shale oil under different DPG and flow regime
transition (Li et al., 2024); (d) Flow velocity profile of shale oil in quartz and kerogen nanopores under different DPG (Li et al., 2024); (e) Flow mechanisms of bulk alkanes (left) and
alkanes confined in nanoporous media (right) (Falk et al., 2015); (f) Linear response of mean flow velocity of multiple oil components to DPG (black represents methane, blue
represents propane, green represents hexane, yellow represents nonane and red represents dodecane) (Falk et al., 2015); (g) Permeability of different components in different
mixtures as a function of the total loading (color code consistent with (f)) (Obliger et al., 2016).
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significantly different (Fig. 7(b)) (Liu et al., 2017; Sui et al., 2023).
For nanopores with different structures, the gradual reduction of
pore size along the direction of CO2 flooding can increase the
displacement resistance, resulting in more residual oil in the pores
(Fig. 7(c)) (Wang et al., 2022b). The CO2 flooding process in multiple
nanopores also indicates that variations in pore structure and size
can limit the displacement effect of CO2 (Fig. 7(d)) (Luo et al.,
2023a). A large amount of CO2 preferentially enters the main-
stream channel, resulting in insufficient displacement of shale oil in
small channels (Luo et al., 2023a, 2023b). However, these studies
only constructed quartz walls, and there is a lack of MD research on
CO2 flooding behavior in porous media of clay minerals, organic
244
matter, and multiple mineral composites.
Compared with CO2, N2 has the advantages of sufficient supply,

non-corrosiveness and low cost (Macintyre, 1986; Karim et al.,
1992), and its favorable compression and expansion properties
make N2/CO2 slug flooding (N2 pushing CO2 slug) more effective
than CO2eN2 mixture flooding (Fischer et al., 1984; Fang et al.,
2019b). One of the problems faced by CO2 flooding is that exces-
sive displacement pressure or injection velocity can lead to severe
gas channeling, resulting in more residual oil in nanopores (Dong
et al., 2023b; Sui et al., 2023), and the addition of N2 may exacer-
bate this problem (Si et al., 2024). In addition, natural gas as pro-
duced gas can also be injected into shale reservoirs to enhance oil



Fig. 5. Flow behavior of shale oil with different components in nanopores. (a) Variation of penetration distance with time of different alkane ratios in kerogen nanopores (Sang
et al., 2022); (b) RDF and electrostatic interaction between naphthenic acid and calcite surface (Wang et al., 2023d); (c) Velocity profiles of hydrocarbon mixtures
(methane þ octane þ asphaltene) and asphaltene in kerogen nanopore (Tian et al., 2018); (d) Flow velocity profile and shear rate distribution of shale oil in kerogen nanopores (Liu
et al., 2022a); (e) Flow velocity profiles of n-alkanes and water in quartz nanopores (Xu et al., 2022b); (f) n-decane velocity profiles in neutral surfaceebrine system (left) and
charged surfaceebrine system (right) (Zhao et al., 2019); (g) Flow velocity profiles of water and decane (Fang et al., 2019a); (h) Distribution of brine and oil with different salinities
(Sedghi et al., 2016).
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Fig. 6. CO2-EOR mechanisms. (a) Variations of molecular number with time in kerogen nanochannel and CO2 container (Takbiri-Borujeni et al., 2019); (b) Configurations and
concentration distributions of dodecane in nanopores at different pressures (Wu et al., 2016); (c) Interaction energies of kerogeneCO2, kerogenen-dodecane and CO2en-dodecane
in nanopores (Zhao et al., 2021a).
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recovery. It was reported that N2 and CH4 are more prone to gas
channeling by comparing the four gases of CO2, CH4, N2, and C3H8
(Fig. 7(e)), resulting in lower displacement efficiency (Xiong et al.,
2021). CO2 and C3H8 are well miscible with shale oil (Li et al.,
2020d), and the competitive adsorption of CO2eoil and C3H8eoil
on the rock wall is strong, which improves the displacement effi-
ciency of both (Xiong et al., 2021). The presence of water bridges in
nanopores can create resistance to CO2 flooding, but CO2 can
destroy the H-bongs between water molecules in the center of the
water bridge (CWB), thereby breaking through the water bridge
and recovering shale oil (Fig. 7(f)) (Liu et al., 2022b). It is worth
noting that the addition of hydrocarbon gases can reduce the
oilewater IFT and enhance the mobility of shale oil (Fig. 7(g))
(Zhang et al., 2023b). Therefore, mixing hydrocarbon gases with
CO2 may promote CO2 flooding to overcome the negative effects of
water bridges and enhance competitive adsorption, thereby further
enhancing oil recovery.
5.3. CO2 huff-n-puff in nanopores

Field tests have shown that CO2 flooding in shale oil reservoirs
causes severe gas channeling, which affects the sweep range of CO2

and the contact time between CO2 and oil (Liu and Zhang, 2015;
Zhang et al., 2023b). By contrast, full contact between CO2 and oil
can promote the miscibility of the two phases through molecular
diffusion and extract adsorbed oil in the nanopores through the
“soaking” process of CO2 huff-n-puff (Hawthorne et al., 2013; Teklu
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et al., 2014). Previous studies have shown that CO2 replacement
efficiency from high to low is calcite, montmorillonite, feldspar,
quartz, and graphene (Dong et al., 2023a). This means that the
competitive adsorption of CO2 and oil on calcite walls is the
strongest, which also explainswhy CO2moves along the calcitewall
(Fig. 8(a)) (Moh et al., 2022). Increases in temperature and pore size
can weaken the adsorption of oil molecules on the wall, while an
increase in pressure can promote themiscibility of CO2 and shale oil
(Archer et al., 2003; Adel et al., 2018). Therefore, the replacement
efficiency of CO2 huff-n-puff in the dead-end graphene nanopores
is positively correlated with temperature, pressure, and pore size
(Sun et al., 2023b). In addition, the depressurization process after
soaking is crucial to EOR, and there is an optimal depressurizing
rate. An excessively high depressurizing rate shortens the duration
of the entire pressure drop process, while an excessively low
depressurizing rate reduces the extraction force. The above two
factors are not conducive to oil extraction (Fig. 8(b)) (Fang et al.,
2020). It needs to be emphasized that the mutual solubility of
CO2 and oil weakens as the pressure decreases, causing some oil
molecules to re-absorb on the pore wall (Fig. 8(c)). However, the
applicability of the series of laws obtained from the above in-
vestigations in the kerogen pores still needs further verification.

The blocking effect of water film on shale oil in dead-end
nanopores increases its extraction resistance, but CO2 can still
replace it. CO2 molecules continuously dissolve inwater and diffuse
into the oil phase, and the water film is eventually broken accom-
panied by the continuous expansion of the shale oil volume



Fig. 7. MD simulation results of continuous CO2 injection. (a) Interaction energy of oileCO2 and oilewall (Dong et al., 2023b); (b) Snapshots of CO2 flooding in kerogen nanopores
and cristobalite cylindrical nanopores (Liu et al., 2017; Sui et al., 2023); (c) The ratio of residual oil in nanopores and snapshots of CO2 flooding in single and double pores (Wang
et al., 2022b); (d) Displacement efficiency and final snapshot of CO2 flooding in multiple nanopores (Luo et al., 2023a); (e) CO2, CH4, N2, and C3H8 flooding processes (Xiong et al.,
2021); (f) Snapshots of the initial H-bongs distribution and the average number of H-bonds in the y-direction in nanopores (Liu et al., 2022b); (g) Oilewater IFT values after adding
different hydrocarbon gases (Zhang et al., 2023b).
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Fig. 8. MD simulation results of CO2 huff-n-puff. (a) Density evolution of decane and CO2 in calcite nanopores (Moh et al., 2022); (b) Extraction results of n-decane with different
depressurization rate, solid line: extract period, dotted line: equilibrium period (Fang et al., 2020); (c) Side views for the evolutions and density profiles outside the nanopore (Fang
et al., 2020); (d) Snapshots of replacement of oil by CO2 in quartz dead-end nanopores (Luan et al., 2020); (e) Oil recovery factor under different water film thicknesses (Luo et al.,
2023b); (f) Differences in interaction energy of gaseoil/oil-surface and gas-surface/oil-surface (Yu et al., 2022); (g) Magnitude of total interaction energy of CO2 and H2S at different
loadings for silica (left) and muscovite (right) (Badmos et al., 2019).
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(Fig. 8(d)) (Luan et al., 2020). Subsequently, CO2 is directly contact
with shale oil to achieve oil replacement. However, the increase of
water film thickness can hinder the extraction of shale oil by CO2,
resulting in a decrease in oil recovery (Fig. 8(e)) (Luo et al., 2023b).
It needs to be emphasized that the excessive thickness of the water
film can prevent CO2 from penetrating the water film, making it
difficult for the oil inside the pores to be replaced (Bijeljic et al.,
2002; Luo et al., 2023b). CO2 usually contains impurity gases in
the actual development process, which cannot be ignored in MD
simulation studies. N2 is immiscible with shale oil and there is no
competitive adsorption between the two. Therefore, a CO2eN2
mixture with a 75% molar percentage of CO2 is required to effec-
tively strip the oil film adsorbed on the quartz wall (Fig. 8(f)) (Yu
et al., 2022). In addition, acidic gases such as H2S are also com-
mon impurity gases in impure CO2. It was reported that the
CO2eH2S mixture is more suitable for replacing shale oil in
muscovite than in quartz nanopores. This is because muscovite has
a relatively strong adsorption effect on H2S (Fig. 8(g)), which pro-
motes the competitive adsorption between oil and gas phases
(Badmos et al., 2019). However, the effect of H2S concentration on
the microscopic mechanisms of CO2-EOR is not yet clear, and there
is still a lack of MD studies on other types of impurity gases.

6. Challenges and perspectives

6.1. Spatial and temporal scales of MD simulations

MD simulations are commonly used to conduct various studies
of fluids in individual nanopores. However, this simplified method
makes it difficult to reflect the strong heterogeneity of shale res-
ervoirs. Therefore, constructing porous media models that are
closer to actual reservoirs is still one of the main challenges faced
by MD technique at present. The duration of actual physical and
chemical processes far exceeds the time scale that MD technique
can simulate. Therefore, MD technique still has technical difficulties
in simulating long-term processes such as cross-scale fluid flow, gas
huff-n-puff, and CO2 geological storage.

Therefore, it is necessary to innovate the idea of simulation.
Considering that some micro-phenomena are rare, the probability
of rare events can be increased by changing certain conditions of
MD simulations. More importantly, it is urgent to develop a set of
universally accepted standards for MD simulation to guide the
construction of pore and fluid models and the calculation of
microscopic parameters. In addition, dissipative particle dynamics
(DPD) significantly reduces computational demands by coarse-
grained multiple atoms into one particle. Consequently, this
method can typically reach spatial scales of tens of micrometers
and time scales of several microseconds, which can compensate for
the current situation that MD methods cannot study the meso-
scopic fluid behavior in shale reservoirs. The fluid parameters
(adsorption layer thickness and density, diffusion coefficient, etc.)
obtained by MD can also be substituted into the Lattice Boltzmann
method (LBM) and pore network model (PNM). The nanoscale ef-
fect can be considered in pore-scale simulations by modifying the
parameters of boundary conditions or flow equations (analytical
models). It is noteworthy thatmachine learning can also extendMD
results to macroscopic spatial and temporal scales. The random
forest machine learning algorithm extracts key features (molecular
conformational features, energy parameters, etc.) from MD simu-
lation data and performs normalization and standardization. The
trained random forest model can extend MD results to core-scale
applications. The Markov state model can discretize the contin-
uous motion of the system obtained from MD simulations into a
series of states. It enables the prediction of dynamical behavior that
extend far beyond the actual MD simulation time by constructing
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transition probability matrices for these discrete states. Continu-
ously promoting the organic combination of the above methods
with MD simulations can effectively achieve up-scaling of MD
results.

6.2. Realistic and complexity of MD simulations

Most MD studies use a single mineral and component to
represent the rock wall and shale oil separately, which inevitably
leads to significant differences between simulations and realities.
More importantly, there are complex chemical reactions in shale
reservoirs during oil extraction and carbon storage, and the clas-
sical MD method cannot consider the formation and breakage of
chemical bonds. This limitation to some extent affects the appli-
cation scope and accuracy of MD technique.

Therefore, constructing multi-mineral composite pore walls and
multi-component composite shale oil can make MD simulation
results closer to reality. Various minerals can be mixed or assem-
bled in different ways to construct nanopore models with aniso-
tropic characteristics. Scenarios involving chemical reactions in
shale reservoir research can be broadly categorized into four areas.
The first area involves the pyrolysis of kerogen and the reaction
between formation water and rock minerals during the accumu-
lation process. The second area is the reaction between fracturing
fluids and shale matrix during the hydraulic fracturing process. The
third area involves the reaction between CO2 and organic matter in
the process of CO2 injection. The fourth area is the formation of
precipitates in the process of CO₂mineralization. The system needs
to be divided into reactive regions (handled by ReaxFF) and non-
reactive regions (handled by classical MD force fields) to the
study above chemical reaction processes. It is crucial to ensure a
smooth transition between the two regions at the boundary
(handled by ReaxFF and classical MD force fields collaboratively)
(Rahnamoun et al., 2020). Electrostatic interactions between
ReaxFF�ReaxFF/molecular mechanics (MM) atomic pairs are
calculated by ReaxFF. The van der Waals interactions between
ReaxFF�ReaxFF/MM atomic pairs are handled by classical MD force
fields. Chemical and non-chemical processes occur simultaneously
and exchange information at their boundary. Currently, ReaxFF has
been applied to the study of kerogen pyrolysis, watererock in-
teractions, and multiphase fluid reactions in shale reservoirs.
However, there has not yet been a combination of ReaxFF and
classical MD force fields in shale reservoir studies. The possible
reason is that ReaxFF is still not suitable for large-scale systems.
Advancing this technology can significantly enhance the investi-
gation of chemical reactions in fluid behavior and EORmechanisms
of shale oil, thereby making simulation results more reflective of
actual conditions.

6.3. Verification and application of MD simulations

MD simulation results inevitably have certain systematic errors
under the influence of various simplifications and uncertainties in
assumptions, boundary conditions, and force fields. Therefore, it is
necessary to further verify the MD results in combination with
other techniques. However, the verification of MD simulation re-
sults is extremely difficult because some microscopic parameters
are difficult to determine through experiments and numerical
simulations. In addition, MD simulations at the microscale are
conducted under relatively ideal conditions, whereas reservoir
exploitation needs to consider complex formation conditions, as
well as equipment limitations, implementation difficulties, and
economic benefits. Therefore, the results obtained through MD
simulation are difficult to directly apply to oilfield exploitation,
which limits the application and development of MD technique.
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Although the systematic error of MD simulation cannot be
avoided, the accuracy can be improved by the reduced statistical
error by constructing reasonable initial configurations, increasing
simulation frequency, and extending simulation time. Although
some microscopic mechanisms obtained by MD simulation cannot
be verified by experiments, the accuracy of MD simulation results
can be proved by comparing fluid parameters such as density,
viscosity, diffusion coefficient and, IFT that can be obtained by both
methods. Mutual verification of MD simulation and laboratory
experimental results can not only ensure the accuracy of research
results but also promote the integrated development of the two
techniques. Importantly, the parameters obtained from MD simu-
lation can be used to optimize experimental parameters (e.g. fluid
properties, thermodynamic, and injection/production parameters)
and improve mathematical models (e.g. fluid flow, phase behavior,
and heat and mass transfer models) for their applications at the
macroscale. In addition, the microscopic mechanisms derived from
MD simulations can be used to elucidate phenomena and patterns
(e.g. slip flow near walls, interfacial phenomena, phase transitions,
and molecular diffusion) that are challenging to interpret through
experiments and numerical simulations, thereby enhancing the
macroscopic significance of MD results.

7. Conclusions

MD simulations can quantitatively characterize various fluid
properties, flow characteristics, and action mechanisms at the
nanoscale. Therefore, the current application status of MD simu-
lation in shale oil occurrence characteristics, flow behavior, and
EOR methods was reviewed, and reasonable prospects were pro-
posed based on the existing challenges.

(1) The core of MD simulation is the force field, and the force
fields applicable to variousmaterials under different scenario
are different. Appropriate force field selection can not only
improve the accuracy of simulation results but also reduce
the computational cost. Considering the characteristics of the
NVTand NPTensembles, it is preferable to equilibrate system
temperature and pressure in separate steps. As force fields
and ensembles are continually refined, their accuracy has
significantly improved and their applicability has been
expanded. This advancement enables MD simulations to
address increasingly diverse scientific questions. Further-
more, methods for calculating static, dynamic, and interfacial
parameters of fluids have been developed, which can be used
to characterize the occurrence characteristics, hydrodynamic
properties and interface properties of shale oil during
reservoir exploitation.

(2) MD simulations have been widely applied in the study of
shale oil reservoirs, and the factors involved include reser-
voir conditions, fluid properties, nanopore types, inorganic
salt ions, and injection/production parameters. Regarding
the occurrence characteristics of shale oil, research on the
occurrence of multicomponent fluids within composite
mineral nanopores has been achieved. However, the com-
bination of various minerals in these composite nanopores
tends to be relatively simple and idealized, and research on
organic nanopores remains incomplete. Regarding the flow
behavior of shale oil, distinct flow states of oil have been
identified in both slit and matrix pores. However, the con-
struction of inorganic mineral nanoporous media still re-
quires further breakthroughs. Regarding the CO2-EOR in
shale reservoirs, MD simulations are primarily used to study
the effect of CO2 on the mobilization of shale oil in various
types of nanopores. MD simulations of different CO2
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injection methods aid in the optimization of oilfield devel-
opment schemes. Additionally, accurate simulation of novel
or improved gas injection methods is one of the future di-
rections for the application of MD methods.

(3) The main challenges faced by MD simulation on shale res-
ervoirs include limited spatial and temporal scales, insuffi-
cient simulation realism and complexity, and difficulty in
verification and application. Furthermore, the simulation of
chemical reactions requires further advancement in the
integration of ReaxFF with MD force fields. It is unrealistic to
solve practical engineering problems only by MD, which
requires a combination of multiple research methods. LBM,
PNM, and machine learning can achieve the upscaling of MD
results. Physical simulation experiments and reservoir nu-
merical simulations are not only crucial methods for study-
ing macroscopic phenomena, but also essential options for
validating MD results. The organic integration of multi-scale
research methods is an important future development trend
in shale reservoir studies.
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